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ABSTRACT: D eep-sea w hale falls create sulfidic hab i­
tats supporting chem oautotrophic communities, but 
microbial processes underlying the formation of such 
habitats rem ain poorly evaluated. Microbial deg rada­
tion processes (sulfate reduction, m ethanogenesis) and 
biogeochemical gradients w ere studied in a whale-fall 
habitat created  by a 30 t w hale carcass deployed at 
1675 m depth  for 6  to 7 yr on the California margin. 
A variety of m easurem ents w ere conducted including 
photomosaicking, microsensor m easurem ents, radio­
tracer incubations and geochem ical analyses. Sedi­
m ents w ere studied at different distances (0 to 9 m) 
from the w hale fall. Highest microbial activities and 
steepest vertical geochem ical gradients w ere found 
within 0.5 m of the w hale fall, revealing ex  situ sulfate 
reduction and in vitro m ethanogenesis rates of up to 
717 and 99 mmol n r 2  d_1, respectively. In sedim ents 
containing whale biomass, m ethanogenesis was equiv­
alent to 20 to 30% of sulfate reduction. During in vitro 
sedim ent studies, sulfide and m ethane w ere produced 
within days to w eeks after addition of w hale biomass, 
indicating that chem osynthesis is prom oted at early 
stages of the w hale fall. Total sulfide production from 
sedim ents w ithin 0.5 m of the w hale fall was 2.1 ± 3 
and 1.5 ± 2.1 mol d _ 1  in Years 6  and 7, respectively, of 
which - 2 0 0  mmol d _ 1  w ere available as free sulfide. 
Sulfate reduction in bones was m uch lower, account­
ing for a total availability of -10  mmol sulfide d_1. Over 
periods of at least 7 yr, w hale falls can create sulfidic 
conditions similar to other chem osynthetic habitats 
such as cold seeps and hydrotherm al vents.

S k eleton  of a  w h a le  on th e  d e e p -se a  floor, co v ered  by  chem o­
au to troph ic  b ac teria l m ats, anem ones, a n d  b o n e -ea tin g  w orm s 
O sed a x  spp., 6 yr after a rrival a t th e  seafloor.
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INTRODUCTION

Large cetaceans suffering natural death  typically 
sink to the seafloor (Smith 2006). In coastal waters, car­
casses may refloat from decompositional gases (Allison 
et al. 1991) and be devoured by pelagic scavengers
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(Smith 2006). In the deep sea, cold tem peratures retard  
decomposition and high hydrostatic pressures increase 
gas solubility (Allison et al. 1991), allowing w hale falls 
to rem ain as food bonanzas on the deep-sea floor. 
A lthough large w hale falls comprise only -0.1 % of the 
global background particulate organic carbon (POC) 
flux, locally they provide an am ount of organic carbon 
equivalent to 2000 yr of POC flux to the deep-sea floor 
(Smith 2006). W hen deposited, large w hale carcasses 
pass through up to 4 stages of utilization by the deep- 
sea community (Smith et al. 1998, 2002, Smith & Baco
2003): (1) a mobile scavenger stage, w herein scav­
engers such as hagfishes, sleeper sharks and amphi- 
pods feed on w hale soft tissue; (2 ) an enrichm ent- 
opportunistic stage, w here rem ains of the whale 
dispersed over the surrounding sedim ent are utilized 
by an opportunistic community w ith high population 
densities but low species richness; (3) a sulfophilic 
stage, w here microbial consumption of organic com ­
pounds in the lipid-rich bones as well as in the organi­
cally enriched sedim ent sustains the production of 
hydrogen sulfide, w hich is then utilized by a chemo- 
synthetic community; and (4) a reef stage, w here the 
w hale bones serve as hard  substrate outcropping from 
the seafloor and as a refuge for a variety of deep-sea 
animals. W hale falls represent a unique habitat with 
some of the highest local species richness known from 
deep-sea hard  substrates (Baco & Smith 2003).

In the present study, we focus on the sulfophilic 
stage of w hale falls. M icrobial sulfate reduction (SR) 
during organic carbon degradation is postulated to be 
the key process releasing hydrogen sulfide from the 
lipid-rich bones, as well as from the surrounding car­
bon-enriched sediments. Whale bones contain up to 
60 % lipids by w et w eight (Deming et al. 1997, Schuller 
et al. 2004 and references therein) and microbial 
decomposition of bone lipids can provide sulfide to the 
chem oautotrophic community for years to decades 
(Smith et al. 2002, Smith & Baco 2003, Schuller et 
al. 2004). Sediments surrounding w hale carcasses are 
enriched w ith lipids and other organic compounds 
derived from the carcass (Naganum a et al. 1996, Smith 
et al. 1998). The organic enrichm ent causes anoxic 
conditions in the sediment, due to high microbial 
oxygen consum ption (Allison 1988, Allison et al. 1991), 
and favors anaerobic processes such as SR and 
m ethanogenesis (MG) (Goffredi et al. 2008)—pro­
cesses which usually play a minor role in the carbon 
cycling of organic-poor, deep-sea sedim ents (Wenz­
höfer & Glud 2002 and references therein). Chemo- 
synthetic sulfide-oxidizing microorganisms found at 
w hale falls include free-living, mat-forming bacteria 
(e.g. Beggiatoa  spp.) covering bones and sedim ent sur­
faces, as well as endosym bionts in bivalves and tube- 
worms (e.g. Smith et al. 1989, Bennett et al. 1994, Feld­

m an et al. 1998, Baco et al. 1999). These m icroorgan­
isms are the basis for food chains based on chemosyn- 
thetic prim ary production at w hale falls.

Activity of sulfate-reducing bacteria in the sulfophilic 
stage of w hale falls has long been  postulated without 
direct m easurem ents of activity rates (e.g. Allison et al. 
1991, Smith 1992, Bennett et al. 1994, N aganum a et al. 
1996, Deming et al. 1997). A recent molecular study 
revealed that m ethanogenic archaea are an im portant 
part of the microbial community in sediments surround­
ing w hale falls (Goffredi et al. 2008). Here we document 
the activity of both sulfate-reducing and m ethanogenic 
microorganisms in deep-sea sedim ents im pacted by 
whale biomass. We found extrem e biogeochemical g ra ­
dients around the w hale fall associated w ith microbial 
degradation processes. Finally, we extrapolate sulfide 
production rates in whale-fall sediments and bones to an 
entire whale-fall habitat to com pare sulfide availability 
with other sulfur-based deep-sea habitats such as hydro- 
therm al vents and cold seeps.

MATERIALS AND METHODS 

Study site

Samples were collected from a w hale fall in the Santa 
Cruz Basin, California (33°27'N , 119°22'W, 1675 m 
depth, bottom tem perature ~4°C, bottom -w ater oxygen 
concentration 260 pM) using the rem otely operated  v e ­
hicle (ROV) 'Tiburon' during 2 cruises (28 Feb to 5 Mar 
2004 and 26 Feb to 2 M ar 2005) aboard RV 'W estern 
Flyer'. A m ature grey w hale Eschrichtius robustus car­
cass was deployed in 1998 and had an initial w et weight 
of 30 t and a length of 12.5 m (Smith & Baco 2003). Sed­
iment samples w ere taken during the sulfophilic stage of 
the whale fall 6  and 7 yr after deployment at distances of 
9, 3, 1, 0.5 and 0 m from the whale fall (Fig. 1). In the orig­
inal sam pling design we had  chosen the 9 m distance as 
background reference, but later analyses showed an in ­
fluence of the w hale fall on some param eters such as 
oxygen and m ethane even at this distance. At the stage 
of the w hale fall investigated in the present study, soft 
tissue had been  completely rem oved from the skeleton 
by scavengers and opportunistic fauna (Smith et al. 
2002). Sloppy feeders had visibly distributed w hale tis­
sue fragm ents over the sedim ent to a distance of at least 
3 m from the whale fall, and bioturbation processes had 
caused the burial of whale fat and tissue into the upper 
15 cm of sediment. Chem osynthetic organisms such as 
mats of the sulfur-oxidizing bacteria Beggiatoa spp., 
3 species of vescomyid clams and the mussel Idas wash­
ingtonia w ere found in abundance at the w hale fall du r­
ing sam pling (P. A. Tyler et al. unpubl. data, C. R. Smith 
and A. Baco-Taylor unpubl. data).
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Fig. 1. (A) Photom osaic a n d  (B) d iag ram  of g rey  w h a le  sk e le to n  in  th e  S an ta  C ruaz  B asin (1675 m  w a te r  dep th). T he photom osaic  
is com posed  of sing le  im ag es ta k e n  in  2005 by  th e  ROV T iburon. Yellow spots a re  th ick  m ats of filam en tous sulfur b ac teria . Skull 
(Sk), m an d ib les /m ax illae  (M), scap u la  (S). Positions of sed im en t p u sh  cores (PC), m icroprofiler (MP) a n d  b en th ic  ch am b er (BC) 

d ep loym en ts at d istances of 0, 0.5, 1, 3 a n d  9 m  from  th e  w h a le  a re  in d ica ted

Visual estimation of high-sulfide areas

We used the distribution of black surface sedim ents 
with and w ithout bacterial mats, as well as bone areas 
covered by mats, as visual indicators of high sulfide 
fluxes. Blackening of sedim ents is caused by precipita­
tion of m etal sulfides and indicates reducing processes 
(Schippers & Jorgensen  2002). M ats of giant, filam en­
tous sulfur bacteria form w here relatively high fluxes 
of free hydrogen sulfide reach the w ater-sed im ent 
interface (Sahling et al. 2002, Jorgensen & Nelson
2004). We use the term  'black (sediment) patches' to 
indicate black sedim ent areas devoid of microbial 
mats, as opposed to black sedim ents covered by yel­
low/white bacterial mats. Black patches and bacterial

mat (as opposed to greenish-brow n, non-reduced sedi­
ment), as well as yellow/white m at-covered bone sur­
faces (as opposed to uncovered, brow n-grayish bones) 
w ere delineated  via digital color pictures. A dow nw ard 
looking, digital still cam era m ounted on the ROV was 
used to create photomosaics of the w hale fall from 
ROV phototransects paralleling the long axis of the 
skeleton. Phototransects w ere conducted prior to sam ­
pling to avoid ROV disturbance of mats and sediments. 
During transects, ROV altitude was held constant at 
- 2  m and the cam era was used to obtain overlapping 
images. To create m aps of the w hale fall in 2004 and 
2005, 148 and 99 selected images, respectively, w ere 
com bined into a mosaic using Inkscape® and Adobe 
Illustrator® software. Overlapping portions of images
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w ere adjusted based  on identifiable bone and sedi­
m ent features, and im ages w ere sequentially stretched 
to correct for parallax. The photomosaic allowed cali­
bration of images based on scale m arkers ( 1 0  cm d ia ­
m eter white PVC rings) placed around the skeleton, 
using Im ageJ software (NIH). Length-scale errors at the 
sed im ent-w ater interface are estim ated to be < 1 0 %.

