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ABSTRACT: A sulfurous brine seep at the East Flower Garden Bank, northwest Gulf of Mexico, 
produces conditions conducive to the growth of a luxuriant prokaryotic biota. Hydrodynamic 
cropping continually harvests this biota and distributes it to sandy-bottom and hard-bank benthic 
communities downstream of the seep. Consequently, both macro- and meiofaunal abundances are 
dramatically increased above the regional norm in parts of the seep system. When sulfide is present, 
the lower Bilaterian groups belonging to the meiofauna dominate the community; without sulfide, 
macrofaunal groups, particularly crustaceans, dominate the community. Outside the influence of 
the seep, meiofaunal copepods predominate. Changes in taxonomic composition and abundance 
indicate that the sandy-bottom benthos at 70-80 m depth at the East Flower Garden bank is food- 
limited and that, under these conditions, meiofauna, particularly the higher Bilaterian groups, 
dominate the community numerically. Perhaps, under food-limiting conditions, meiofauna compete 
favorably with macrofauna for food. 

INTRODUCTION 

The effect of food supply on communi ty  composi t ion of o therwise  more or less 

ident ical  habitats  is of long-s tanding  impor tance  in benth ic  eco logy  and has r ece ived  

r enewed  interest  fol lowing the discovery of re la t ive ly  food-rich oases in areas  such as 
geothermal  vents  (Enright et al., 1981; Ballard & Grassle,  1979; Comita  et al., 1984) and 
hydrocarbon and br ine seeps  (Stein, 1984; Spies & Davis, 1979; Powell  et al., 1983). 

These  studies have  conf i rmed the gene ra l  be l ief  of food l imi ta t ion in the deep  sea and 

sugges ted  food l imitat ion on the cont inenta l  shelf. Even  in supposedly  food-r ich 

estuaries, some effects of restr ic ted food supply are wel l  descr ibed  (Peterson, 1982; 
1983), a l though a communi ty -wide  l imi ta t ion may not exist  (Dauer et al., 1982; Wiltse et 

al., 1984). A brine seep at the East F lower  Garden  Bank provides  an oppor tuni ty  to 
examine  the importance of food avai labi l i ty  in structuring communi t ies  of the cont inen-  

tal shelf. In this paper, we first r ev i ew  the ecologic  set t ing at the East F lower  Garden  

(EFG) br ine seep, then discuss the faunal  distr ibut ion pat terns  in the ad jacent  com- 

munit ies  and the ev idence  for an increased  food supply p roduced  by the br ine  seep ' s  
microbiota. Finally, we discuss the effect of this change  in food supply on communi ty  
structure and consider  the re la t ionship  b e t w e e n  meiofauna  and macrofauna  in benth ic  

communi t ies  unde r  food-l imit ing conditions. 
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Fig. 1. Location of collection sites on the sandy-bottom and hard-bottom at the East Flower Garden 
brine seep. For clarity in locating the stations, the canyon width and height and size of boulders is 
exaggerated. Canyon length and lake dimensions are drawn to scale. Distance from Overflow to 

Canyon mouth is 96 m. Additional dimensions are described in the text 

MATERIALS AND ME T H O D S  

Most methods  for col lect ion and sample  analysis  were  descr ibed  by Powell  et al. 

(1983) and Git t ings et al. (1984), as were  de ta i led  site descriptions,  Sampl ing  locations 

and te rmino logy  are shown in Figure  1. 
Samples  for carbon isotope analyses  were  frozen immed ia t e ly  after col lect ion on 

p re -ashed  glass fiber filters and kept  frozen unti l  analysis.  Prior to analysis, each sample 

was  t rea ted  with di lute  HCI to r emove  inorganic  carbon. The  r ema in ing  carbon was 
ana lyzed  by the method  of Sacket t  et al. (1970). Data are reported in terms of 613C in 

par t s -per - thousand  re la t ive  to the PDB standard (Fry et al., 1984). 
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Cluster analyses were performed us ing  an  u n w e i g h t e d  pa i r -group-c lus te r ing  
method with Eucl idean  dis tance as the s imilar i ty  index. Data were log- t ransformed prior 
to analysis. 

