
MARINE ECOLOGY PROGRESS SERIES 
Mar. Ecol. Prog. Ser. ~ Published January 6 

Nutritional interactions in Galapagos Rift 
hydrothermal vent communities: inferences from 

stable carbon and nitrogen isotope analyses 

Charles R. Fisher1, James J. childress2, Stephen A. Macko3, James M. ~ r o o k s ~  

'Department of Biology, 208 Mueller Laboratory, Pennsylvania State University, University Park, Pennsylvania 16802, USA 

' ~ e p a r t m e n t  of Biological Sciences and the Marine Science Institute, University of California. Santa Barbara, 
California 98106. USA 

3Department of Environmental Sciences, University of Virginia, Charlottesville, Virginia 22903, USA 

%eochernical and Environmental Research Group, Department of Oceanography, Texas A & M University, College Station, 
Texas 77845, USA 

ABSTRACT: Nutritional interactions among invertebrates at 3 vent sltes on the Galapagos R~ft are 
examined through the use of stable carbon and nitrogen Isotopes. A large number of indviduals of sev- 
eral vent species were analyzed and this provides previously unavailable ins~ghts into the vanability 
within various groups. Stable nitrogen isotope contents [6I5N values) of vent ~nvertebrates are below 
11 %. This is significantly lower than all non-vent deep-sea fauna examined to date, which makes 6ISN 
values an excellent tool in identifying vent-dependent fauna. However, the large range in 6I5N values 
among both primary producers and many vent consumer species renders it of limited use in determin- 
ing either the trophic level of most individual species or the total number of trophic levels in vent com- 
munities. Stable carbon isotope content (6I3C values) in vent invertebrates from the Galapagos Rift 
range from -9 to -37x0, which encompasses the range of non-vent deep-sea fauna (-17 to -22%0) and 
extends significantly beyond it. Many vent invertebrates have 6I3C values which overlap that of ambi- 
ent deep-sea fauna, however in several cases the extreme values can be linked to specific endogenous 
vent sources. When both nitrogen and carbon are taken together, robust trophic links can be estab- 
lished between several vent taxa, and considerable nutritional plasticity in other taxa becomes evident. 
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INTRODUCTION 

One of the original indications that the carbon and 
nitrogen sources for hydrothermal vent fauna were of 
local origin was the recognition that the stable carbon 
and nitrogen values for several vent organisms were 
significantly different than those of other deep-sea 
fauna (Rau & Hedges 1979, Rau 1981a, b).  The primary 
producers at the base of the food chain in hydro- 
thermal vent environments are chemoautotrophic 
bacteria, some of the most abundant of which are 
endosymbiotic in several of the dominant sessile inver- 
tebrate animals (Jannasch 1989, Fisher 1990). As a 
result of chemoautotrophic carbon fixation and assimi- 
lation of inorganic nitrogen sources by these bacteria, 

much of the vent fauna have lower 615N values and 
either lower or higher 613C values than other deep-sea 
fauna (see Kennicutt et al. 1992 for review). 

At the Galapagos Rift hydrothermal vent sites the 
sessile fauna is dominated by 3 species of symbiont- 
containing invertebrates: Riftia pachyptila, a vestimen- 
tiferan tube-worm; Calyptogena magnifjca, a vesico- 
myid bivalve; and Bathymodiolus thermophilus, a 
mytilid bivalve (Hessler & Srnithey 1983, Hessler et al. 
1988). These 3 species are primary producers at this 
site, their autotrophic symbionts being functionally 
analogous to the chloroplasts of green plants 
(Cavanaugh 1985, Fisher 1990). The stable carbon and 
nitrogen isotope values of each of these species are 
distinct from 'normal' deep-sea marine organic carbon 
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and nitrogen values. Stable carbon values for tissue 
from non-vent marine organisms without chemoauto- 
trophic symbionts normally range from -24 to -12%0 
and values from -22 to -17x0 have been reported for 
non-vent deep-sea fauna (Brooks et al. 1987, Van 
Dover & Fry 1989). S1'N values for marine biological 
material normally range from about -2 to 20Ym (the 
lower values are associated with nitrogen-fixing 
plankton) (see Owens 1987 for review), and values 
from 11 to 16Oh have been reported for non-vent deep- 
sea fauna (Brooks et al. 1987, Van Dover & Fry 1989). 
Stable nitrogen isotope values for all 3 of the symbiont- 
containing invertebrates from the Galapagos Rift vents 
are at  or below the low end of the range for oceanic 
organic nitrogen and well below values reported for 
other deep-sea fauna. The stable carbon values for 
these organisms are also unique; the bivalves are sig- 
nificantly more negative than normal marine fauna 
and the vent vestimentiferans are more positive 
than other deep-sea fauna (Rau 1985, Fisher et  al. 
1988a, b, c). 