We estim ated absolute areal coverage of microbial 
mats and black patches at the sed im ent-w ater in ter­
face w ithin a 50 cm radius of the skeleton because 
video surveys indicated that virtually all mats occurred 
within this perim eter in both 2004 and 2005. To facili­
tate m apping, the w hale fall was divided into 3 r e ­
gions: skull, thorax and lum bar (Fig. IB). Percentage 
cover in photos from each region in 2004 and 2005 was 
estim ated and then m ultiplied by the absolute area  of 
each region to produce areal estim ates for the entire 
w hale fall.

Estimation of bacterial mat area on the skeleton was 
complicated by the protrusion of bones above the 
sed im ent-w ater interface and the irregular shapes of 
bones. Thus, we could only estim ate the plan area of 
the total skeleton and its percentage cover by bacterial 
mats. To com pare mat coverage of bones betw een 
2004 and 2005, bones w ere grouped by type as follows: 
m andibles and maxillae, cranial bones (skull), scapu­
lae, ribs, and vertebrae. V ertebrae w ere subsequently 
subdivided into thoracic, lum bar and caudal regions 
(Fig. IB). Percentage of bone area covered by bacterial 
mat was estim ated for each bone type, using individual 
bones within a type/region as replicates. For the num ­
ber of bones analyzed (i.e. replicates) in each region, 
see Table 2.

Sediment investigations in situ

Microprofiler. In 2005 a new  autonomous m icropro­
filer module easily deployed by ROV (Gundersen & 
Jorgensen 1990, W enzhoefer et al. 2000) was placed at 
distances of 0, 3 and 9 m from the w hale fall to investi­
gate in situ  chemical pore w ater gradients (Fig. IB, 
Table 1). At 0 m, the instrum ent was placed on black 
sedim ent next to a m andible (Fig. 2). It was not possi­
ble to place the microprofiler onto microbial mat due to 
presence of bones. The microprofiler carried 4 0 2 - 
m icroelectrodes (Revsbech 1989, Glud et al. 2000), 2 
pH-m icroelectrodes (Revsbech & Jorgensen 1986), 
3 H 2 S-microelectrodes (Jeroschewski et al. 1996), and 
1  resistivity sensor used to determ ine the position of 
the sedim ent surface relative to the microsensors. 
M easurem ent cycles w ere initiated by pressing a m ag­
netic switch, and the instrum ent was repeatedly re ­
positioned by the ROV. The central cylinder was p ro ­
gram m ed to gradually move the sensors dow nw ard in

increm ents of 100 pm for a total distance of 15 cm, with 
sensor data stored internally. After a cycle, the sensors 
moved back to the starting position until a new  m ea­
suring cycle was initiated by the ROV.

0 2-electrodes had a linear response to 0 2  concentra­
tion in seaw ater and w ere calibrated in situ  using con­
stant readings in the bottom w ater (0 2  concentration 
determ ined by W inkler titration) and the anoxic parts 
of the sediment. Pre-calibration w as done on board; 
however, due to tem perature and pressure effects on 
the sensor perform ance, an in situ calibration was p re ­
ferred.

H 2 S-electrodes w ere calibrated in a degassed phos­
phate buffer in which the H2S concentration was 
increased stepwise w ith known aliquots of a 100 mM 
Na2S solution (Wenzhoefer et al. 2000). The slope of 
the pH electrode m easurem ents was determ ined by 
immersing the sensors in seaw ater at in situ bottom 
w ater tem perature and subsequently changing the 
pH by adding small amounts of H 2 S 0 4  (10% v/v). pH- 
m icroelectrode signals w ere then com pared to read ­
ings of a commercial pH electrode (Radiometer) cali­
brated  in NBS buffer. Usually, an off-set was observed 
in the bottom water, w hich was corrected w ith pH 
determ inations from Niskin bottle samples from 50 cm 
above the sedim ent surface.

Diffusive 0 2  uptake (DOU) was calculated from 0 2 - 
m icroelectrode profiles using Fick's First Law of Diffu-

T able  1. Sam pling  in  sed im en ts. A -E  a re  a rb itra ry  core IDs 
to show  w h ich  p a ram e te rs  w e re  m ea su re d  in  iden tica l or 

se p a ra te  cores at e ach  d istan ce  from  th e  w h a le  fall

P a ram e te r D istance  from  w h a le  (m) C ore
0 0.5 1 3 9 ID

In situ
O x y g en  c o n c e n tra tio n X X X

p H a X X X

Sulfide c o n c e n tra t io n X X X

O x y g en  consum ption15 X X

E x  situ
Sulfa te  re d u c tio n 0 X X X X X A, B
Sulfa te  c o n c e n tra tio n X X X X X A
Sulfide co n cen tra tio n d X X C
Total o rgan ic  carb o n 6 X X X X X D
Total ino rg an ic  carb o n 6 X X X X X D
Total n itro g en 6 X X X X X D
Total su lfu r6 X X X X X D
Porosity6 X X X X X D
B acteria l cell n u m b ers6 X X X X X D
In v itro
M eth an o g en es isf X X X E
E n rich m en t e x p e r im e n t X X X E

aM icroprofiler, 100 p m  sam p lin g  in terval; bB enthic ch am ­
ber; c~9P u sh  core: C1 cm in terval; dl  to 3 cm in tervals; el  cm 
in te rv a ls  for 0 -5  cm  d ep th , a n d  2 cm  in te rv a l at >5 cm; 
f5 cm in terval; 9 ra n g e  0 -1 0  or 0 -1 5  cm
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Fig. 2. (A) M icroprofiler an d  (B) b e n th ic  ch am b er at position  0 m  d u rin g  in  situ  m easu rem en ts  at th e  w h a le-fa ll h e a d

sion, DOU = D0 (dC/dZ), w here D0  is the molecular dif­
fusion coefficient of 0 2  at in situ  tem perature, salinity 
and hydrostatic pressure, and C is 0 2  concentration 
at depth  Z w ithin the diffusive boundary layer (Jor­
gensen & Revsbech 1985, Rasmussen & Jorgensen 
1992).

Benthic chamber. In 2005, a small frame equipped 
with a central, stirred cylindrical cham ber (internal 
diam eter = 19  cm) was deployed at 0 and 9 m from the 
w hale fall to m easure total in situ benthic 0 2  consum p­
tion (Fig. IB, Table 1). At 0 m, the cham ber was placed 
betw een the m andibles w ithin an area of black sedi­
m ent (Fig. 2B). It was not possible to place the cham ber 
on microbial mat due to presence of bones. After the 
cham ber was deployed by the ROV, w ater height 
above the sedim ent inside the cham ber was d e te r­
m ined from ROV video. The cham ber enclosed an area 
of ca. 285 cm 2  together w ith -10 cm of overlying bo t­
tom water. Change in 0 2  concentration over time in the 
enclosed w ater volume was continuously m onitored by 
2 Clark-type m ini-electrodes in the cham ber lid (incu­
bation times: 1 h 15 min at 0 m betw een mandibles, 8  h 
30 min at 0 m in black patch, and 3 h 00 min at 9 m). 
The sensors had a reinforced outer casing but had  the 
same m easuring characteristics as outlined above for 
the microprofiler (Glud et al. 2000). The sensors w ere 
calibrated against bottom w ater samples and a zero 
reading recorded on board at in situ  tem perature. Total 
oxygen uptake (TOU) was calculated from the initial 
linear decrease in 0 2  concentration versus time in the 
enclosed w ater volume.

Sediment samples ex situ

Collection. Sediment samples w ere collected near 
the w hale fall w ith plastic push cores (internal diam e­
ter = 7 cm, length = 20 cm) operated by the m anipula­
tor of the ROV. In 2004, cores w ere collected at random  
locations at distances of 0, 1 and 3 m from the whale

skeleton (Fig. IB). In 2005, additional coring was p er­
formed at random  locations at 0.5 and 9 m from the 
whale skeleton. At each distance, 5 parallel push cores 
w ere taken  from an area of -25 x 25 cm and subsam ­
pled on shipboard at 4°C. An overview of the subse­
quent push core subsam pling is given in Table 1. Ex 
situ refers to undisturbed sedim ent samples that w ere 
taken  im m ediately after push-core recovery, w hereas 
in vitro refers to samples m anipulated in the laboratory 
and studied under defined conditions.

Sulfate reduction (SR) rates. Two push cores (A and 
B, Table 1) taken  at each distance from the w hale fall 
w ere subsam pled w ith 2 to 4 smaller subcores (internal 
diam eter = 2.6 cm, length = 20 cm). Subcores w ere 
sealed with rubber stoppers with -5  cm seaw ater 
headspace and transported at 4°C to the isotope labo­
ratory (MPI for M arine Microbiology, Bremen, G er­
many), w here they w ere further processed im m edi­
ately after arrival (7 to 11 d after sampling). Carrier-free 
3 5 S 0 42- (dissolved in water, injection volume = 6  pi, 
activity = 135  kBq, specific activity = 37 TBq m m oP1) 
was injected into 2 to 4 replicate subcores at 1 cm in ter­
vals according to the whole core injection m ethod of 
Jorgensen (1978). Push cores w ere incubated in the 
dark at in situ  tem perature (4°C) for 24 (2004) or 18 h 
(2005). After incubation, sedim ent subcores w ere sec­
tioned into 1 cm intervals and transferred into 50 ml 
plastic centrifuge vials filled w ith 2 0  ml zinc acetate 
( 2 0  % w/w). Control subcores w ere first fixed before 
addition of tracer. SR rates w ere determ ined using the 
cold chromium distillation m ethod according to Kall- 
m eyer et al. (2004).

Sulfate concentration. At each distance from the 
whale fall, 1  subcore was taken  to determ ine sulfate 
concentrations from push cores (A, Table 1) that had 
been  subsam pled for SR rates. Subcores w ere sliced 
into 1 cm depth  intervals, transferred into 50 ml plastic 
centrifuge vials filled w ith 2 0  ml zinc acetate (2 0 % 
w/w) and then shaken thoroughly. In the laboratory, 
samples w ere centrifuged at 2 2 0 0  x g  for 1 0  min and
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pore w ater sulfate concentrations m easured in the 
supernatant using non-suppressed ion chrom atogra­
phy. The instrum ent was equipped w ith a W aters 510 
HPLC pump, WISP 712 autosam pler (100 pi injection 
volume), IC-Pak anion exchange column (50 x 4.6 mm) 
and a 430 conductivity detector. The eluent was 1 mmol 
I- 1  isophthalic acid w ith 1 0 % methanol, adjusted to 
pH 4.5. The flow w as set to 1.0 ml m k r1.