EFG BRINE SEEP: ECOLOGIC SETTING 

Brine, produced from dissolut ion of a salt dome unde r ly ing  the EFG bank,  flows into 
an amphi thea t re -shaped  bas in  at about  72 m depth near  the edge of the bank.  A br ine  
lake (Gollum's Lake), approximate ly  25 cm deep, occupies the slightly lower eas tern  and  
central  bas in  floor. Large sand waves occur in the lake, probably  formed dur ing  the 
passage of major storms. Brine spills out of the lake at an  overflow forming a b r ine  
stream which runs a long the axis of a canyon (Gollum's  Canyon),  approximate ly  10 m 
wide at the bottom, 15 m wide at the top, 96 m in length,  and  ex tend ing  from the east- 
southeast marg in  of the bas in  to the edge  of the b a n k  at 79 m depth. A small  pool (Corner 
Pool), in a depress ion 2 m downs t ream from the overflow, contains  und i lu t ed  b r ine  and  
may represent  a secondary seepage  of b r ine  from the subs t ra tum at a level  s l ightly be low 
the main  seep. 

Chemical  aspects of the East Flower Garden  br ine  were reported by Brooks et al. 
(1979), Bright et al. (1980a), and  Pov~ell et al. (1983). The br ine  is denser  than  seawater,  
anoxic, and contains  except ional ly  h igh levels  of dissolved hydrocarbon gases (methane,  
ethane, and propane) and hydrogen  sulfide. The densi ty  differential  inhibi ts  mix ing  of 
lake br ine  with overlying seawater,  a l though diffusion of dissolved components  does 
occur. Because of the lack of mixing,  chemical  characteristics of water  above and  be low 
the interface differ drast ically over a vert ical  dis tance of less than  2 cm (e. g. sa l ini ty  
approximately 36 o/~ vs. 200 %) (Fig. 2). 

Gol lum's  Lake contains about  465 m 3 of brine.  The overflow rate of b r ine  from the 
lake into the canyon was es t imated to be 355 to 718 m3/day, y ie ld ing  a res idence  t ime of 
0.65 to 1.3 days. Mixing of the br ine  with over lying seawater  starts immedia t e ly  as the 
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Fig, 2. Vertical gradients in salinity and sulfide from Gollum's Lake and Gollum's Canyon near 
Cottonwick Rock 
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b r ine  spills out of the lake into the canyon,  down a 0.5 m fall. Due to en t ra inment  of 
increas ing  amounts  of seawater  in the downst ream direction, the volume of recognizable  
br ine  is cons iderably  greater  at the canyon mouth  (stream 1.0 m thick) than it is near  the 
lake overflow (stream 0.3 m thick). At the canyon mouth the br ine  stream leaves its 
channel ,  spreads laterally, decreases subs tant ia l ly  in  height,  and  dissipates as it moves 
onto the level  bottom adjacent  to the bank.  

Sal ini ty  and  total dissolved sulfide in  the br ine  stream decrease considerably  at two 
places  dur ing  the s t ream's  travel down the canyon:  one in the overflow be tween  
Gol lum's  Lake and  Comer  Pool and  the second b e t w e e n  a downst ream narrowing of the 
canyon (Constriction) and  the Anchor, in  the vicini ty of Cottonwick Rock. Salinity in  the 
overflow was 55 %0, down from 200 %0 in  Got lum's  Lake. Near  mid-canyon,  sal ini ty was 
40-42 %o, and  near  the canyon mouth, 37 to 40 %o. 

Total dissolved sulfide in 1980 was 1607 ~tM in the lake. This is distinctly lower than 
the value ob ta ined  by Brooks et al. (1979) and  suggests a greater  year to year variabil i ty 
in sulfide concent ra t ion  than  in  salt concentrat ion.  In the canyon,  sulfide concentrat ion 
var ied from 80 ~M just downst ream of Comer  Pool to 32 ~tM at the Anchor, Salinity and 
sulfide dropped to values  near  regional  norms just be low the canyon mouth. 

Very c o a r s e  to medium 
s a n d s  -~ 2,0 - 0 , 2 5  mm Gravel > 2.0 mm 

5 0 %  

Fine sands  -~ 0.25 - 0,063 mm 

Fig. 3. Sediment texture at the sandy-bottom stations sampled at the East Flower Garden brine seep 

Brine flows at a rate of 10 to 25 cm/sec down the canyon  axis. The travel t ime for 
water  down the canyon is 15 min, sufficiently fast to make  physical  oxidat ion insignific- 
ant, even  with subs tant ia l  quant i t i es  of oxygen avai lable ,  because  of the slow rate at 
which sulfide is oxidized relat ive to the hydrodynamics  involved (O'Brien & Birkner, 
1977; Cl ine  & Richards, 1969). Consequent ly ,  d i lu t ion is the only s ignif icant  factor 
control l ing sulfide concentra t ion  (and salinity) in the canyon. Salinity and sulfide 



Meiofauna and macrofauna  at the East Flower Garden  br ine  seep 61 

concentrat ion also decrease from the bottom to the top of the br ine  stream (Fig. 2), but  
contain many  local he terogenei t ies  which  are probably  manifes ta t ions  of the dynamic  
mixing associated with the b r ine  stream. 