Other primary producers in the vent communities 
are free-living chemoautotrophic or methanotrophic 
bacteria. Microbiological studies indicate that these 
bacteria abound both in the water column and at- 
tached to surfaces in the vent field (Jannasch 1984). 
No direct measures of the stable isotopic values of 
these bacteria have been made at  the Galapagos Rift 
vents. Previous studies at other sites have suggested 
that there are significant pools of relatively heavy or- 
ganic carbon (about 12%) in free-living vent bacterial 
populations, based on measurements of 6I3C values in 
primary consumers (Van Dover et  al. 1988, Van Dover 
& Fry 1989). As pointed out by the authors, this argu- 
ment is consistent with SL3C values reported from 
some non-vent bacterial mat communities (Calder & 
Parker 1973, Schiklowski et al. 1984). Recent determi- 
nations of SL5N and 613C values for bacterial mat 
material at other vent sites ranged from -9.6 to 1.6%0 
and -41.6 to -16.8"& respectively (Van Dover & Fry 
1993). 

Here we examine the nutritional relations among a 
range of vent invertebrates using a relatively large 
number of stable isotope values, in situ observations, 
and what is known of their feeding biology from other 
investigations and observations. 

MATERIALS AND METHODS 

Animal collection. Animals were collected from 3 
vent sites (Rose Garden, Mussel Bed, and New Vent) 
on the Galapagos Rift (00'48.25' N, 86" 13.48' W) in 
1988 (Hessler et al. 1985, 1988) by the submers- 
ible 'Alvin'. The animals were held in a temperature- 

insulated box during recovery of the submersible, and 
transferred to chilled (ca 10°C) seawater on board 
ship. Pieces of soft tissue (gonads and viscera were 
avotded) were removed from the larger specimens and 
frozen in liquid nitrogen within a few hours of recovery 
of the submersible. Smaller animals were often frozen 
whole. Five of the crab samples (Bythograea thermy- 
dron) were removed from specimens which had been 
fixed in formaldehyde and stored for about 1 yr. There 
was no apparent difference between the stable iso- 
topic contents of the fixed and frozen crabs, which is 
consistent with previous observations of minimal 
isotopic effects of such treatment (<1%0; Rau et al. 
1982). 

Collection of water samples. Water samples were 
collected by 'Alvin' using the 'Scanner' (courtesy 
of K. Johnson, Monterey Bay Aquarium Research Insti- 
tute and Moss Landing Manne Laboratory). The intake 
tube for this sampling device is positioned by the sub- 
mersible and a temperature probe adjacent to the 
intake records the temperature of the sample as it is 
collected. After recovery, the water samples were 
frozen for later analysis of 613C of total inorganic 
carbon. 

Stable isotope analyses. The tissue stable isotope 
determinations were conducted on freeze-dried and 
acidified samples. Carbon isotope analyses were con- 
ducted by standard methods using both Craig-type 
and closed-vessel combustion techniques (Sackett et 
al. 1970, Schoell et al. 1983, Macko et al. 1987). Carbon 
dioxide from the combusted tissue or acidified water 
samples was analyzed on either a Finnigan MAT-251 
isotope ratio mass spectrometer or a V. G. Micromass 
'Prism' mass spectrometer and is reported relative to 
PDB (PeeDee Belemnite). The stable nitrogen determi- 
nations were accomplished on a V. G .  Micromass 
'Prism' mass spectrometer and reported relative to 
atmospheric molecular nitrogen. 
Ribulose-1,5-biphosphate (RuBP) carboxylase de- 

termination~ and TEM observations. Pieces of gill tis- 
sue from both the turrid gastropod Phymorrhynchus 
sp. and the limpet Neomphalus fretterae were fixed on 
board ship in glutaraldehydc and later processed for 
examination by transmission electron microscopy 
(TEM) using standard techniques routinely used on 
other vent molluscs (Fisher et al. 1987). Additional 
pieces of gill from 2 individuals of each of these spe- 
cies, and both tissue samples and whole specimens of 
the commensal polychaete Branchipolynoe symmytil- 
ida, were assayed for RuBP carboxylase activity using 
a modification of the I4C incorporation method of 
Wishnick & Lane (1971). Trophosome tissue from Riftia 
pachyptila and gills from chemoautotrophic symbiont- 
containing mussels were run at the same time and 
served as positive controls. 
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Table 1. 6I3C of total inorganic carbon (ZC02) in vent water 

Dive no. Site Area Water temperature 613c (ym) 

2026 Mussel Bed 'Smokey pit' ca 8-9 "C +0.4 
2027 Rose Garden Central Riftia pachyptila clump 16 "C -1.6 
2029 New Vent Among Riftia pachyptila 'Shimmering' H,O (10-20 "C)" -0.4 
2031 Rose Garden Near field Ambient (ca 1.8"C) -0.5 

'Alvin' temperature probe inoperable during dive but other measurements suggest temperatures with~n this range 

Table 2. 6I3C and 6I5N values of dominant invertebrates with chemoautotrophic symbionts 

species 6I3C 6ISN 

l Min. Max. Mean n SD Min. Max. Mean n SD 

RLftia pachyptila a -13.4 -9.7 -11.6 29 0.99 -2.91 5.04 1.95 25 1.87 
(trophosorne and vestimentum) 
Calyptoyena magnifica -34.9 -32 -33.4 42 0.73 -0.86 4.47 1.44 29 1.45 
(gill) 
Bathyrnodiolus thermophilusC -37.3 -32 -35.4 66 1 3 8  -8.08 9.64 2.66 52 5.01 
(gill) 