Sulfide concentration. One sedim ent push core (C, 
Table 1) was taken  at each of the 0 and 1 m distances, 
placed in an anoxic glove bag and sliced in 1 to 3 cm 
depth  intervals. Sedim ent from each interval was 
transferred into 50 ml syringes, w ith internal tip ends 
fitted w ith 10 pm Nytex screening. Polycarbonate 
0 . 2  pm filters w ere fitted onto the syringes and gradual 
and modest pressure applied to syringe pistons using a 
press to extract pore water. The first milliliter of filtered 
pore w ater obtained from each sample w as discarded 
and the second was transferred into a scintillation vial 
containing 0.5 ml of 0.05 M zinc acetate. In the labora­
tory, all samples w ere analyzed for dissolved sulfide 
using the colorimetric m ethod of Cline (1969). This 
m ethod helps determ ine the concentration of all spe­
cies of dissolved sulfide (H2 S, HSp S2~).

Carbon-nitrogen-sulfur (CNS), total organic carbon 
(TOC) and total inorganic carbon (TIC). From one 
push core (D, Table 1) taken  at each distance, -1 .5  cm 3  

sedim ent w as taken  at 1 (between 0 and 5 cm) and 
2 cm (below 5 cm) depth  intervals with cut-off syringes, 
transferred to 2 ml plastic vials and frozen at -25°C. 
Prior to elem ental analysis, samples w ere freeze-dried 
and homogenized. Total CNS concentrations w ere 
determ ined by com bustion/gas chrom atography (Carlo 
Erba NA-1500 CNS analyzer) with a precision of ±0.6% 
for C, ±0.7%  for N, and ±0.6%  for S. TIC was m ea­
sured on a CM 5012 C 0 2  Coulometer (UIC) after acid­
ification with H 3 PO 4 . Precision for TIC was ±0.4% . 
TOC was calculated as the difference betw een total 
carbon and TIC.

Bacterial abundance. From one push core (D, Table 1) 
taken  at each distance, a 1  cm 3  sedim ent was taken  at 
1 (0 to 5 cm) and 2 cm (below 5 cm) depth  intervals 
with cut-off syringes immediately after recovery and 
transferred into vials filled with 9 c n r 3  form aldehyde 
(2 % in seawater, 0.22 pm filtered) and stored at 4°C. 
Total bacterial cell num bers w ere enum erated  using 
acridine orange direct counts (AODC) according to 
Meyer-Reil (1983) as modified by Boetius & Lochte 
(1996). Grid num bers counted by AODC varied b e ­
tw een 10 and 30 w ith an average of 50 cells per grid.

Methane concentration. From one push core (D, 
Table 1), taken  at each distance, 2 cm 3  of sedim ent was 
taken  at 1 (0 to 5 cm) and 2 cm (below 5 cm) depth 
increm ents w ith cut-off syringes and transferred into 
10 ml glass vials filled w ith 5 ml NaOH (2.5% w/w)

to stop microbial activity. Vials w ere closed quickly 
w ith butyl rubber stoppers, sealed with aluminum 
crimps and shaken thoroughly to equilibrate pore 
w ater m ethane into the headspace. In the laboratory, 
m ethane concentrations w ere determ ined by injection 
of 200 pi headspace into a gas chrom atograph (5890A, 
Hewlett Packard) equipped with a packed stainless 
steel Porapak-Q column (1.83 m x 0.32 cm, 80/100 
mesh, Agilent Technologies) and a flame ionization 
detector. Carrier gas was helium  at a flow rate of 30 ml 
m k r1. Column tem perature was set to 40°C.

Dry weight, density and porosity. From one push 
core (D, Table 1) taken  at each distance, 5 to 10 cm 3  

sedim ent w as taken  at 1 cm (0 to 5 cm) and 2 cm (below 
5 cm) depth  increments, transferred into pre-w eighed 
15 ml plastic centrifuge vials w ith a volume scale bar, 
closed w ith a plastic screw cap and stored at 4°C. In 
the laboratory, vials w ere centrifuged at 2 2 0 0  x g  for 
1 0  min, weighed, filled w ith w ater to a defined volume, 
w eighed again, dried and w eighed a third time. D en­
sity was calculated by dividing sedim ent w et weight 
by sedim ent volume (sediment volume with added 
w ater minus volume of added water). Porosity was cal­
culated by dividing pore w ater volume by sediment 
volume. Density and porosity data  w ere used for calcu­
lations of SR and in vitro turnover rates.

Sediments samples in vitro

M ethanogenesis (MG) rates. Potential MG w as m ea­
sured in vitro w ithout addition of m ethanogenic sub­
strates as described in Krüger et al. (2001). Sediment 
samples w ere taken  with a push core (E, Table 1) at 0, 
1 and 3 m from the w hale fall. Cores w ere sliced at 5 
cm intervals. Sediment was transferred into glass bot­
tles, sealed headspace-free with rubber stoppers and 
stored anoxically at 4°C in the dark until further pro­
cessing. In the laboratory, subsam ples of 0 to 5 and 5 to 
1 0  cm depth  intervals w ere mixed with artificial sea­
w ater medium  w ith and without 28 mM sulfate (Wid- 
del & Bak 1992) to obtain hom ogenous slurries; 3 ml of 
anoxic sedim ent slurries w ere then  transferred into 
sterile glass tubes. An additional 9 ml of artificial sul- 
fate-rich (28 mM) and sulfate-free seaw ater medium, 
respectively, w ere added and tubes w ere sealed with 
butyl stoppers. The headspace consisted of a N 2 /C 0 2  

mixture (90:10). All incubations w ere done in triplicate 
at 4°C. H eadspace samples (0.1 ml) w ere taken  with 
pressure-lock syringes twice per day after shaking of 
the tubes by hand, and analyzed for m ethane using a 
GC 14B gas chrom atograph (Shimadzu) equipped with 
a Supel-Q Plot column (30 m x 0.53 mm; Supelco) and 
a flame ionization detector (Nauhaus et al. 2002). Sedi­
m ent dry mass was determ ined after drying at 80°C for
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2 d. Rates w ere calculated per volume undiluted sedi­
m ent from the known sedim ent volum e/dry weight 
ratio (see 'Dry w eight, density and porosity').

Sediment enrichment experiment. This experim ent 
was designed to investigate the change in microbial 
activity (methane and sulfide production) in sedi­
m ents collected from around the w hale fall (0 , 1  and
3 m) after addition of new  w hale biomass. For biomass 
addition, w e used flesh and oil from a common por­
poise provided by the Forschungs- und Technologie­
zentrum  W estkueste, Buesum, Germany. Whale bio­
mass was frozen before use. The experim ent was 
conducted under an N 2 /C 0 2  atm osphere (90:10) to 
ensure anoxic conditions. Homogenous sedim ent slur­
ries (on average 0 . 1 2  g dry w eight per ml) w ere p re ­
pared  w ith sulfate-rich (28 mM) artificial seaw ater 
m edium  (Widdel & Bak 1992) from depth  sections 0 to 
10 cm (0 m) and 0 to 15 cm (1 and 3 m) of push cores 
(E, Table 1). From the slurries, 150 ml w ere trans­
ferred into glass crimp vials (243 ml) and 16 g thaw ed 
w hale flesh plus 4 g thaw ed w hale oil w ere added. In 
total, this accounted for an addition of -14 g total 
organic carbon (TOC flesh: 716 ±20 pg mg-1, n = 19; 
TOC oil: 730 ± 43 pg mg-1, n = 18; raw  data not 
shown) and corresponded to an increase in organic 
carbon in the slurries of -4- to 16-fold, depending on 
the initial TOC content of the sedim ent (5 to 20% of 
dry weight, see 'Results'); 3 replicates and 1 control 
(sediment slurry without whale biomass addition) were 
p repared  for each distance, as well as 3 additional 
controls w ithout sedim ent containing only 150 ml arti­
ficial seaw ater medium  plus w hale flesh and oil. Vials 
w ere closed w ith rubber stoppers and aluminum 
crimps and stored in the dark  at 4°C. The increase in 
sulfide concentration (in the supernatant) and m ethane 
(in the headspace) was first m onitored every other 
day and on a w eekly basis after 50 d. Sulfide in the 
supernatant was determ ined colorimetrically using the 
formation of colloidal copper sulfide (Cord-Ruwisch 
1985). M ethane was determ ined in the headspace 
using a gas chrom atograph (5890A, Hewlett Packard) 
equipped with a packed stainless steel Porapak-Q col­
um n (1.83 m X 0.32 cm, 80/100 mesh, Agilent Tech­
nologies) and a flame ionization detector. Carrier gas 
was helium  at a flow rate of 30 cm 3  m k r1. Column 
tem perature was 40°C. At the beginning and after 
33 d, sedim ents w ere subsam pled and analyzed for 
bacterial abundance as described above. W hen sul­
fide concentrations exceeded 20 mM in the sedim ents 
with w hale biomass (after 25 and 33 d), 50 ml of the 
supernatant was replaced by fresh artificial seaw ater 
medium. During medium  exchange, bottles w ere 
opened, i.e. the headspace was exchanged as well. To 
ensure a complete removal of the headspace, vials 
w ere additionally purged  w ith nitrogen for 1  min.

Bone investigations in vitro

Sample preparation. In 2004, one large vertebra 
(central disk diam eter = -23 cm) was collected by ROV 
and sealed in a plastic box. On shipboard, the vertebra 
was sagittally sectioned at 4°C. Small (-1 x 1 x 1 or 
2  cm) bone subsam ples w ere rem oved with a sterilized 
cutter at 3 depths (0 to 1, 1 to 3 and 3 to 5 cm) from the 
bone surface. Additionally, large bone pieces w ere cut 
out -5  cm deep into the bone. Bone samples w ere 
transferred to glass bottles filled with sterile filtered 
anoxic artificial seawater, closed without headspace 
and stored for 2 w k at 4°C until further processing.

Sulfate reduction (SR) rates in bones. Pre-w eighed 
pieces (0.5 to 1.6 g) of the w hale vertebra (3 to 4 repli­
cates per stratum) w ere incubated separately in 1 0  ml 
glass vials filled w ith anoxic artificial seaw ater medium 
(sulfate concentration 28 mM; Widdel & Bak 1992) 
and carrier-free 3 5 S 0 42~ (dissolved in water, activity = 
87 kBq, specific activity = 37 TBq mmol4 ). Controls 
containing only seaw ater m edium  (no bones) w ere 
incubated in parallel. Incubation was at 4°C in the dark 
for 17 d. After incubation, samples w ere treated  as 
m entioned above (see 'Sulfate reduction (SR) rates').

Visualization of sulfide emissions from bones. Large 
pieces of the vertebra w ere incubated w ith 3 5 S-sulfate 
tracer to visualize hot spots of microbial sulfide pro­
duction in the bone as well as emissions of sulfide from 
the bone into the w ater column; 2 replicate -5  cm long 
bone pieces (cut from b o n e-w ater interface towards 
inner bone center) w ere attached to silver foil (see 
Fig. 8 ) and incubated with 3 5 S 0 42~ (dissolved in water, 
activity = 870 kBq, specific activity = 37 TBq mmoL1) 
for 49 d in 40 ml glass vials with anoxic artificial seaw a­
ter medium  (sulfate concentration 28 mM; Widdel & 
Bak 1992) at 4°C in the dark. One additional piece of 
silver foil was incubated w ithout bone as a control. 
During incubation, a portion of the 3 5 S-sulfide pro­
duced from 3 5 S-sulfate reacted  w ith the silver foil with 
3 5 S-sulfur binding as Ag2 S. After incubation, silver foils 
w ere rem oved from bones and the 2 -dimensional d is­
tribution of 3 5 S-activity on the foils w as m easured by 
scanning w ith a high-resolution 2D p-IMAGER (Bio­
space M ésures) (Lanièce et al. 1998) with a resolution 
of 15 pm.