Most sediments  at the EFG br ine  seep are very coarse to g ranu la r  sands, and  poorly 
sorted. Sediment  grain sizes are quite uniform over the entire area, be ing  sl ightly coarser 
in the canyon and  a round Gol lum's  Lake, sl ightly f iner be low Cottonwick Rock and  just  
downstream of the canyon mouth, and  in te rmedia te  at the farthest downst ream stations 
(Fig. 3). 

Scour and  erosional  undercu t t ing  of carbonate  rock is apparen t  where  large boul-  
ders occur in  the stream or where  the stream contacts the canyon wall. The sand and  
rubble  substratum of the canyon has also been  affected by the flow. In 1976, coarse 
carbonate  sand had b e e n  pi led in  levee- l ike  deposits on either side of the s t ream 
channel  and along the base of the canyon walls. By contrast, in 1980 the channe l  
contained large ripple marks and  showed evidence  of substant ia l  f lushing and  sed iment  
transport. Sand waves were much larger  that  year  in Gol tum's  Lake as well. We surmise 
that passage of Hurr icane Al len  near  the EFG b a n k  in August ,  1980 was responsible  for 
these effects (e. g. Brooks, 1983). 

BIOTA 

M i c r o f l o r a  

White patches were observed f loat ing at the b r ine -seawate r  interface of Gol lum's  
Lake and adher ing  to the subs t ra tum everywhere  the interface intersected the bottom. 
Sulfide-oxidizing mixotrophic bacteria,  isolated from the 1977 East Flower Garden  br ine  
samples, produced sulfur deposits in  the laboratory (Lauer, 1979). Evidence  strongly 
indicates, therefore, that the white  mater ia l  at the lake 's  interface is produced by a 
p lanktonic  popula t ion  of sulfur bacter ia  l iving just above the lake 's  surface. 

A narrow, dark-ol ive colored mat  typically occurs directly be ne a t h  and  border ing  
the white mats in the lake. Deeper  in the brine, covering near ly  all of the bottom of the 
lake, is a deposit  of l ight-ol ive colored mater ia l  of loose, fine, par t icula te  consis tency 
which is easi ly resuspended.  This deposit  is several  cent imeters  thick in the deeper  parts 
of the lake, and is composed of organic debris and the remains  of animals ,  p lants  and  
bacteria  that fell into the br ine  and were part ial ly preserved. In 1976, thin, diffuse 
patches of purple  were observed on the l ight-ol ive par t iculate  deposit  directly ad jacent  
to the dark-olive mats near  the lake 's  border. The purple  color was absent  in 1977 and  
thereafter (Bright et al., 1980b). The olive mats and  purple  coloration may be bacterial ,  
possibly photosynthetic  halophi l ic  sulfur bacter ia  (e. g. Borowitzka, 1981). 

Extensive white mats also cover the bottom and sides of the canyon wherever  the 
br ine  stream touches the substratum. The white  mat  in  Gol lum's  Canyon  was domina ted  
by Beggiatoa (a sulfide oxidizer) and  other prokaryotes with some Osciltatoria f i laments  
and penna te  diatoms. These organisms were e m b e d d e d  in a muci lag inous  matrix, 
probably  of prokaryotic origin. Bacteria such as Beggiatoa n e e d  both hydrogen  sulfide 
and  oxygen, and  therefore can only grow at a diffusion grad ien t  (or in  a mix ing  zone) 
where both are present  (Jorgensen, 1977). The br ine stream provides excel lent  condi-  

tions for sulfur bacteria  of this type. 
Diatoms were common and  much  more a b u n d a n t  in the mat  than  in  other ben th ic  
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samples  co l lec ted  a w a y  from the seep  at s imi la r  dep ths  on the bank.  Though  dia toms are 
not no rma l ly  cons ide red  impor tan t  m e m b e r s  of a su l fure tum flora, other  workers  have 
found ben th i c  d ia toms c a p a b l e  of l iv ing  in a reas  wi th  r e l a t ive ly  h igh  sulf ide concentra-  
t ions (Admiraa l  & Pelet ier ,  1979; Round, 1979). 