"Trophosome and/or vestlmentum tissue was assayed from 16 indiv~duals for 6l" and 15 individuals for &IsN. There was no 
consistent relation between the stable lsotopic content of trophosome and vestimentum tissue 

'In 1985 C. magnifica gill tissue 6I3C and 6"N were on the average 0.6%. and 2.7%0 less than the non-gill tissue respectively 
(Fisher et al. 1988b) 

'In 1985 B. thermophilus 9111 tissue 6I3C was on the average 1.3% less than the non-gill tissue (Fisher et  al. 1 9 8 8 ~ ) .  There was 
no consistent relation between gill and non-gill 6"N values. The wide range in 6ISN in B. thermophilus is strongly correlated 
with collection site, with the more negative values found in mussels collected from the highest temperature areas (Fisher et  
al. 1988c, 1989) 

RESULTS 

The 613C values of the dissolved inorganic carbon 
were determined in 4 water samples taken from differ- 
ent areas of the vent fields (Table 1). Values in water 
from the Rose Garden site ranged from -0.5%0 in ambi- 
ent bottom water (ca 1.8"C) to -1.6% in water col- 
lected from among the central clump of Riftia pachy- 
ptila, which registered 16°C during collection of the 
sample. The 613C of the inorganic C in a sample of 
'shimmering' water among tube worms from the New 
Vent site was -0.4%0 (the 'Alvin' temperature probe 
was inoperable during that dive but other measure- 
ments made at New Vent suggest that the water tem- 
perature was likely between 10 and 20°C). A sample 
taken from the 'smokey pit' at Mussel Bed (ca 8 to 9 "C) 
had a 6'" of 0.4%. Thus, the range of SI3C values of 
the total inorganic carbon pool in the water to which 
vent fauna are exposed is about 2Ym and is not a signif- 
icant source of the variation in that fauna (see also 
Childress et al. 1993). 

Tissues from many individuals of the 3 dominant 
symbiont-containing species were analyzed for stable 

C and N isotope content in conjunction with related 
studies of microhabitat variation in the bivalves and 
tubeworms (C.R.F. unpubl.). That data is presented in 
summary form in Table 2. There was no apparent vari- 
ation in isotopic content which was driven primarily by 
the vent site (data not shown), although significant 
variations in mussel S15N values were correlated with 
the specific microhabitat the animals were collected 
from within a site (see Fisher et al. 1988a). 

The stable carbon and nitrogen contents (S values) 
were also determined for 20  additional species of ani- 
mals collected in, or near to, the Galapagos vents. Sam- 
ples from 79 individuals were analyzed for 613C and 
samples from 60 individuals were analyzed for 6I5N 
(Table 3).  Although these consumers were collected 
from all 3 vent areas, they are not sorted by site because 
there were no significant differences in the stable iso- 
tope values between sites. In Fig. l a ,  a subset of these 
data is presented which consists of all individuals for 
which both SI5N and SI3C were determined. The 'non- 
vent' animals were collected from outside of the vent 
field (not associated with endemic vent species), but 
within 100 m of active venting. Like other deep-sea 
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Table 3. Stable isotope values of invertebrates collected in and around Galapagos Rift vents 

Species 813C 6I5N 
Min. Max. Mean n SD Min. Max. Mean n SD 

Non-vent 
Holothurians -19.2 -19.0 -19.1 2 13 8 18.8 16.3 2 
Isoparactis sp. (large anemone) -19.3 16.0 
Large pycnogonid -20.6 -19.0 -19.8 14.9 

Near field 
Isoparactis sp. (small anemone) -19.4 '3.9 -17.6 
Thermopalia taraxaca 

(colonial siphonophore) -29.8 
Serpulid (sp. a) -20.6 -18.9 -19.7 
Serpulid (sp. b) -36 7 
Jellyfish -18.7 

Central (among symbiont-containing species) 
Molluscs 

Phymorrhynchus sp. (turrid gastropod) 
Foot -32.6 -29.6 
Gill 

Lepetodrilus pustulosis (limpet) -28.5 -13.9 
Euleptopsis vitrea (limpet) 
Neomphalus fretterae (limpet) -19.0 -17.5 

Crustaceans 
Alv~nocaris lusca (shrimp) -29.3 -16.3 
Ventiella sulfuris (amphipod) -30.0 -2 1.9 
Bythograea thermydron 

(brachyuran crab) -20.9 -11.9 
Munidopsis subsquamosa (galatheid crab) 

Muscle (adults) -18.5 -16.9 
Intact leg (juveniles) -24.4 -23.0 

Others 
Bythites hoflisi (fish) 

Gill 
Muscle 

Euphrosine rosacea (polychaete) -30.9 -27.4 
Polynoid -16.2 -15.4 
Pycnogonoid 

fauna analysed, these animals had 615N values above 
11% and and Si3C values near -19%0. The 'near field' 
animals were collected from areas without direct expo- 
sure to detectable vent effluent and are either species 
endemic to vents or were collected from areas colonized 
by vent endemics. Several of the'extreme 615N and 613C 
values found in the vent fauna were from this subset of 
animals. The 'central' fauna were collected from among 
either Riftia pach yptila, Bath ymodiolus thermophilus or 
Calyptogena magnifica. The 613C values in these ani- 
mals ranged from -34 to -12%0 (overlapping the non- 
vent fauna) and the 615N values from -5 to 10%0 (lower 
than the non-vent fauna). 