RESULTS 

Visual estimation of high-sulfide areas

Bone area with bacterial mats. Bone coverage by 
bacterial mats was estim ated from 37 and 43 bones 
photographed in 2004 and 2005, respectively (Table 2). 
The lower num ber of bones observed in 2004 is
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T able  2. V isible b o n e  p la n  a re a  co vered  b y  b ac teria l m a t on  th e  S an ta  C ruz 
w h a le  sk e le to n  in  2004 a n d  2005. B acteria l m ats (yellow /w hite) w e re  d istin ­
g u ish ed  v isually  from  b ro w n -g ray ish  b o n es in  d ig ita l color p ic tu res . N  = n u m ­
b e r of b o n es analyzed . K ruskal-W allis te s te d  for significant d ifferences in  

cover b e tw e e n  years. *p < 0.05; **p < 0.01

Bone class
°001 °005

N C over (%) SE (%) N C over (%) SE (%)

Skull 1 97 _ 1 94 _

M an d ib les/m ax illae 4 61 10 4 45 15
Scapu la 2 44 16 2 60 19
Rib 12 78 6 14 76 8
V erteb rae 18 8 2 ” 4 22 5 1 ” 6

Thorax 8 9 4 ” 3 11 5 8 ” 11
L um bar 5 77 8 6 55 9
C audal 5 67* 9 5 32* 5

partly due to a greater extent of bacterial mats, 
which often prevented  delineation of bones. Percent 
bacterial mat cover was generally lower in 2005 than 
in 2004 (Table 2). Skull bones and ribs had high and 
relatively stable coverage of bacterial mats (>95 and 
75%, respectively) in both years. These bones w ere 
positioned further above the seafloor, which m ade 
them  very visible in all im ages and limited the accu­
mulation of sedim ents resuspended by the ROV d u r­
ing previous sam pling in 2002 and 2004, as observed 
on flatter bones near the seafloor (e.g. jaw s and sca­
pulae). There was a significant difference in bacterial 
mat coverage on the vertebrae betw een years, with 
thoracic and caudal vertebrae sustaining a -30%  d e ­
crease in mat coverage from 2004 to 2005 (Table 2). 
Pooling of all vertebrae also yielded a significant 
31 % decrease in mat coverage from 2004 to 2005 
(Kruskal-Wallis test, p = 0.001).

Sediment area with bacterial mats and black patches. 
The total seafloor area w ithin 0.5 m of the w hale skele­
ton was 17.7 to 18.1 m 2  w ith 48%  in the head  region, 
38% in the thoracic region and 14% in the lum bar 
region (Table 3). Generally, bacterial mats occupied 
slightly more sedim ent area (13 and 12% in 2004 and 
2005, respectively) around the w hale fall than  the 
black patches w ithout bacterial mats (10 and 5%,

respectively) (Table 3). Both habitat types 
w ere concentrated in the skull and 
thoracic regions of the skeleton. Around 
the entire w hale fall, bacterial mat cover­
age on sedim ents w as relatively stable, 
decreasing slightly by 7 % betw een 2004 
and 2005. A decrease in mat coverage in 
the skull and lum bar regions was offset 
by the large increase in coverage in the 
thoracic region. The area of black sedi­
m ent patches around the entire skeleton 
decreased by more than 50% betw een 
2004 and 2005. The com bined area of 
bacterial m at and black sedim ents d e ­
clined by -23 % betw een 2004 and 2005, 
suggesting a decline in availability of 

sulfide-rich sedim entary habitats around the whale 
fall over this period.

Sediment investigations in situ

Oxygen microprofiles. Bottom-water oxygen con­
centration w as -260 pM, corresponding to 79% satura­
tion. Within the seafloor, oxygen decreased rapidly 
within the upper 5 mm of sedim ent (Fig. 3). At 3 and 
9 m from the w hale fall, oxygen concentrations d e ­
creased to zero w ithin the first 3 to 4 mm of the sedi­
ment, while oxygen was completely consum ed within 
the top millimeter at 0  m in black sediment.

Oxygen consumption rates. TOU determ ined in the 
benthic cham ber w as slightly higher (1.5 times) than 
DOU determ ined from oxygen profiles (Table 4), 
w hich might be due to faunally m ediated oxygen con­
sumption (e.g. bioirrigation and m acrofaunal respira­
tion). Generally, TOU and DOU w ere higher closer to 
the w hale fall (33 to 36 and 24 mmol n r 2  d-1, respec­
tively), but the decrease in consumption w ith distance 
from the w hale fall w as less than  40 %.

Sulfide microprofiles. No free sulfide w as detected  
down to the maximum depths to which microsensors 
penetrated, i.e. 40 mm depth  at 9 m, 30 mm at 3 m and

T able  3. E stim a ted  su rface  a rea  (m2) of to ta l sed im en t, b ac te ria l m ats a n d  b lack  sed im en ts  w ith in  0.5 m  of th e  w h a le  sk e le to n  in  
2004 a n d  2005. Total sed im en t a rea  in clu d es b ac te ria l m ats, b lack  sed im en ts a n d  o th er (non-reduced) sed im en ts. B acterial m ats 
(yellow /w hite) a n d  b lack  sed im en ts w e re  d is tin g u ish ed  v isually  from  b ro w n ish -g reen , n o n -red u c e d  sed im en ts in  d ig ita l color 

p ic tu res . E rror is th e  p e rc e n ta g e  d ifference  in  to ta l sed im en t a rea  b e tw e e n  2004 a n d  2005

Total sed im ent --------------------B acterial m a t -------------------   B lack se d im e n t-----------------
2004 2005 Error ----------2004---------- ----------2005---------- ----------2004----------  ----------2005----------

Carcass region Area (m2) Area (m2) (%) Area (m2) Cover (%) Area (m2) Cover (%) Area (m2) Cover (%) A rea (m2) Cover (%)

H ead 8.7 8.7 <1 0.95 11 0.35 4 0.62 7 0.32 4
T horax 6.5 7 8 1.0 16 1.6 23 0.98 15 0.35 5
Lum bar 2.6 2.4 9 0.36 14 0.25 11 0.13 5 0.24 10
W hole carcass 17.7 18.1 2 2.3 13 2.2 12 1.7 10 0.91 5
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Fig. 3. In situ  sed im en t m icroprofiles of oxygen  a n d  p H  m ea su re d  a t d istances of 0, 3 a n d  9 m  from  th e  w h a le  fall. T he 0 m  
profile  w as m ea su re d  in  a  b lack  sed im en t p a tch . O xygen  at 3 a n d  9 m  w as m ea su re d  in  trip lica te  (SD a re  given)

2 0  mm at 0  m (black sedim ent patch) from the whale 
fall. Since calibrations of sulfide electrodes before and 
after deploym ent w ere successful, sensor malfunction 
can be excluded.

pH microprofiles. In situ pH of -7.6 in the bottom 
w ater decreased with depth  into the sedim ent at all 
distances from the w hale fall, reaching a minimum of

T able  4. A rea l ra te s  (mmol n r 2 d-1) of oxygen  consum ption  in  situ, su lfa te  re d u c ­
tion  e x  situ  (0 -1 0  cm) a n d  m e th a n e  p ro d u c tio n  in  vitro  (0 -1 0  cm) in  th e  p re sen c e  
of su lfa te  in  sed im en ts a ro u n d  th e  w h a le  fall. M ean s ± SD (n) a re  g iven. P lease  
no tice  th a t in  s itu /e x  situ  d a ta  sho u ld  no t b e  d irec tly  co m p ared  w ith  p o ten tia l 
ra te s  d e te rm in e d  in  vitro. DOU: D iffusive oxygen  u p tak e ; TOU: Total oxygen 

u p tak e ; nd: no t d e te rm in ed

7.5 at 15 mm (3 and 9 m) and 7.4 at 5 mm (0 m, black 
sediment) (Fig. 3). This sharp decrease in pH below the 
sed im ent-w ater interface most likely resulted from 
aerobic degradation of organic m atter and ferm en­
tation (Soetaert et al. 2007). The subsequent increase 
in pH below the minimum peak, reaching nearly 
sea-w ater pH levels, indicates mineralization reactions 

of sulfide with Fe and Mn (Reimers 
et al. 1996).

D istance DOU 
(m)

TOU Sulfate
red u ctio n

M eth an e
p ro d u c tio n

0 24.3a 36.3a, 32 .8b 307c ± 459 (4) 79c ± 8.0 (3)
0.5 n d n d 707a ± 1008 (4) n d
1 n d n d 0.39 ± 0.38 (3) 1.1 ± 0.07 (3)
3 18.7 ± 0.62 (4) n d 0.05 ± 0.08 (3) 0.29 ± 0.03 (3)
9 14.8 ± 0.84 (3) 22.3 0.18 ± 0.04 (2) n d
aB lack p a tch , bb e tw e e n  jaw  bones, Cb acteria l m at

Sediment samples ex situ

Sediment core description. Sediment 
cores taken  in 2004 and 2005 at differ­
ent distances from the w hale fall for ex 
situ  and in vitro investigations revealed 
distinct differences in color, biota and 
other visible param eters. At 3 and 9 m, 
cores w ere olive green  throughout (i.e. 
-15  cm depth). M any of these cores 
contained signs of bioturbation activity 
(e.g. burrows). At 1 m, cores w ere olive
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green in the top 7 cm and below 13 cm; in betw een, 
sedim ent was dark grey. M any cores had m ud tubes 
formed by the am pharetid  polychaete Glyphanosto­
m um  sp. nov. protruding from the sedim ent surface. At 
0.5 m distance from the w hale fall, cored sedim ents 
w ere completely black, smelled of sulfide and con­
tained pieces of w hale blubber. Below 10 cm cores 
w ere highly gassy. At 0 m, the sedim ent surface of 
cores was covered by a thick yellow mat of filamentous 
sulfur bacteria (probably Beggiatoa spp.). Beneath the 
mats, sedim ents w ere black to the bottom of the cores 
and sometimes revealed a pinkish-w hite sm earing of a 
soft substance along core walls, which could indicate 
precipitation of calcium palm itate (soap) during bio­
mass decay (Allison 1988). The whole sedim ent was 
very oily and foamy w ith gas bubbles. A strong smell of 
sulfide and putrifying flesh was present.