F a u n a  

Powel l  et al. (1983) d iv ided  the s andy-bo t tom b io ta  into th iobios  and oxybios.  
Thiobios ,  those  o rgan i sms  with  an eco logic  d e p e n d e n c y  on sulfide,  consis ted  most ly  of 
gna thos tomul ids ,  nematodes ,  o l igochae tes ,  ne r e id  po lychae t e s  and some amphipods .  
They  d o m i n a t e d  the communi ty  in the  b r ine  seep  canyon  from Corner  Pool to Cotton- 
wick  Rock. Oxybios ,  those  o rgan i sms  typ ica l  of normoxic  sul f ide-f ree  habi ta ts ,  were  
found b e l o w  Cot tonwick  Rock, a d j a c e n t  to the  b r ine  l ake  and  th roughout  the  gene ra l  
area.  Oxybios  compr i sed  two groups;  a downs t r e a m oxybios  from be low Cot tonwick 
Rock to d o w n s t r e a m  of the  canyon mouth,  and  the normal  b a n k  biota  above  Gol tum's  
Lake  in the  b r ine  l ake  bas in  and  th roughout  the ge ne ra l  area.  Stat ions (e. g. 80-15, 
80-16),  w h e r e  the  normal  bank  b io ta  were  s a m p l e d  far from the br ine  seep  sys tem to 
es tab l i sh  b a c k g r o u n d  taxonomic  compos i t ion  and  abundance ,  wil l  be  referred to as 
control  s ta t ions and  the  b io ta  as control  biota.  We use the term control  in the sense  of 
Eskin  & Coul l  (1984) recogniz ing ,  as they  descr ibe ,  that  these  stat ions cannot  be consi- 
d e r e d  true controls  in the  s tr ictest  sense.  Be tween  Cot tonwick  Rock and the Anchor  was 
a t rans i t ion  zone b e t w e e n  the canyon  th iobios  and  typ ica l  downst ream,  oxybiot ic  
communi t i e s  compr i s ing  a r e l a t ive ly  su l f ide - to le ran t  subse t  of the  downs t r eam oxybios.  
Gi t t ings  et al. (1984) de sc r ibed  a s imi la r  communi ty  t rans i t ion  on the hard  bottom. 
Clus te r  ana lys i s  suppo r t ed  this ca t egor i za t ion  on both the  hard  and  sandy-bo t tom 
rega rd l e s s  of whe the r  at the  leve l  of major  taxon (Figs. 4, 5), family  (e. g. polychaetes ,  
Tab le  1, Fig. 6) or spec ies  (e. g. nematodes ,  Fig. 7). On ly  one ha rd -bo t tom station, R1, 
c lus te red  wi th  any  sandy-bo t tom stat ions.  Consequent ly ,  subs t ra te  was the p r imary  
d e t e r m i n a n t  of fauna l  d is t r ibut ion,  excep t  in the  canyon  b r ine  s t ream where  sulf ide  was 
dominant .  Never the less ,  ou ts ide  the  canyon  thiobios,  and  wi th in  the  two major  subs t ra ta  
(ha rd-bo t tom and  sandy-bot tom) ,  the  p r imary  d e t e r m i n a n t  of faunal  d is t r ibut ion  was 
d i s tance  from the b r ine  source:  that  is, su l f ide  concen t ra t ion  and  food supp ly  de t e rmined  
fauna l  a b u n d a n c e s  and  both were  u l t ima te ly  d e r i ve d  from Gol lum ' s  Lake and /o r  Gol-  
lum ' s  Canyon.  The  impl ica t ions  of this  hypo thes i s  wi l l  be  exp lo red  in more  deta i l  in the  
r e m a i n d e r  of this paper .  

TROPHIC IMPACT OF THE BRINE SEEP SYSTEM 

T h e  h a l o  m o d e l  

A 'ha lo '  effect has  b e e n  obse rved  for both  an th ropogen ic  and na tura l  d i scharge  
sys tems (Mackin,  1973; Davis  & Spies ,  1980; S t raughan ,  1982) w h e r e b y  microflora and 
mic rofauna  domina t e  and  are  in h igh  a b u n d a n c e  nea r  the  d i scha rge  but  macrofauna  are 
poor ly  r ep resen ted .  Benthic  meio-  and  macro fauna  p e a k  in a b u n d a n c e  at different 
d i s tances  from the d ischarge ,  d e p e n d i n g  on the to le rance  of the  o rgan isms  to the  stresses 
i m p o s e d  by  the  d ischarge .  In these  areas ,  due  to an  inc rease  in food p roduced  by the 