In Fig. I b  the ranges of S13C and 6 1 5 ~  measured in 
the tissues of the dominant symbiont-containing inver- 
tebrates (Table 2) were used to delineate the ranges in 
these parameters indicated by the solid boxes. The 

dotted lines added on to the boxes encompass the 
additional range necessary to include the non-gill 
tissues of the bivalves collected (Fisher et al. 1988a, b) 
and the additional range in 613C to be expected in 
juvenile Riftia pachj~ptjla as indicated by analysis of 
a size series of R. pachyptila from 13" N on the East 
Pacific Rise (Fisher et al. 1990). The box labeled 'non- 
vent' encompasses the range of values found in this 
study and values reported for other ambient deep-sea 
fauna by Van Dover & Fry (1989). 

The 613C and 615N values were determined for 
9 paired samples of cornmensal polynoids and their host 
mussel (Fig. 2a, b). Commensal 613C values were always 
between 2.5 and 4 units higher (avg. = 3.25%0, SD = 0.6) 
than their host mussel and between 0.9 and 5.5 units 
greater (avg. = 3.2%, SD = 1.7) than their host 6I5N 
value. The large range in 6I5N values in the mussels 
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Fig. 1 (a) 6I3C VS 8I5N values for non-symbiont- 
containing fauna from 3 Galapagos vent fields. 
Non-vent: fauna collected from outside of the 
vent field (but within 100 m of active flow); near 
field: fauna collected from within the vent field 
but not in association with symbiont-containing 
fauna or detectable vent effluent; central: fauna 
collected from among either Bathjmodiolus 
thermophilus, Calyptogena magnifica or Riftia 
pachyptrla. See Table 3 for common names. 
(b) The so l~d  rectangles represent the measured 
ranges of 8'" and 6I5N values for R. pachyptila 
(Rp), C. magnifica (Cm),  B. thermophilus (Bt) 
and non-vent fauna, and are superimposed on 
the 8I3C VS Sl5N values for fauna collected 
among the tubeworms and bivalves. Areas 
enclosed by the dotted lines are  the additional 
ranges of 6'" and 6I5N values expected in other 
tissues and individuals of each species, based on 

previous work (see text) 

analyzed was reflected in a correlated large 
range in the commensals (p = 0.0004 for the 
regression line, Fig. 2b). 

There was no evidence of chemoautotrophic 
symbionts in any of the 3 species examined by 
enzyme analysis or TEM. RuBP carboxylase 
activity was not detected in the gills of the 
molluscs (Phymorrhynchus sp. and Neom- 
phalus fretterae) nor in either gut or whole 
body extracts of the commensal polychaete 
Branchipolynoe symmytilida (data not shown). 
Sections from 3 areas in pieces of gill from 
each of 2 molluscs were examined by TEM 
and no evidence of bacterial symbionts were visible DISCUSSION 
in any specimen examined. Mitochondria were read- 
ily visible in all sections examined indicating that the Owing to their remoteness and the relatively crude 
tissue preparation was of sufficiently good quality to nature of the sampling tools available, hydrothermal 
visualize symbionts had they been present in the vent community ecology is inherently difficult to study. 
samples. Clearly, studies and analyses which can be conducted 
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B. fhermophilus 6 1 3 ~  (%o) B. fhermophilus 6 1 5 ~  (%o) 

F I ~ .  2. (a) Relation between the 813C 
values of individual hydrothermal 
vent mussels. Bathy~nod~olus thermo- 
philus, and their cornmensal poly- 
chaetes, Branchipolynoe symmytil- 
lda. Equation of the line shown is y = 
1 . 0 6 5 ~  + 5.62, n = 9, p = 0.013, 95% 
confidence interval for the slope = 
+ 0.758. (b) Relation between the 
6 1 5 ~  values of individual hydro- 
thermal vent mussels, B. thermo- 
philus, and their cornmensal poly- 
chaetes, B. symmytilida. Equation of 
the line shown is y = 0 . 8 8 4 ~  + 3.16, 
n = 9, p = 0.0004. 95% confidence 

interval for the slope = f 0.325 

on frozen or preserved samples are potentially very 
useful for the study of these remote communities (Chil- 
dress & Fisher 1992). Stable isotope analysis provided 
the first data that the vent animals derived their nutri- 
tional carbon and nitrogen from local (vent) sources 
(Rau & Hedges 1979, Rau 1981a, b). Many subsequent 
studies have used stable isotope data as evidence of 
symbiosis with either chemoautotrophic or methan- 
otrophic bacteria (see Fisher 1990 for review). The 
results of this study and previous work (Van Dover & 
Fry 1989, Kennicutt et al. 1992, Van Dover & Fry 1993) 
support the usefulness of stable isotopes as indicators 
of reliance of other vent fauna on endogenous C and N 
sources. 