Sulfate reduction rates. Vertical profiles of SR w ere 
averaged for each distance from the w hale fall to show 
general trends (Fig. 4). Two clusters of SR rates w ere 
observed: rates at 1, 3 and 9 m clustered betw een 0 and 
36 nmol c n r 3  d_1, while rates at 0 and 0.5 m w ere typi­
cally 1 to 3 orders of m agnitude higher (reaching 
33 000 nmol c n r 3  d _ 1  in single peaks). At 9 m, the p ro ­
file was relatively uniform with depths to 16 cm. At 1 
and 3 m, SR rates peaked  at the surface and at depth. 
At 0 and 0.5 m, rates w ere relatively high throughout 
the sedim ent column with subsurface peaks betw een 2  

and 9 cm. It must be em phasized that for logistical re a ­
sons SR cores could not be incubated im m ediately after 
retrieval (see 'M aterials and methods') and SR rates 
may have been  slightly altered  during core storage. It 
is most likely that SR rates decreased during storage 
due to a decrease in sulfate concentrations over time, 
even though a small sulfate pool was provided in the 
supernatant seaw ater of the cores. From averaged SR 
rates in cores, areal rates w ere calculated, integrated 
over 0 to 10 cm depth  (Table 4). Areal rates w ere 
several orders of m agnitudes higher near the whale 
fall (0 and 0.5 m, 300 to 700 mmol n r 2  d_1) than at 
greater distances (1, 3 and 9 m, « 1  mmol n r 2  d_1). All 
rates revealed very high SDs, caused by high variabil­
ity betw een subcores taken  from the ROV push cores, 
likely due to local heterogeneities in organic m atter 
content.

Sulfate concentration. Pore w ater sulfate concentra­
tions w ere in good accordance w ith observed sulfate 
turnover. Concentrations changed little from average 
seaw ater values (28 mM) over the top 8  to 15 cm at 
3 and 9 m (Fig. 4). At 1 m, concentrations showed only 
a slight decrease to 15 cm sedim ent depth, falling 
to values betw een 20 and 25 mM. At 0 and 0.5 m, 
sulfate concentrations decreased  strongly below 7 and 
5 cm depths, respectively, to values betw een 5 and 
10 mM.

Sulfide concentration. Sedim ent pore w ater sulfide 
concentrations are available only for the upper 8  cm of 
sedim ent cores taken  in 2004 at 0 (below bacterial mat 
cover) and 1 m (Fig. 4). Concentrations differed d ra­
matically betw een distances, w ith maximum values 
around 10 pM at 1 m and maximum values of 1000 to 
4000 pM under the bacterial mat at 0 m. Sulfide pro­
files at 0 m revealed maximum concentrations at 5 to 
7 cm, w hich correlated w ith peaks in SR rates.

Sulfur content. Sulfur content w as lowest at 9 m 
(around 0 . 2  % sedim ent dry weight) and did not change 
with sedim ent depth  (Fig. 4). Sulfur content gradually 
increased w ith proximity to the w hale fall reaching a 
maximum level of 1.4 % at 0 m. The only exception was 
the 3 m distance, w hich revealed higher levels than at 
1 m. At 0.5 m, the sulfur profile decreased from surface 
(1.1 to 1.3% betw een 0 and 4 cm) to 0.4% betw een 
6  and 8  cm. Below this depth, the content slightly 
increased. At 0 m, sulfur content varied substantially 
over depth  but generally rem ained high.

Nitrogen content. Sedim ent nitrogen contents re ­
vealed a distribution similar to sulfur (Fig. 4). Nitrogen 
content was generally lowest at 9 m (around 0.6 % sed­
iment dry weight) and increased to a maximum level of 
1.3 % at 0 m. As for sulfur, the 3 m sample had a higher 
content than  the 1 m sample. At 0.5 m, the profile 
dropped from 1.1% at the surface to 0 .3-0.4%  b e ­
tw een 6  and 8  cm. Below this depth, values slightly in ­
creased. There was a distinct peak  (1.3%) in nitrogen 
at 4 to 5 cm depth  at 0 m distance from the fall.

Total organic carbon content. TOC contents w ere 
lowest at 1, 3 and 9 m (Fig. 4), with values around 5% 
sedim ent dry w eight at all sedim ent depths. At 0.5 m, 
TOC revealed a trend similar to elem ental sulfur and 
nitrogen: values dropped from a very high level (15%) 
at the sedim ent surface to low levels (2 to 3 %) betw een 
6  and 8  cm, and then increased slightly below 8  cm. At 
0 m, TOC w as elevated above background levels from 
the sedim ent surface to 1 1  cm in depth, w ith peaks (17 
and 20 %) at 1 to 2 and 5 to 6  cm.

Microbial abundance. Microbial cell num bers varied 
betw een 1 and 4 x IO9  cells c n r 3  at 1, 3 and 9 m (Fig. 4). 
Values generally decreased from top to bottom (15 cm) 
of cores. No values are available for 0.5 m. At 0 m, cell 
abundance was elevated (maximum of 7 x IO9  cells 
c n r 3) and the profile roughly followed the shape of the 
TOC profile suggesting an enrichm ent of microbial bio­
mass through availability of whale-fall carbon.

Methane concentration. M ethane concentrations gen­
erally increased exponentially w ith proximity to the 
w hale fall (Fig. 4). One exception found was at 9 m, 
w here levels w ere consistently higher than at 3 m. 
M ethane m easurem ents in the sample headspace w ere 
at the detection limit (<5 ppmv) at 3 m. The highest 
m ethane values w ere reached at 0  m with a maximum of
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Fig. 4. E x  situ  sed im en t profiles of b io geochem ica l p a ram e te rs  a ro u n d  th e  w h a le  fall. N ote th a t x -axes of su lfa te  re d u c tio n  (SR) ra te s  as w ell 
as m e th a n e  a n d  sulfide concen tra tions a re  on a  logarithm ic scale. SR ra te  profiles a n d  acrid ine  o ran g e  d irec t counts (AODC) of m icrobial 
cells a re  av erages. N u m b ers of rep lica tes  for SR a re  g iven  in  T able  4. SD a tta in in g  zero  could  no t b e  p lo tte d  b e ca u se  of th e  logarithm ic 
scale. T he 0 m  profiles w e re  m ea su re d  in  sed im en ts covered  b y  b a c te ria l m ats; rep lica te  m easu rem en ts  for su lfide a t 0 m  are  show n  

by  filled  a n d  o p en  re d  circles; th e  0.5 m  profiles a re  from  b lack  sed im en t p a tch es . DW: dry  w eigh t. TOC: to ta l o rgan ic  carbon

2.9 mM at 6  to 7 cm sedim ent depth. In cases w here 
m ethane concentrations reached atmospheric saturation 
levels (-1.4 mM for seaw ater at 4°C; Yamamoto et al. 
1976), the cores may have lost significant proportions of 
the dissolved m ethane during core retrieval and/or d e ­
compression from depth. Degassing of m ethane was ob­
vious from the foamy consistency of sediments from 0  m. 
Hence, m ethane concentrations determ ined ex  situ for 0 
m w ere probably m uch lower than actual in situ levels.

Sediment samples in vitro

Methanogenesis rates. Potential microbial MG rates 
in slurries of sedim ent from the whale fall area differed 
by orders of m agnitude related to their original prox­
imity to the w hale fall (from 1  to - 1 0 0 0  nmol c n r 3  d-1, 
Fig. 5). A lthough MG rates w ere either similar or 
higher in deeper sedim ents (5 to 10 cm) com pared to 
shallow sedim ents (0 to 5 cm) at 0 and 3 m, MG rates
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Fig. 5. In vitro  m e th an o g en esis  (MG) ra te s  (m ean  ± SD) in  sed im en t slu rries from  d istan ces of 0, 1 a n d  3 m  from  th e  w h a le  fall as a 
function  of sed im en t d e p th  (0 -5 , 5 -1 0  a n d  10 -1 5  cm) w ith  (left) or w ithou t su lfa te  (right). A t 0 m , no  sed im en t w as availab le  from  

th e  10 -1 5  cm  d e p th  stra tum . R ates a re  g iven  for th e  original, i.e. u n d ilu ted , sed im en t

w ere higher in shallow sedim ents (0 to 5 cm) at 1 m. 
This peak  was surprising, since the upper 7 cm of 
the sedim ent was olive green, i.e. apparently non- 
reduced, and bioturbated. Reduced conditions during 
anoxic incubation may have enabled  m ethanogens to 
become active and to utilize carbon in this sedim ent 
layer. At 0 m, MG was 29 and 15% (0 to 5 and 5 to 
1 0  cm, respectively) higher in slurries without sulfate 
com pared to slurries w ith sulfate (28 mM). From m ean 
MG rates per cm 3  of sedim ent (with sulfate present) in 
0 to 5 and 5 to 10 cm depth  intervals, potential areal 
rates w ere calculated, in tegrated  over 0  to 1 0  cm sedi­
m ent depth  (Table 4). These potential areal rates w ere 
relatively low (<1 mmol n r 2  d_1) at 1 and 3 m, and 2 to 
3 orders of m agnitude higher in samples from 0 m.

Sediment enrichment experiment. All 3 types of sed ­
im ent slurries (0, 1 and 3 m from the w hale fall) r e ­
vealed strong sulfide production im m ediately after 
addition of new  w hale biomass (Fig. 6 ). Sedim ent con­
trols (slurries w ithout added w hale biomass) as well as 
m edium  controls (whale biomass w ith only seaw ater 
medium) showed no notable increases in sulfide over 
the course of the experim ent. A background level of 
sulfide was always present, because sulfide was used 
during medium preparation to ensure a reduced milieu. 
Replicates of biomass-enriched sediments revealed good 
reproducibility (see SDs in Fig. 6 ). It was complicated 
to calculate SR rates from sulfide graphs since sulfide 
was rem oved with each m edium  exchange and the 
increase in sulfide was not consistently linear, i.e. rates 
changed over time. We therefore calculated rates for 
different time periods using 4 to 6  time points on a 
linear portion of sulfide accum ulation curves. SR rates 
increased relatively steadily from 5 to 30 pmol c n r 3  d _ 1  

within the first 41 d (Fig. 6 ). No further rates w ere cal­
culated beyond this time point because sulfide concen­

trations did not increase above a level of around 19 mM. 
Such a high sulfide concentration possibly inhibited SR 
(Treude et al. 2003). The small decrease in sulfide con­
centrations after 69 d may be explained by oxygen dif­
fusion through the rubber stopper over time. Repeated 
penetration of rubber stoppers w ith needles for sub- 
sam pling could have caused slight gas permeability.

M ethanogenic activity showed an immediate response 
to w hale biomass addition in sedim ent slurries from 
0 m (Fig. 6 ), while there was a delay of MG in slurries 
from 1 and 3 m. The delay was longer (19 d) at 3 m 
com pared to 1 m (12 d). No MG was found in controls. 
MG rates, calculated similarly to SR rates, stayed re la ­
tively steady betw een 4 and 8  pmol c n r 3  d _ 1  at 0 m 
(Fig. 6 ). At 1 and 3 m, rates increased after the initial 
delay and reached similar ( 1  m) or slightly lower levels 
(3 m) relative to 0 m. After 56 d, m ethane stopped 
increasing in slurries from 0  and 1  m, perhaps due to 
toxic sulfide levels or therm odynam ically critical m eth ­
ane levels inhibiting MG. At 3 m, m ethane concentra­
tions increased until the end  of the experim ent, w hen 
they reached the maximum levels of the other distances.