Similarity 

t 

63 

80-R1 

80-14 

80-17 

80-19 

80-20 

80-22 

80-23 

80-t3 

80-25 

80-24 

Downstream Oxybios 

and 

Transition Stations 

80-R2 

80-R4 

80-R5 

80- R3 

80-R9 

80-R6 

80-R7 

Cottonwick Rock Transect 

80-3 

80-5 

80-7 

80-15 

80-16 

80-6 

80-10 

80-R10 

80-R12 

80-R13 Lake Transect 

80-R15 (Hard Bottom) 

80-R16 

80-R14 

80-R11 

80-9 l 

80-261 Canyon Thiobios 
80-111 

80-12j 

Control and Lake Basin Stations 

Fig. 4. Cluster analysis of the stations sampled in the EFG br ine  seep system based  on the 
distribution and abundance  of major  taxa excluding meiofauna, hard  and  soft bot tom 



64 E . N .  Powell,  T. J. Bright & J. M. Brooks 

Similarity 
o ~ o 

i l i 

9 
--j 

P 

--] 

1 

80-3 t 

80-5 I 
80-6 / 

80-10 l 
80-7 _i 

80-8 

80-1~" 

80-23 

80-11 

80-12 

80-25 

80-24 

8 0 - 1 7  

80-18 

80-19 

80-20 

80-9 - 
80-26 

80-14 

80-151 
80-16J 

Lake Basin Stations 

Canyon Thiobios 
and 
Transition Stations 

Transition Station 

Downstream Oxybios 

Canyon Thiobios 

Transition Station 

Control Stations 

Fig. 5. Cluster analysis of the stations sampled in the EFG brine seep system based on the 
distribution and abundance of all taxa, meio- and macrofaunal, on the soft bottom 

la rge  microfloral  popu la t ions  often present ,  abso lu te  a b u n d a n c e s  can be cons iderab ly  
above  control  levels  even  for those t axa  also p re sen t  in nearby ,  uns t ressed  areas.  In 
genera l ,  t axonomic  composi t ion  tends  to re turn  to that  of control  a reas  before  numerica l  
a b u n d a n c e  (Pearson,  1981). 

The  EFG br ine  seep  sys tem is no excep t ion  (Fig. 8). In this case, th iobios  give way  to 
su l f ide- to le rant  oxybios,  which  in turn give w a y  to su l f ide- in to lerant  oxybios with the 
dis t r ibut ion of t axa  d e p e n d e n t  pr imar i ly  on sulfide concent ra t ion  (Powell et  al., 1983; 
Powell  & Bright, 1981; Gi t t ings  et  al., 1984) (Figs. 9, 10, 11). Within the  sulfide gradient ,  
taxon a b u n d a n c e s  m a y  be  cont ro i led  pr imar i ly  by  food supply .  Both Git t ings  et  al. (1984) 
and  Powell  et al. (1983) r epor t ed  inc reased  a b u n d a n c e s  of oxybiot ic  organisms  near  the 
br ine  seep  sys tem (Fig. 10). They  s u g g e s t e d  that,  w h e r e a s  sulfide is both  di luted by 
mix ing  processes  and  d imin i shed  by  oxidat ion  with oxygen,  food supply  is only di luted 
by  mixing.  The  effect  of an  inc reased  food supply ,  therefore,  should  ex tend  beyond  the 
inf luence  of sulfide. Consequen t ly ,  h igh  a b u n d a n c e s  of oxybiot ic  taxa, especia l ly  those 
typical  of control  stations, might  be  exp l a ined  if a m e c h a n i s m  for t ransfer  of food from 
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the sulfuretum to the oxybiotic communi t ies  downst ream was present  and if use of 
transported food by downs t ream biota could be demonstrated.  

T h e  h y d r o d y n a m i c - c r o p p i n g  m o d e l  

Three hydrodynamic  factors are important  in the br ine  seep system. (1) Gravity- 
dr iven flow occurs in Gol lum's  Lake and  Canyon  and  advects mater ia l  to the down- 
stream sandy bottom. (2) Turbu len t  mix ing  created by the gravi ty-dr iven system advects 
material  out of the canyon to the per iphera l  hard bottom. (3) Molecular  diffusion moves 
br ine  across the lake-seawater  interface whereupon  advect ion moves it to the per iphera l  
hard and  sandy bottom of the Gol lum's  Lake basin. Autotrophy in the system depends  on 
two energy sources: l ight and  sulfide. The latter comes into the system with the br ine  
and is del ivered to the microflora by gravi ty-dr iven flow in  the canyon and molecular  
diffusion across the lake-seawater  interface. 
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Food for the fauna  is u l t imate ly  der ived from two sources, autotrophy and  detrital 
input.  Oxybiotic  pr imary product ion occurs on the per iphera l  hard bottom throughout  
the area. Signif icant  thiobiotic product ion occurs on the floor of Gol lum's  Canyon  and at 
the interface of Gol lum's  Lake. A third source may be the br ine  lake itself (Bright et al., 
1980a). To the extent  that Beggiatoa and  other sulfide oxidizers are heterotrophic 
(Jergensen,  1977), some thiobiot ical ly-produced carbon in  the canyon may be genera ted  
heterotrophically.  Since, for the eukaryotic  biota, the result  is the same, this production 
has b e e n  inc luded  unde r  the term "thiobiotic autotrophy" in Figure 12. 