The 613C values of endemic vent species vary over a 
wide range, from -37%0 to -9%0, and much of the 
fauna is within the range reported for non-vent deep- 
sea fauna (-17 to -22%0) (Brooks e t  al. 1987, Van 
Dover & Fry 1989). It is only at  the ends of the distrib- 
ution (below about - 2 5 % ~  and above about -14%) that 
one can draw conclusions concerning the endemic 
origin of the carbon source. However, 813C values 
between -17 and - 2 2 Y ~  do not rule out endemic C 
sources for the vent fauna, as values in this range 
could be  due  to either a free-living bacterial source 
with 8'" values in this range or a mixed diet of bac- 
teria and/or metazoans with S1'C values on both sides 
of this range. In fact, the 615N values, as well as nu- 
merous in situ observations, indicate most of the vent 
consumers are deriving their nutrition primarily from 
vent sources. 

On the other hand, 815N values of vent and non-vent 
fauna fall into 2 generally discrete groups: those with 
values above 11 %o and those with compositions below 
l l%o.  When further information is available on the 
feeding biology of the animal in question, this demar- 
cation is even more clear, In that carnivores will be 
expected to be further removed from the 8I5N of the 

original autotrophic source than would grazers or filter 
or deposit feeders with close trophic links to the source 
(about 3 to 3.4%0 per trophic level; Minagawa & Wada 
1984, Macko et al. 1987). Thus, with the exception of 
higher level carnivores, animals with 6I3C values in the 
range of ambient deep-sea fauna (-17 to -22%) and 
S15N above about 10% are likely obtaining their nutri- 
tion C and N from non-vent sources. On this basis, the 
large pycnogonid, the holothurians, and  some of the 
anemones are deriving at least the bulk of their nutri- 
tion from non-vent deep-sea sources. The number of 
individuals analyzed of each of these species is too low 
for these results to be generalized beyond the individ- 
uals analyzed; however, these data are ~n concurrence 
with their distribution in, and collection from outside 
of, the vent field. 

One major conclusion which can be rea.ched from 
this data set is that there is considerable variation in 
the stable isotope content of many vent species, even 
in the primary producers. Considerable information is 
lost when only 1 or 2 individuals of a given species are  
analyzed or specimens pooled before analysis. For 
example, considerable variation in both 6'" and 6I'N 
values were found in the shrimp Alvinocans lusca. 
These data indicate that this mobile grazer/scavenger 
obtains nutritional C and N from a variety of sources, 
either at several levels on the food chain, or as sug- 
gested by the 13%0 variation in SL3C, from at  least 2 pri- 
mary producer pools. In some of the other consumers, 
such as the gastropod Phymorrhynchus sp. and the 
limpet Neomphalus fretterae, a much tighter coupling 
to a single food source is indicated by their stable iso- 
tope content. Therefore, one should not draw conclu- 
sions concerning the trophic level or food sources for 
any species from data on pooled specimens or from 
data on very few individuals unless the food sources 
and species In question are  known to have uniform sta- 
ble isotopic contents (cf. Van Dover & Fry 1989). 
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0 B. symmytilida 20 . . . . l .  . . .  I . . . . l . . . . I . . . . I . . . . I . . . .  

A Phymorrhynchus sp. H M. squamosa 
L. postu~osis 0 \/: su~furis : a 

V E. vitrea + B. hollisi 15 - - 
o N. fretterae Polynoid ................I 

X A. lusca A Sm. pycnogonid 
A B. thermydron + E. rosacea 

Fig. 3.  (a) Ranges of 8l3C and 6I5N values for indi- - 
vidual symbiont-containing species and ranges 
predicted for consumers of those species individu- 
ally, assuming a + shift in 6I3C and a +3.5%0 - 
shift in V5N, superimposed on the 6'" vs 615N 
values for fauna collected among the tubeworms 
and bivalves. (b) Ranges of SI3C and 6% values 
for primary producers, and estimated ranges for - 
primary and secondary consumers feeding on a 
mucture of vent primary producers, assuming a 
+ l% shlft In 6'" and a +3.54., shift in 615N for each 

troph~c level (see text for additional deta~ls) -10 " " ' " " l " " l " " l " " l " " L ' . "  

- 4 0  - 3 5  - 3 0  - 2 5  - 2 0  - 1 5  - 1 0  - 5  

813C (%o) 

A second consideration is the validity of 
20 . . . .  l - . . . , . . . . l . . . . I - . . . I . . . . l . . . .  