At the beginning of the experim ent and after 33 d, 
samples for bacterial cell counts w ere taken  from sedi­
m ent slurries am ended with new  w hale biomass. In 
general, microbial abundance was highest at 0  m 
followed by 1 and 3 m. In slurries from all distances, 
bacterial abundance increased 2- to 3-fold over 33 d 
(Fig. 7).

Bone investigations in vitro

Sulfate reduction rates. SR rates w ere highest at the 
b o n e-w ater interface (0 to 1 cm bone depth, Table 5). 
However, activity was very heterogeneous since 2 of



T reu d e  e t al.: B iogeochem istry  of a  d e e p -se a  w h a le  fall 13

25

- • -  0 m 
- • - 1 m 
- • - 3  m 
o 0 m control 

1 m control 
- #  3 m control 
- • -m e d iu m  ♦ 

whale control

0)
1  150
oto

re 1000)
c«

40 -i
T3

CO

Eo 30 -
Ô
E3
c 20 -o
o3-O
£ 10 -
«
To4—

3
V) 0 -

0 10 20 30
Time (d)

20
Time (d)

Fig. 6. (A) Sulfide a n d  (B) m e th a n e  p ro d u c tio n  over tim e (m ean ± SD) from  sed im en t slurries en rich ed  w ith  fresh  w h a le  biom ass. See leg e n d  
for color cod ing  of d ifferen t slu rry  ty p es a n d  controls. Y ellow /gray  arrow s m ark  th e  tim e p o in t of m ed ia  ex changes . G ray arrow s ad d itio n ­
ally m a rk  th e  tim e p o in t of su b sam p lin g  for acrid ine  o ran g e  d irec t counts of cell n u m bers . (C) Su lfa te  re d u c tio n  (SR) a n d  (D) m e th a n o ­
genesis (MG) ra te s  over tim e d e te rm in e d  for d ifferen t slopes in  su lfide  a n d  m e th a n e  in crease , respec tive ly , from  g rap h s above. X v a lues 
a re  lo ca ted  in  th e  m idd le  of th e  resp ec tiv e  tim e p eriods u se d  for ra te  calculations (for details see  'Results, Sed im ent en richm en t experim ent')

the 4 incubated bone pieces featured no SR activity. 
Activity found in deeper bone layers (1 to 3 and 3 to 
5 cm) was very low.

Visualization of sulfide emissions. 3 5 S 0 4 2  -radio­
tracer incubations of large bone pieces w ith silver 
foil also revealed SR activity mainly at the 
b o n e-w a te r interface (Fig. 8 ). H235S formed a plume 
of silver sulfide on the silver foils, illustrating produc-
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o>o  4-
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■  After 33 d
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Distance from whale fall (m)

Fig. 7. A crid ine  o ran g e  d irec t counts (AODC) of m icrobial 
cells (m eans ± SD) from  th e  sed im en t en rich m en t ex p erim en t 
b e fo re  (tim e zero) a n d  33 d  after add ition  of n e w  w h a le  b io ­
m ass. V alues a re  ca lcu la ted  for th e  original, i.e. u n d ilu te d  

sed im en t

Table 5. Sulfate red u ctio n  (nmol g  1 w e t w e ig h t d  1) activity 
m easu red  in  w hale  b one  p ieces using  35S-radiotracer techn iques

D ep th  into 
b o n e  (cm) 1

R eplicate
2 3 4

0 -1 106 71 0 0
1 -3 0.01 0 0 0
3 -5 0.19 0.02 0 0
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Fig. 8. (A) p-IM A G ER  m icro g rap h s of silver foils in cu b a ted  
w ith  a tta ch e d  b o n e  p ieces a n d  35S-sulfate tracer. R adioactive 
su lfide fo rm ed  d u rin g  SR re a c te d  w ith  th e  silver foil to form  
silver sulfide. T he u p p e r  w h ite  line  m arks th e  original 
b o n e -w a te r  in te rface  (bone below , w a te r  above) b e fo re  th e  
b o n e  w as cut. T he low er d a sh e d  line  m arks th e  low er e n d  of 
th e  cut bone; b e low  th is line  th e  silver foil w as no t a tta ch e d  to 
bone. A silver foil in cu b a ted  w ithou t b o n e  se rv ed  as control. 
(B) Incu b atio n  se tup: b o n e  p ieces a tta ch e d  to silver foil an d  
se a le d  in to  in  g lass vials w ith  anoxic se a w ate r  m ed iu m

tion of sulfide in the bone and its emission into the 
w ater column. Small hot spots of activity w ere also 
found in deeper bone parts. The high concentration 
of 3 5 S-silver sulfide on silver foil parts below the 
bones was rem arkable. One explanation could be 
that oil leaking from the w hale bones formed a film 
on the silver foil, which was then populated by sul­
fate reducers. W hereas sulfate was probably limiting 
in areas w here foil was tightly sealed to the bone, 
the supply of sulfate was unlim ited for the silver-foil 
biofilm.

DISCUSSION 

Horizontal and vertical biogeochem ical gradients in 
sediments

M icrobial degradation of w hale biomass in the sedi­
m ent resulted in steep horizontal biogeochem ical g ra ­
dients from the background area towards the whale 
fall (Figs. 3 to 5, Table 4). SR and MG rates, as well as 
sulfide and m ethane concentrations, increased by 
several orders of m agnitude w ithin 1  m of the whale 
fall relative to more distant sediments. O rganic carbon, 
nitrogen, sulfur and total bacterial abundance w ere 
also elevated. Electron acceptors such as sulfate and 
oxygen, as well as pH, decreased rapidly w ith sedi­
m ent depth  near the w hale fall. During this sulfo­
philic stage of the w hale fall, we identified 3 sediment 
types im pacted by w hale biomass: (1 ) sedim ents cov­
ered  by bacterial mats (0 to 0.5 m from the w hale fall), 
(2) black sedim ent patches (0 to 0.5 m) and (3) sedi­
m ents inhabited by dense aggregations of tube-form ­
ing polychaetes (-0.5 to 1 m). Sedim ents investigated 
at 3 and 9 m revealed substantially lower microbial 
activity and no distinctive geochem ical features, so 
they likely are more similar to background deep-sea 
sediments in this area. However, oxygen consumption 
rates w ere still relatively high even at 9 m (22.3 mmol 
n r 2  d-1, Table 4) com pared to other basins of similar 
depth  in this region (1 to 3 mmol n r 2  d_1; Smith & 
H inga 1983, Berelson et al. 1987, Fom es et al. 2001), 
suggesting that the w hale fall affected sedim ent resp i­
ration rates as far as 9 m away even after 6  to 7 yr at the 
seafloor. A similar radius of whale-fall influence was 
detected  by Goffredi et al. (2008) in M onterey Bay.

Bacterial mats vs. black sedim ent patches

The 2 sedim ent types in the im m ediate vicinity of the 
whale fall w ere very similar in term s of most biogeo- 
chemical param eters. However, some interesting con­
trasts w ere noted: (1) up to 3.7 mM sulfide was detected 
in sediments covered by bacterial mats (Fig. 4), while no 
sulfide was detected  in sedim ents of black patches, and 
(2 ) oxygen penetration and consum ption rates in black 
patches w ere not m uch different than in more distant (3 
and 9 m) sedim ents (Fig. 3, Table 4). These differences 
w ere surprising, given high SR rates in both patch types. 
Lack of sulfide-oxidizing mats on black patches suggests 
that free sulfide was absent at the sedim ent-w ater inter­
face. We therefore postulate that black-patch sediments 
contained enough iron (Fe3+, Fe2+) to completely con­
sume free sulfide via formation of iron sulfide (FeS) and 
pyrite (FeS2) (Schippers & Jorgensen 2002). Similar ob­
servations w ere recently made at cold-seep sites off New
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Zealand (S. Sommer pers. comm.), where black sediment 
patches w ere devoid of bacterial mats and sulfide 
despite high SR rates. In another study of coastal 
organic-rich sediments, chemical oxidation of sulfide 
with iron was found to compete with microbial oxidation 
(Preister et al. 2007). We lack oxygen consumption rates 
and sulfide microprofiles from whale-fall sediments cov­
ered  by bacterial mats since it was impossible to deploy 
in situ  instrum ents in such areas due to the presence of 
whale bones. For comparison, cold-seep sediments cov­
ered  by bacterial mats exhibited areal SR rates of 30 to 
100 mmol n r 2  d _ 1  (Treude et al. 2003) along with oxygen 
consumption rates in the range of 40 to 150 mmol n r 2  d _ 1  

(Sommer et al. 2006, F. W enzhoefer unpubl. data) and 
sulfide concentrations as high as 26 mM (Sahling et al.
2002). These SR rates are lower, and the sulfide con­
centrations higher, than  we observed in whale-fall 
sedim ents covered by bacterial mats.

Polychaete-inhabited sediments

Sediments at -0 .5  to 1 m from the whale fall w ere oc­
cupied by the am pharetid polychaete Glyphanosto­
m um  sp. nov. and noticeably im pacted by m acrofaunal 
bioturbation and bioirrigation. Visually, cores could be 
separated  into an olive-green top layer (0 to 7 cm), a 
black middle layer (7 to 13 cm) and an olive-green bo t­
tom layer (>13 cm). It is likely that w hale biomass d e ­
posited onto sedim ent was buried in the middle layer 
(7 to 13 cm) through bioturbation, w here microbial 
degradation yielded reducing conditions (Allison 1988). 
The top layer probably rem ained oxidized through 
bioirrigation in polychaete tubes or burrows (Jorgensen 
et al. 2005). M ethane concentrations showed a rapid in ­
crease and sulfate concentration a slight decrease b e ­
low the redox interface at 7 cm (Fig. 4). Bioirrigation 
also explains stable sulfate concentrations in the top 
sedim ent layer despite SR activity (Fossing et al. 2000). 
However, as indicated by TOC values (Fig. 4), the total 
input of w hale biomass to the polychaete tube area at 
1  m must be much lower than in areas w ith bacterial 
mats and black spots, w here intense reducing condi­
tions persisted to the sed im ent-w ater interface.