Heterotrophic eukaryot ic  consumpt ion  occurs in  three ways. (1) Heterotrophs con- 
sume produced carbon at its source. This occurs in  all oxybiotic habitats  and by the 
thiobios in  Gol lum's  Canyon.  (2) Migra t ing  subsystems (terminology of Copeland et al., 
1974) compris ing mobi le  organisms such as fish (Bright et al., 1980a) enter  the canyon 
and  downst ream communi t ies  periodical ly to feed and  then leave. (3) Gravity-driven 
circulat ion cont inual ly  sweeps microbiota from the lake and  canyon sulfureta down- 
stream or advect ion mixes them up into the per ipheral  hard bottom for consumption 
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Fig. 8. The halo model 

there  by  heterot rophs .  We wil l  term this last  process  h y d r o d y n a m i c  cropping .  Probably,  
much of the  he te ro t rophic  communi t i e s  cont iguous  to and  dow ns t r e a m of the  l ake  and  
canyon sulfureta  der ive  par t  or all  of thei r  food from this process.  For s impl ic i ty  these  
communi t i e s  wi l l  he reaf te r  be  t e rmed  downs t r eam communi t ies .  

H y d r o d y n a m i c  c ropping  requi res  that  bac te r i a l  p roduc t ion  mus t  be  h igh  at  the  l ake  
interface and  in the  canyon because  the  bac te r i a l  mats  r e m a i n  cont inuous  in sp i te  of it  
(Bright et al., 1980a; Powel l  et al., 1983). F l akes  of e l e m e n t a l  sulfur  con ta in ing  bac te r i a  
are cont inuous ly  swep t  over  the overf low from the Lake ' s  interface,  and  por t ions  of the  
Canyon ' s  bac te r i a l  mat  a re  cont inuous ly  swept  out  of the  canyon ' s  mouth  (Bright et al., 
1980a, b). H y d r o d y n a m i c  c ropping  wou ld  exp l a in  the  obse rved  increase  in fauna l  
abundances  d e s c r i b e d  in the  halo mode l  if it i n d e e d  s u p p l i e d  an  impor tan t  c o m p o n e n t  of 
the food supp ly  to the  downs t r eam communi t ies .  

C h a n g e s  in  i s o t o p i c  c o m p o s i t i o n  of t h e  b i o t a  

S table  carbon  i so topes  have  been  used  to t race carbon  flow in food chains  (Haines  & 
Montague ,  1979; M c C o n n a u g h e y  & McRoy, 1979; Rau et al., 1983). Brooks et al. (1979) 
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Fig. 9. Faunal distributions with respect to the halo model along a transect from Gollum's Lake, 
down Gollum's Canyon and out onto the adjacent sandy bottom below the canyon's mouth 

reported that inorgan ic  carbon der ived from the br ine  seep had a 613C value much more 
nega t ive  (--23 %0) than  normal  seawater  (~ O %o) (and very s imilar  to some crude oils 
typical ly associated with salt domes; Sorer, 1984). Inorganic  carbon from the seep 
provides part  of the carbon for thiobiotic production. In addit ion,  many  sulfur bacteria 
fractionate carbon (Wong et al., 1975) and  have 613C values  different from other carbon 
producers  (Fry & Sherr, 1984). Consequent ly ,  carbon isotopes can be used to trace 
th iobiot ica l ly-produced carbon in  this system. 