calculating the number of trophic levels 
within a community directly from the range 
of 6I5N values found in the fauna (Van Dover 
& Fry 1989). There is considerable variation 
in the 61SN values of primary producers. This 
is likely due to a combination of differential 
utilization of the various nitrogen sources 
available to the primary producers (nitrate, 
ammonium, and molecular nitrogen), varia- 
tion in the F1'N values and  concentrations of 
those sources in hydrothermal vent effluent 
(Lilley et  al. 1993) and the variety of primary 
producers present. One example of this is the 
range of 615N values in Bathymodiolus ther- 
mophilus of over 1?%0 (there are  other exam- 
ples as well). Although this mussel can filter 
feed, it is certainly feeding primarily on sus- 
pended vent bacteria (Page et al. 1991) and -10 v - s 1  - ~ " ' n " ' ~ " ~ -  "'"""v 

thus the range in 615N values is still a reflec- - 4 0  - 3 5  - 3 0  - 2 5  - 2 0  - 1 5  - 1 0  - 5  

tion of a large range in 615N at  the base of the 
food chain. In light of these ranges and lack 

813C (%0) 

of consistent values in the primary producers, one can- sumers from the Marinas vents had 6'" values in the 
not simply determine the number of trophic levels in a -12 to -l6%0 range, although no tubeworms are  pre- 
vent community by dividing the range of 615N values sent at  these sites. They argue convincingly that there 
by a trophic level shift (3.0 to 3.5%0; Minagawa & Wada is a source of free-living bacteria with 613C values in 
1984, Macko et  al. 1987). that range at  that site, even though laboratory studies 

A third general conclusion one can reach from these would suggest much lower values for free-living 
data has been reached by previous researchers (Van chemoautotrophic bacteria (Ruby et al. 1987). Based on 
Dover & Fry 1989), namely that many of the consumers the wide range of values found in grazers including 
are feeding on a carbon and nitrogen source other than limpets (Lepetodrilus pustulosis and Euleptopsis vit- 
the symbiotic species, presumably free-living bacteria. red), shrimp (Alvinocaris lusca) and amphipods (Ven- 
Van Dover & Fry (1989) found that many of the con- tiella sulfuris) at the Galapagos sites, it is suggested 
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that there is a wide range in the S13C and 615N values 
in the free-living bacterial populations found in differ- 
ent mlcrohabitats throughout the Galapagos vent 
fields. 

In Fig. 3a the solid boxes encompass the same range 
of values found in the 3 dominant symbiont-containing 
species delineated by the solid and dotted lines in 
Fig. l b. The dotted boxes encompass the range of val- 
ues to be expected in a consumer of those species, 
assuming a 3%0 shift in nitrogen and a l %O shift in car- 
bon (Minagawa & Wada 1984, Macko et al. 1987). The 
only groups of consumers with stable isotope values 
directly linking them to symbiont-containing fauna 
were Phymorrhynchus sp. (a large white turrid gas- 
tropod) and Rranchipolynoe symmytilida (a polynoid 
commensal in the mussels), which both showed strong 
trophic links to the bivalves, and most likely the mus- 
sels. The 3 individuals of the free-living polychaete 
Euphrosine rosecea had tissue Si3C values in the same 
range and somewhat more negative 615N values. Little 
is known concerning the feeding biology of this spe- 
cies, but these values suggest nutritional Links with the 
mussels. 

Phymorrhynchus sp. (Waren & Bouchet 1989) was 
abundant at the Galapagos vents in 1988. It was not 
seen in central areas with high levels of venting, but 
rather was relegated to the peripheral mussel beds and 
even more peripheral areas, as was reported for Rose 
Garden in 1985 (Hessler et al. 1988). Waren & Bouchet 
(1989) report on the remains (a radula) of Neomphalus 
fretterae in the stomach of 1 individual from 13" N; 
however, the distribution of the 2 species at the Gala- 
pagos vents, as well as their 6'" values reported here, 
make that an  unlikely food source for the gastropod. 
This gastropod has been observed feeding on the gills 
of a mussel damaged during collection and the stable 
isotope ratios of both these strongly suggest that this is 
a natural food source for this gastropod. Of all free- 
living species assayed, the stable isotope content of 
this gastropod is most tightly linked to the bivalves, the 
mussels from peripheral vent sites in particular (Fisher 
et al. 1988a). Whether this is a reflection of feeding on 
clams or mussels which have been damaged by crabs, 
or feeding directly on adults, juveniles, mucous or 
pseudofeces produced by the bivalves, cannot be dis- 
tinguished. The possibility that the 6I3C and 615N val- 
ues of the gastropod could be due to symbiotic bacteria 
was tested by assaying the gills for RuBP carboxylase 
activity (indicative of chemoautotrophy; Fisher 1990) 
and by examining several gill sections for the presence 
of intracellular syrnb~otic bacteria. No such evidence of 
endosymbionts in this species was found. 