In summary, rates of microbial degradation processes 
in deep-sea sedim ents enriched w ith w hale biomass 
reached levels similar to or higher than organic-rich 
coastal sedim ents (e.g. TOU = 8  to 30 mmol n r 2  d-1, 
Glud et al. 2003; SR = -0.2 to 1.4 pmol c n r 3  d-1, 
Reeburgh 1983 and references therein). Com pared to 
other deep-sea sediments, w here sulfate concentrations 
may rem ain unchanged and m ethane does not build 
up significantly for several 1 0 s of m into the seafloor 
(D'Hondt et al. 2002, 2004), electron acceptors w ere 
consum ed very rapidly at the whale fall. The concentric

arrangem ent of biogeochem ical gradients and benthic 
communities found around the whale fall was similar to 
deep-sea reducing habitats featuring confined areas of 
hydrocarbon seepage (e.g. m ud volcanoes and gas 
hydrate-bearing cold seeps; Sahling et al. 2002, Treude 
et al. 2003, Joye et al. 2004, N iem ann et al. 2006). Like­
wise, a hot spot of organic carbon supply locally turned 
energy-depleted  deep-sea sedim ents into highly active 
oases for diverse aerobic and anaerobic life forms.

Sulfate reduction gradients in whale bones

M icrobial sulfide production in w hale vertebrae was 
restricted to the outermost layer ( 0  to 1  cm), with re la ­
tively low rates com pared to sedim ents loaded with 
whale biomass (Fig. 8 , Table 5). Hydrophobic bone lipids 
filling the bone m ineral matrix probably prevented a 
deeper penetration of seawater with dissolved sulfate, re ­
stricting the activity of sulfate-reducing bacteria (Dem­
ing et al. 1997). In contrast, lipids that leaked out of the 
bone appeared  to be quickly colonized and degraded 
by sulfate-reducing bacteria (Fig. 8 A). We expect that 
deeper penetration of SR into bones is facilitated over 
time by a steady degradation of lipids from the surface 
towards the inner core, opening pathw ays for seaw ater 
penetration (cf. Schuller et al. 2004). Investigations on 
fossil and recent (maximum of -70 yr old) whale-fall 
bones revealed circular pyrite precipitates (a result of 
sulfide reactions with iron; Schippers & Jorgensen 2002) 
several centim eters below the bone surface, indicating 
penetration of SR to deeper bone layers (Allison et al. 
1991, Schuller et al. 2004, Amano & Little 2005, Shapiro 
& Spangler 2009). Furtherm ore, bacterial abundance 
was found to be negatively correlated with lipid content, 
decreasing from the periphery to the center of whale 
bones (Deming et al. 1997). A slow utilization of bone 
lipids by sulfate-reducing bacteria would explain the 
long persistence time (several decades) of the sulfophilic 
stage at southern California w hale falls (Smith & Baco 
2003, Schuller et al. 2004). High concentrations of bone 
drilling animals, such as bone-eating worms Osedax 
spp., could locally facilitate faster penetration of sulfate 
and stimulate subsurface SR. Fossil whale-fall bones 
sometimes show bore holes on surfaces (Amano & Little 
2005, Shapiro & Spangler 2009) and Osedax spp. can 
penetrate several millimeters into the bone matrix with 
its symbiont-carrying roots (Rouse et al. 2004).

Co-occurrence of sulfate reduction and methano­
genesis in sediments enriched with whale biomass

This is the first com prehensive study dem onstrating 
that both SR and MG are im portant microbial p ro­
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cesses at deep-sea w hale falls. High rates of both p ro ­
cesses w ere detected  in sedim ents around the whale 
fall even after 6  to 7 yr (Figs. 4 & 5, Table 4). M eth- 
anogens generally com pete w ith sulfate-reducing bac­
teria for acetate and hydrogen (Canfield et al. 2005 
and references therein). In m arine sediments, a clear 
separation betw een SR and MG is often found (e.g. 
Niewöhner et al. 1998, Treude et al. 2005). Predom i­
nant co-occurrence of SR and MG around the whale 
fall in the present study suggests that the bulk of MG 
was based on non-competitive substrates, or that e lec­
tron donors w ere not limiting (Holmer & Kristensen 
1994). Some m ethanogens are able to switch to alter­
native substrates such as m ethanol or m ethylam ine in 
the presence of SR (Oremland et al. 1982). Around the 
w hale fall, sedim ents w ere extrem ely enriched with 
w hale biomass. Pieces of w hale b lubber and oily sub­
stances w ere visible in sedim ent cores and high TOC 
contents confirmed the transfer of w hale biomass into 
the sediment. Hence, competitive and non-competitive 
electron donors w ere most likely available in excess. 
Similar observations w ere m ade at a w hale fall in 
M onterey Canyon, w here both C ^  and H2-utilizing 
m ethanogens w ere found am ong the microbial sedi­
m ent community (Goffredi et al. 2008). In the present 
study, MG was equivalent to 20 to 30% of the SR 
(Figs. 4 & 5, Table 4), w hich is surprisingly high for a 
deep-sea sediment. In coastal sediments, MG is u su ­
ally equivalent to no more than 5 to 10% of SR (Can­
field et al. 2005); only areas w ith extrem e carbon load­
ing such as coves or m arine fish farms reach higher 
percentages (up to 50%; Crill & M artens 1986, Holmer 
& Kristensen 1994).

The build-up of high m ethane levels in anoxic sedi­
m ents near to the w hale fall could also favor microbial 
breakdow n of m ethane by anaerobic oxidation of 
m ethane (AOM) (Hinrichs & Boetius 2002). In M on­
terey Canyon, m ethanotrophic archaea of the ANME- 
3 group w ere detected  3.8 yr after whale-fall deploy­
m ent (Goffredi et al. 2008). However, in the present 
study, sedim ent slurries from 0, 1 and 3 m from the 
w hale fall 6  yr after deploym ent did not reveal 
AOM activity in radiotracer experim ents incubated 
with m ethane (1.4 mM) and sulfate (28 mM) (data not 
shown). Either anaerobic m ethanotrophs are generally 
absent in this deep-sea area in contrast to M onterey 
Canyon, which hosts active seeps (Rathburn et al.
2003), or the establishm ent of a significant anaerobic 
m ethanotrophic community takes longer than 6  yr. 
Considering the heterogeneity  of the sedim ents 
around the w hale fall, it is also possible that hot spots 
of AOM w ere m issed during our sampling. Given 
the high m ethane concentrations in sedim ents around 
the w hale fall, investigation of aerobic m ethanotrophic 
bacteria at the sed im ent-w ater interface or in symbi­

otic relationships w ith invertebrates should also be 
considered in future studies. So far, studies have not 
confirmed the presence of m ethanotrophic symbionts 
associated w ith w hale falls (Deming et al. 1997).

During in vitro experim ents mimicking the transfer 
of w hale carcass to the seafloor through addition of 
fresh w hale biomass to sedim ent slurries, a tem poral 
succession of SR and MG was observed (Fig. 6 ). SR 
increased rapidly after new  biomass addition, even in 
sedim ents collected 3 m from the w hale fall, w hereas 
initiation of MG showed a progressive delay w ith d is­
tance from the w hale fall. Possibly, m ethanogens had 
to wait for the accum ulation of sufficient substrates by 
other microorganisms before they could conduct the 
term inal step of biodégradation (Jorgensen 2000). 
Rapid response of SR in originally rather inactive sedi­
m ents (3 m) around the w hale fall indicates that in situ 
sulfide production probably began soon after whale 
biomass w as buried in the sediment. Transfer of whale 
biomass to sedim ents was prom oted during the mobile 
scavenger stage, w hen  actively feeding m egafaunal 
scavengers dispersed pieces of w hale tissue over 
the seafloor (Smith & Baco 2003). In the subsequent 
enrichm ent-opportunistic stage (18 mo after whale-fall 
deposition), m icrobial degradation of w hale biomass 
was already indicated by high sulfide concentrations 
( 8  mM) in sedim ents adjacent to the w hale fall (A. K. 
H annides & C. R. Smith unpubl. data). Hence, an over­
lap betw een  enrichm ent-opportunistic and sulfophilic 
stages cannot be excluded (Smith & Baco 2003). How­
ever, we must consider that sedim ents collected at 3 m 
from the w hale during the present study have received 
whale biomass input, so that the microbial community 
was pre-conditioned to react quickly to biomass addi­
tion. Further experim ents w ith reliable background 
sedim ents are needed  to support our hypothesis of 
rapid initiation of SR by w hale falls.

Sulfide availability

In order to estim ate sulfide availability for chemo- 
synthetic communities at the w hale fall, both SR in 
bones and in the sedim ent must be considered.

Sediments

The most productive sedim ent area was found within
0.5 m of the w hale fall. Here, dense mats of filam en­
tous, sulfide-oxidizing bacteria and black patches 
w ere observed. We extrapolated averaged areal SR 
rates in sedim ent cores from bacterial mats and black 
patch areas (Table 4) to the total area of each habitat 
estim ated from the photomosaics in 2004 and 2005
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(Table 3). We then  calculated total sedim ent sulfide 
production in the 0.5 radius, revealing 2.1 ± 3.0 mol d _ 1  

in 2004 and 1.5 ± 2.1 mol d_ 1  in 2005 (SDs originate 
from variations in areal rates, see Table 4). In black 
patches, none of the sulfide produced was likely avail­
able for the chem oautotrophic community, due to its 
chemical consum ption (see above). For bacterial mats 
it was difficult to estim ate the am ount of free sulfide 
available, since we did not know how much sulfide 
was consum ed abiotically. In deep-sea cold-seep sedi­
m ents covered by bacterial mats, oxygen and nitrate 
consumption rates w ere 47.5 and 4.6 mmol n r 2  d-1, 
respectively (Sommer et al. 2006), while SR rates 
related  to anaerobic oxidation of m ethane ranged 
betw een 30 and 100 mmol n r 2  d_ 1  (Treude et al. 2003). 
In the cold-seep case, we can assum e that at least 25 % 
of the sulfide produced was consum ed by sulfide-oxi­
dizing bacteria using oxygen and nitrate (2 0 2  and 
4 N 0 3~ for 1H2 S, respectively; Jorgensen & Nelson
2004), while the rest precipitated in the sediments. 
Applying this num ber to the present study, we suggest 
that on average - 2 0 0  mmol d _ 1  of free sulfide was 
available in sedim ents covered by bacterial mats. Dif­
ferences betw een 2004 and 2005 (218 vs. 205 mmol) 
w ere minimal.