The bacter ia l  mat  was very he te rogeneous  and  was difficult to collect and  prepare 
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Fig. 10. Faunal distributions with respect to the halo model along a transect from Gollum's Lake, 
down Goltums's Canyon and out onto the adjacent sandy bottom below the canyon's mouth 

for ana lys is  free of detr i tus .  Consequen t ly ,  va lues  va r i ed  cons ide rab ly ,  but  most  were  
more nega t ive  ( - 2 2  to - 2 5 . 8  Too) than  local  ben th ic  a l g a e  (avg. - 1 9 . 3  %o, n = 7, r ange  
- 18.2 o/oo to - 2 0 . 3  %o) and  p l a n k t o n  from the Gulf  of Mexico  (Fry & Parker,  1979; Thaye r  
et al., 1983; Fry et al., 1984). The most  nega t ive  va lues  for local  ben th ic  a lgae ,  i nc lud ing  
one very unusua l  va lue  of - 2 6 . 5  %o, al l  came  from Go l lum ' s  Canyon  (Table 2). These  
may  represen t  isotopic  en r i chmen t  p r o d u c e d  by  g rav i ty -d r iven  c i rcula t ion  in the  canyon 
reduc ing  the size of the  s t agnan t  b o u n d a r y  l aye r  a round  the  a l g a  t h rough  which  ~2C and  
~3C must  diffuse; t he r eby  en r i ch ing  the p l an t  in  12C (Osmond et  al., 1981; J o r g e n s e n  & 
Revsbech,  1985; see  Sch id lowsk i  e t  al. [t  984] for the  oppos i te  effect). Consequen t ly ,  both  
eukaryot ic  and  prokaryot ic  p r imary  p roducers  in the  canyon  and  lake  sul fure ta  are  
charac te r ized  by  l ight  813C values .  

Organ ic  detr i tus  from sed imen t  in the  canyon  had  613C va lues  g e n e r a l l y  lower  than  
other sed iments  in the  a rea  (cf. Parker  et al., 1972; 1981). Sta t ions  above  Cot tonwick  
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Fig. I1. Faunal distributions with respect to the halo model along a transect from Gollum's Lake, 
down Gollum's Canyon and out onto the adjacent sandy bottom below the canyon's mouth 

Rock averaged  - 2 1 . 2  %0. Values became  less nega t ive  wi th  dis tance downst ream of the 
canyon mouth  and  were least nega t ive  at the control station which had a value fairly 
typical  of other shal low-water  coarse carbonate  sands (Black & Bender, 1976; Fry & 
Parker, 1979). This t rend is s ignif icant  (Daniel 's  test for trend, P<.01). Differential 
heterotrophic ut i l izat ion of portions of the detri tal  pool at the various stations might 
produce such a trend, however,  more l ikely the mix ing  of two sources of different 
isotopic composi t ion is responsible .  If the latter, then  about  40-60 % of the detritus 
be low the canyon ' s  mouth  is der ived from the ups t ream sulfureta. 

Most b13C values  for an imals  were more nega t ive  than  would  be expected if the 
carbon source were ei ther  local ben th ic  a lgae  or p lankton.  Sponges,  for example,  from 
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control stations had va lues  typical  for animals  whose  food source, ul t imately,  was mar ine  

a lgae  ( - 2 0  to - 2 0 . 5  %o, n = 3), whereas  sponges  from stations near  Gol lum ' s  Lake and 

Canyon had values  rang ing  from - 2 5 . 4  to - 2 7 . 6  %0 (n -- 3). These  low va lues  sugges t  
that carbon from the br ine seep sulfureta was the u l t imate  food source. Most of the 613C 

values  for polychaetes  (avg. - 2 3 . 0  °/o0, n -- 5) and crustaceans (avg. - 2 4 . 5  %0, n --3) from 

Gol lum's  Canyon  were  more nega t ive  than local benth ic  a lgae,  sugges t ing  that  carbon 
from the br ine  seep sulfureta was the u l t imate  food source for them as well .  Polychaetes  
from be low the canyon's  mouth had h igher  va lues  (avg. -- 18.8 o/~, n = 2) than  crusta- 

ceans (avg. - 2 5 . 8  %, n = 3) sugges t ing  that  these  crus taceans  are more d e p e n d e n t  on 

carbon from the sulfureta than are the polychaetes .  In fact, the carbon isotopic composi-  

tion of the po lychae tes  taken from stations be low the canyon mouth  was not dist inct  from 
detritus in the same area  whereas  crustaceans had much  lower  values.  Consequent ly ,  

the ev idence  indica tes  that a cons iderable  port ion of the carbon used  by macrofauna  in 
the brine seep  area  is der ived  from the sulfureta and that  hydrodynamic  c ropping  must 

play an important  role  in the transport of this carbon to downs t ream communi t ies .  