Commensal polychaetes have been found in about 
one-third of the mussels (Bathymodiolus thermophilus) 
collected from the Galapagos vents, with the fre- 

quency of occurrence varying dramatically with the 
collection site (Fisher et al. 1988a). The consistent rela- 
tion between mussel and commensal 613C values 
(the commensals are between 2.5 and 4%0 heavier 
than their host; Fig. 2a) and the significant correlation 
between mussel and commensal 615N values over a 
large range of SI5N values (Fig. 2b) indicate a strong 
nutritional link between these species. Both the aver- 
age difference between host and commensal 615N 
values (3.2%0) and the intercept of the regression line 
(3.16%) support the expected trophic enrichment in 
6I5N of between 3.0 and 3 . 4 % ~  (Minagawa & Wada 
1984, Macko et al. 1987, Harrigan et al. 1989). How- 
ever, the difference between host and commensal 6% 
values (325x0) and the intercept of the regression line 
( 5 . 6 % ~ )  are greater than the predicted trophic enrich- 
ment for SI3C Minagawa & Wada 1984). Since 
obvious damage to mussel soft parts was only infre- 
quently observed during dissection of hundreds of ani- 
mals, it is concluded that the commensals are obtain- 
ing significant input of nutritional C and N from either 
mucous, feces or other matter released by the mussels. 
Utilization of a specific mussel by-product, rather than 
tissues, by the commensals could explain the anom- 
alous trophic enr~chment in 6I3C. RuBP carboxylase 
assays conducted on both internal tissues and whole 
(ground) animals were also negative for this species, 
and it is thus unlikely that the isotopic content of this 
polychaete is due to its own symbionts. 

Although adult kftia pachyptila are abundant at 
Rose Garden, and certainly constitute a significant por- 
tion of the biomass and primary production, there is no 
strong isotopic evidence that any of the species ana- 
lyzed derive all of their nutrition from adult R ,  pachy- 
ptila (Fig. 3a). Some individual limpets and some byth- 
ogreid crabs may be deriving the major portion of their 
carbon and nitrogen from R. pachyptila or their tubes 
[vestimentiferan tube 6I3C values reflect the 613C 
values of that individual's soft tissues within 
(Fisher et al. 1990)l; however. as populations, these 
species are only loosely linked to this carbon source. 
Both vestimentiferan gametes (due to high lipid levels) 
and juveniles (see Fisher et al. 1990) are likely to have 
different stable isotope composition from the adults, 
and these are potential vehicles for transfer of vesti- 
mentiferan C and N to the surrounding fauna. 

In Fig. 3b a polygon including the range of 6I3C and 
615N values of all the symbiont-containing inverte- 
brates and all intermediate values is superimposed on 
the plot of the presumed heterotrophic vent species. 
This polygon includes the extreme 6I5N and S13C val- 
ues found in the symbiont-containing species and all 
intermediate values. Even more depleted 6I3C and 
S15N values have recently been reported for bacterial 
mats from other vent sites (Van Dover & Fry 1993). The 
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dashed polygon represents the above subset with a 
single trophic level shift and the dotted line 2 trophic 
level shifts. These polygons are not intended to be 
exclusionary subsets of the data but rather a visual aid 
to separating species which are clearly higher level 
consumers (i.e. brachyuran crabs), from consumers at 
the base of the food chain (i.e. polychaetes), and also 
indicates consumers which bridge several trophic 
levels (i.e. shrimp). 

The bythogi-eid crab Bythograea therrnydron has 
been observed feeding on Riftia pachyptila plumes, as 
well as a variety of damaged (by the submersible) 
vent fauna. The carnivorous habit is typical for this 
group of crabs. Their stable isotopic carbon and nitro- 
gen content is consistent with the behavioral observa- 
tions of feeding on R. pachyptila, although the 6I3C 
values indicate that in most cases this is not their sole 
C source [although much of this range could be 
accounted for by significant feeding on juvenile vesti- 
mentiferans (Fisher et al. 1990)j. The relatively heavy 
615N values found in the 7 individuals analyzed are 
consistent with both in situ observations, and their 
n~orphology, which suggest they are a top predator 
endemic to these vents. 

Munidopsis squamosa, the galatheid crab, is wide- 
spread throughout the vent field, to the periphery and 
beyond, but is virtually absent from central areas of 
active venting (such as among tubeworms). It does not 
usually come to baited traps (unlike Bythograea 
thermydron) nor is it quickly attracted to fauna dam- 
aged by the submersible (as is B. thermydron). Its 
anatomy and the fact that no individuals had tissue 
6I5N values below 6.3 suggest it is a mid-level con- 
sumer, but the small sample size and the large range in 
6I5N values inferred among primary producei-S make 
this uncertain, as does the behavior described above. 
The adults and juveniles (< 1 cm carapace length) ana- 
lyzed had different ranges of tissue 6I3C values. 
Although the sample sizes are too small for definitive 
conclusions, this suggests the possibility of differential 
resource utilization by adults and juveniles. 

The limpet Lepetodrilus pustulosis is widely distrib- 
uted in the vent fields and occurs on rocks, tubeworm 
tubes and mussels at  the Galapagos vents (R. R. 
Hessler & W. M. Smithey pers. obs.). The range in 6I3C 
values found in the 6 individuals analyzed (-13.9 to 
-28.5%0) is wider than the range found in any other 
species and indicates that individuals in this species 
utilize a carbon source with a wide range of 6I3C val- 
ues. The range in 6I5N values is less than 3%o and sug- 
gests a N source in the 2.5 to 5%o range. Morphological 
observations suggest that this species is a deposit 
feeder (grazer) and its distribution at  Galapagos vents 
suggests that the species 'wander during their regular 
activities' (Hessler & Smithey 1983). 