Bones

Sulfide availability in bones was m uch more difficult 
to estimate because bone surface areas w ere unknown. 
Furtherm ore, SR rates w ere m easured in only one v er­
tebra and activity seem ed to be patchy (Table 5). As a 
starting point, w e assum ed that SR rates m easured in 
bone pieces represen ted  the total activity below 1  cm 2  

of bone surface area (this was the approxim ate surface 
area cut from the bone per sample). Furtherm ore, we 
assum ed that bone pieces featuring SR activity (71 and 
106 nmol g w et w eight d-1, m ean = 89 nmol g wet 
w eight d_1) w ere originally covered by sulfide-oxidiz­
ing bacterial mats, w hereas pieces w ith no activity 
w ere mat-free. The percentage of bone surface with 
active SR was then assum ed to be the percentage of 
visible bones covered by bacterial mats estim ated from 
photographs in 2004 and 2005 (Table 2). The most dif­
ficult part was the estim ation of bone surface areas. 
Since surfaces could not be determ ined at the d e ­
ployed grey w hale skeleton (body length = 12.5 m), we 
estim ated the surface area of the skeleton of an avail­
able baleen w hale w ith the closest body length com ­
pared  to our w hale fall: a skeleton of a 17.6 m blue 
w hale Balaenoptera m usculus  at the Natural History 
M useum of Los Angeles, CA. We m easured the dim en­
sions of vertebrae, ribs, scapulae, m andibles and the 
skull (including maxillae), applied simple geometric

shape models (e.g. an ellipsoid cylindrical shape for 
the central disk of the vertebra and rectangular shapes 
for the processes) and then  calculated bone surface 
areas. We estim ated a total skeleton surface of 82 m 2  

for the blue w hale (not including pectoral fin bones) 
(Table 6 ). This conservative approach underestim ated 
the actual bone surface area because we could not 
account for cavities, fissures and other irregularities in 
bone surfaces. From our whale-fall pictures taken  in 
2005, we roughly estim ated that about two-thirds of 
the bone surface area was visible above the seafloor,
i.e. was unburied. In order to obtain the total skeleton 
area producing sulfide at our w hale fall, w e used the 
following equation:

Whale-fall bone area producing sulfide =

BMC 1  + Abwb̂  (1)
J bw

w here BMcov is the proportion of visible bone surface 
covered by bacterial mats, 2A is the proportion of total 
bone surface area visible (i.e. unburied), Abwb is the 
total surface area of the respective bone type of the 
blue w hale (cm2), Lgw is the length of the grey whale 
(m) and Lbw is the length of the blue w hale (m) (for val­
ues see also Tables 2 & 6 ). The sulfide-producing area 
was then m ultiplied by an average production rate of 
89 nmol c n r 2  bone surface d _ 1  to obtain total sulfide 
production rates of visible bone surfaces. Thus, we cal­
culated that a total of - 1 0  mmol sulfide was produced 
per day over an active w hale-bone area of roughly 
12 m 2  (Table 6 ). Since there was probably little abiotic 
consum ption of sulfide in the bones, we assume that a 
similar am ount of free sulfide was likely available for 
chemosynthesis. This calculation is very rough and 
most likely underestim ates the total sulfide production 
from bones. Com paring the w hale skeleton w ith the 
surrounding sedim ent (0.5 m radius), total availability 
of sulfide was approxim ately one order of m agnitude 
lower on the bones. This ratio likely changed over the 
years in favor of the bones, since we can assume that

T able  6. Sulfide p ro d u c tio n  ra te s  ca lcu la ted  for v isib le p a rts  of 
th e  w h a le-fa ll bones. C o verage  of b a c te ria l m at w as u se d  as 
an  ind ica to r of su lfide p ro d u c tio n  activ ity  in  bones. For a rea  

calculation , see  Eq. (1)

Bone R eference A re a  covered Sulfide
type a rea b y  b a c te ria l m at p ro d u c tio n

(m2) (%) (m2) (mmol d_1)

V erteb ra 38.7 34 6.64 5.9
Skull 15.6 63 4.93 4.4
M and ib le 7.36 30 1.11 1.0
S capu la 0.97 40 0.20 0.2
Ribs 19 51 4.86 4.3
Total 54.3 11.57 10.3
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biomass in the sedim ents is consum ed faster than in 
bones (see Smith et al. 1998). In bones, fatty lipids are 
probably degraded slowly from outside to inside, and 
the space for microbial grow th is limited, w hereas in 
sedim ents microbial abundance can be much higher, 
and bioturbation and bioirrigation are likely to acceler­
ate microbial degradation processes.

Total sulfide and methane production

Assuming that w hale biomass has a dry w eight con­
tent of 40% , consisting of 20% protein and 20% fat, 
of w hich 54 and 77%, respectively, represent carbon 
(Jelmert & O ppen-Berntsen 1996), our 30 t grey whale 
had a total carbon content of roughly 3 t. If w e assume 
average sedim ent rates of SR and MG of -2  and 
-0.5 mol d _ 1  (25% of SR, see above), respectively, 
roughly 5.1 kmol sulfide and 1.3 kmol m ethane w ere 
produced over the 7 yr. In the skeleton, the am ount of 
sulfide produced would account for roughly 31 mol. 
For sediments, these num bers are most likely under­
estimates, since organic carbon content, and hence 
microbial degradation rates, w ere probably higher 
during earlier stages of the whale fall. According to the 
stoichiometry of SR, the amount of sulfate reduced 
should be m ultiplied by 2  to convert it into carbon 
equivalents (Kallmeyer et al. 2004). D epending on the 
substrate (Ci or C 2  compounds), MG should be m ulti­
plied by 1  or 2 , respectively, for the conversion into 
carbon equivalents (Thauer 1998); in the present cal­
culation we multiplied by 1.5 since the percentage of 
utilized and C 2  substrates was unknown. These 
conversions suggest that at least 122 kg (4%) and 
23 kg (0.8%) of the w hale carbon w ere consum ed by 
SR and MG in the sediments, respectively, and 0.7 kg 
(0.3 % o )  by SR in the bones w ithin the first 7 yr. We 
assume that large amounts of degradable w hale car­
bon w ere still available after 7 yr in both sedim ents and 
bones, since large pieces of w hale b lubber and oil 
w ere found in sediments, and bone lipids had been 
depleted only on the periphery. Estim ated lipid con­

sumption rates by sulfate roughly m atch lipid loss rates 
estim ated for well-calcified w hale bones at the deep- 
sea floor by Schuller et al. (2004), and suggest that the 
sulfophilic stage can persist for substantially longer 
than 7 yr on this w hale fall.

Comparison with other sulfur-based habitats

W hale falls create sulfide-rich habitats analogous to 
hydrotherm al vent or cold-seep systems (Smith et al. 
1989, Smith & Baco 2003). Today, at least 11 species 
found on w hale falls are known also from hydrother­
mal vents, as well as at least 2 0  species from cold seeps 
(Smith & Baco 2003, Smith 2006). Overlap in com m uni­
ties and similarities in sulfur-based food-webs led to 
the stepping stone hypothesis that w hale falls may 
serve as interm ediate habitats for the dispersal of some 
hydrotherm al vent and cold-seep species (Smith et al. 
1989). Here, we com pare the 3 habitat types on the 
basis of biogeochem ical param eters to see w hether 
organism s using sulfide as energy source may e n ­
counter similar conditions (Table 7). Areal SR rates, as 
well as sulfide concentrations, in whale-fall sediments 
w ere similar to cold-seep environm ents such as 
H ydrate Ridge or the Gulf of Mexico seeps (Treude et 
al. 2003, Joye et al. 2004) (Table 7), suggesting that 
these habitats provide qualitatively analogous con­
ditions for these variables. Only some cold-seep areas 
w ith extrem ely high m ethane fluxes reach higher sul­
fide levels (max. 26 mM, Sahling et al. 2002) (Table 7). 
However, individual w hale falls are small in areal 
extent and short-lived (lasting for decades vs. 1 0 0  to 
1000 yr) for some cold seeps (Fisher et al. 1997, Hor- 
nafius et al. 1999, Schuller et al. 2004) (Table 7). The 
skeletons of w hale falls, with apparently low and h e t­
erogeneous SR rates associated with hard  substrates, 
might be more similar to hydrotherm al vent systems, 
w here sulfide concentrations in the surrounding w ater 
reach relatively low levels (<0.1 to 1 mM )—due to 
rapid dilution— and are often patchy (Johnson et al. 
1986, Luther et al. 2001) (Table 7). Also, the presence

T able  7. C om parisons of env iro n m en ta l p a ram ete rs  (i.e. su lfa te  red u ctio n , su lfide  concen tra tion , active  a re a  em itting  su lfide  an d  
p e rsis ten ce  tim e of su lfide em ission) at w h a le  falls, cold seep s a n d  h y d ro th erm al ven ts

C hem osyn the tic
h a b ita t

M ax. su lfa te  red u ctio n  
(mmol n r 2 d_1)

M ax. free  sulfide 
con cen tra tio n  (mM)

Total active  a re a  P ersistence  tim e 
(m2) (yr)

W hale falls Bones: - 1 “ Sedim ents: l - 8 “,d Bones: -1 2 “ 1 0 -8 0 1
Sedim ents: 4 0 0 -7 0 0 “ Sedim ents: 2 - 3 “

C old seeps 3 2 -2 5 0 b,c l - 2 6 c,e <18 x 106h P robably  100s to 1000sJ
H y d ro th e rm al ven ts - < 0 .1 - lk9 R estric ted  to chim neys P robab ly  d e ca d esk
“P resen t study; bT reu d e  et al. 2003; cJoye  e t al. 2003; dA. K. H an n id es & C R. Sm ith  u n p u b l. data ; “Sah ling  e t al. 2002; fL uther
et al. 2004; 9Jo h n so n  e t al. 1986; hH ornaficus et al. 1999; 'S ch u lle r e t al. 2004; ^Fisher e t al. 1997; kV an D over 2000
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of rocky surfaces, restricted spatial extent and re la ­
tively short persistence times of some hydrotherm al 
systems seem to be more similar to w hale skeletons 
(Van Dover 2000). In summary, w hale falls offer a 
broad range of habitat conditions for sulfophilic com ­
munities w ith similarities to both cold seeps and hydro- 
therm al vents, but in term s of persistence time and 
habitat w hale falls are more similar to hydrotherm al 
systems.

CONCLUSIONS

We found that a 30 t gray w hale carcass can create a 
chem osynthetic habitat both in sedim ents and on bone 
surfaces for more than 7 yr. Dominant biogeochemical 
processes supporting the developm ent of a chem osyn­
thetic community w ere microbial SR (in sedim ents and 
bones) and MG (in sediments), accounting for at least 
5%  of total carbon input from the w hale fall. Excess 
availability of substrates most likely elim inated com pe­
tition betw een sulfate-reducing and m ethanogenic 
communities in sediments. Changes in areas of bacter­
ial mats and black sedim ent patches betw een 2004 and 
2005 suggest that the whale-fall based reducing hab i­
tat is only slowly declining 7 yr after carcass arrival at 
the seafloor. The w hale fall created  a sedim entary 
reducing habitat similar to deep-sea cold seeps in 
term s of sulfide production, but is temporally and spa­
tially m uch more restricted than many seeps. Bones, on 
the other hand, provided sustained, low emissions of 
sulfide probably more similar to hydrotherm al vent 
systems. Quick response of the microbial community to 
w hale biomass addition, even in formerly rather inac­
tive sedim ents from around the w hale fall, indicates 
that the sulfophilic stage of whale-fall succession could 
become established rapidly, i.e. during the enrichment- 
opportunist stage, after w hale biomass is dispersed 
over the seafloor by feeding activity of scavengers. Pre­
cise estimation of the temporal succession of sulfophilic 
communities requires further investigations w ith sedi­
m ents far rem oved from the influence of whale falls.
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