The shrimp Alvinocaris lusca also had a wide range 
of tlssue 613C values (from -16.3 to -29.3%) with an  
apparent bimodal distribution (3  individuals between 
-27.8 and -29 3 x 0  and 7 individuals between -16.2 and 
-22.6%0). Like the limpets, the range In tissue 6I5N is 
much smaller and suggests a source in the -0.5 to 5 x 0  
range. Also like the limpet, it is found associated with 
both mussels and tubeworms, often at areas of active 
venting. Morphological observations suggest that this 
shrimp is also a deposit feeder, grazing surfaces with 
its chelipeds. Amphipods (e.g.  Ventiella sulfuris) were 
occasionally found in the collection box after removal 
of the larger invertebrates. Like the grazers discussed 
above there was a significant range in the tissue 6I3C 
values among individuals and a smaller range in tissue 
6I5N, indicating a food source in the -3.3 to 2 %O range. 
Thus, the organisms on which these animals are feed- 
ing have 6I3C values which extend over a range which 
encompasses almost the entire range of values found 
among hydrothermal vent invertebrates, indicating 
free-living primary producers with a similar range of 
6I3C values. The relatively low 615N values inferred 
in this attached biota also indicates that it is near the 
base of the food chain (primary producers and primary 
consumers). 

The limpet Neomphalus fretterae (McLean, 1981) 
was collected from rocks whlch were covered by a mat 
of Bathymodiolus thermophilus and Riftia pachyptila. 
The limpets were not visible until after the mussels had 
been removed. In among the tubeworms was another 
species of tubeworm (Oasisia alvinae?) which has 
tissue 6I3C values in the same range as other hydro- 
thermal vent vestimentiferans (Fisher et al. 1990). The 
limpets formed an aggregation, similar to that 
described in Hessler & Smithey (1983), of individuals 
densely packed together, with the shape of the shell 
margins conforming to adjacent individuals. Because 
of the limpet's habit and habitat, pieces of its gill tissue 
were assayed for RuBP carboxylase and examined by 
TEM. No activity of the enzyme was detected in the 2 
individuals assayed and no bacteria were seen in the 
sections from the same individuals. Based on these 
data, the observations of very limited mobility, and the 
anatomical studies of McLean (1981), it appears that 
suspension feeding dominates in these clusters 
(Hessler & Smithey 1983). A particulate source with a 
6I3C in the -16 to -18%0 range and 6I5N ln the 3 to 7%0 
range is suggested (see Table 3 for the full range of 
613C and 6I5N values in N. fretterae). 

For reasons ranging from rarity of the individuals 
to difficulties in collecting specimens, to irretrievably 
lost samples, only single individuals of several 
taxa were analyzed, and either C or N were and- 
lyzed for several samples. In these situations only 
very general conclusions are appropriate and even 
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these should be considered preliminary until further 
data is available. 

A single unidentified jellyfish was collected over 
Mussel Bed in 1988. Its stable carbon content is consis- 
tent with either a non-vent carbon source or a mixed 
diet of vent particles. Its tissue Si5N is lighter than other 
ambient deep-sea fauna and suggests either input of 
vent organics or could be a reflection of the paucity of 
data on the range of SI5N in non-vent deep-sea fauna. 
The hydrothermal vent fish Bythites hollisi has very 
similar tissue 613C and 615N values to the jellyfish. 
However, this is an abundant, endemic vent species 
often seen immersed in vent flow and its tissue isotopic 
content is likely a reflection of its locally produced food 
source. The identity of the food source is uncertain; 
it has never been observed feeding, nor does it come 
to baited traps. A small pycnogonid found in the 
collection box after a mussel collection, a colonial 
siphonophore (Thermopal ia  taraxaca) ,  a limpet (Eu lep-  
topsis vitrea) and a serpulid (sp. b) all have a clear 
chemoautotrophic carbon signal (613C < -25%0), indi- 
cating the reliance of these individuals on chemo- 
autotrophically produced organic carbon (Table 3, 
Fig. la) .  The serpulid had the most negative tissue 8l3C 
value of any of the fauna analyzed and one of the heav- 
iest 8l5N values. This species deserves further study. 
Another outlier was one of the anemones (Isoparactis 
sp.) which had one of the most negative 615N values. 
This suggests it is feeding near the base of the food 
chain on locally produced organics and once again 
implies hydrothermal vent primary producers with 
relatively heavy 613C values. 

Stable carbon and nitrogen isotopes are proving to 
be valuable tools in the study of hydrothermal vent 
fauna and community structure. The clear signals pro- 
duced by the vent primary producers in most cases 
allow easy identification of reliance on vent-produced 
organics, when both carbon and nitrogen are consid- 
ered together. As more data is collected it is also 
becoming apparent that interpretation of Si3C and 8I5N 
values in hydrothermal vent fauna can be quite com- 
plex, due to the heterogeneity of the values in the pri- 
mary producers and the putative substantial utilization 
of free-living bacteria as food. 
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