E f fec t  of v a r i a t i o n  in  f o o d  s u p p l y  

How the quant i ty  and quali ty of food ava i lab le  structure ben th ic  communi t i es  has 

rece ived  cons iderable  theoret ical  (e. g. Levinton, 1972; Wangersky  & Wangersky,  1981; 

Levine, 1980; Hoffman, 1978) and expe r imen ta l  (e. g. Bianchi & Levinton, 1981; Young & 
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Table  2. Carbon isotopic composit ion (%o 813C) of the biota of the East Flower Garden  brine seep 
system 

Station Detritus Canyon Coral- Other Sponges Polychaetes Crustacea 
bacterial line algae 

mat algae 

Brine 
pool 80-2 

80-5 
80-7 

Brine 80-R9 
basin 80-R11 

80-R12 
80-R13 

-21.4 

Upper  80-8 
canyon 

80-9 -21.4,  -20 .8  
Middle 80-11 -19 .6  
canyon 80-25 -22 .0  

80-12 - 2 2 . I  

80-R2 
Cotton- 80-R3 
wick 80-R4 
Rock 80-R5 

80-R6 

Canyon 80-13 -22 ,9  
mouth 80-14 -19 .5  

80-17 -21 .9  
Below 80-19 -15 .9  
canyon 80-20 - 19.2 

80-22 -19 .9  

80-16 -13 .0  
Controls 80-R15 

80-R16 

--25.8, --24.8 
--15.4, --22.0 

--17.5 

-19.4 -27,6 
-18.9 -25.4 

-19.1 
-20.3 -20.5 

-26 .5  -26 .0  

--21.7 

-22.5 (crab) 
-23.0, -20.6 -29 .2  

(cumacean 

-21 .9  
-23.1 

-21 .9  
-26 .3  (tanaid) 

-19 .3  -26 .4  
(amphipod 

I -24 .4  
- 18.3 (amphipod) 

-26 .7  
(tanaid) 

- 19.7 - 19.2 -20.2,  -20 .0  -29 .2  
- 18.2 (amphipod) 

Y o u n g ,  1978;  M o n t a g n a  e t  al. ,  1983;  T e n o r e ,  1983) a t t e n t i o n .  F i e l d  s t u d i e s  c o m p a r i n g  

food  s u p p l y  g e n e r a l l y  a r e  d i f f i cu l t  b e c a u s e  e x p e r i m e n t a l  m a n i p u l a t i o n  occu r s  o n  t i m e  

s c a l e s  too  s h o r t  for  e s t a b l i s h m e n t  of a n e w  e q u i l i b r i u m  c o n d i t i o n ,  t h e  food  a d d e d  is 

r a r e l y  n a t u r a l  in  t h e  p u r e s t  s e n s e  of t h e  word ,  a n d  con t ro l  s i t e s  a r e  d i f f i cu l t  to i d e n t i f y  

( P e t e r s o n ,  1980). T h e  b r i n e  s e e p  p r o v i d e s  a g o o d  n a t u r a l  e x p e r i m e n t  to i n v e s t i g a t e  the  

e f f ec t  of f ood  s u p p l y .  C e r t a i n l y  a n  e q u i l i b r i u m  c o n d i t i o n  ex i s t s  a n d  t h e  food  s u p p l y  is 

p r o d u c e d  n a t u r a l l y .  T h e  p r o b l e m  of c o n t r o l  s i t e s  is m i t i g a t e d  b y  t h e  g r e a t  s imi l a r i t y  

b e t w e e n  t h e  p h y s i c a l  p a r a m e t e r s  of d o w n s t r e a m  a n d  c o n t r o l  c o m m u n i t i e s .  M o s t  p a r a m e -  

t e r s  s u c h  as  s e d i m e n t  t e x t u r e ,  l i g h t  a n d  t e m p e r a t u r e  a re  t h e  s a m e .  Su l f i de  is c e r t a i n l y  
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below levels  p roduc ing  s ignif icant  effects. Only  food supply  and the flow r eg ime  

carrying it are very different. Moreover ,  the food be ing  expor ted  is used. 

In the fol lowing discussion, we  do not wish to imply  that  downs t ream communi t i e s  
are not food-l imited,  a l though this may  be  true. Rather, we  wil l  s imply  discuss the 

impact  of an inc reased  food supply on a p rev ious ly  food- l imi ted  community .  We m a k e  

the comparisons based  numer ica l  abundance ,  a l though  b iomass  wou ld  be  better;  how- 
ever, the genera l  t rends should remain  the same because  the observed  increases  in 

numbers  are produced  pr imari ly  by macrofauna  and, thus, should indica te  substant ia l  

increases  in biomass  as well.  Finally, we  compare  meiofauna  to macrofauna  based  not on 

size, but taxonomic  posi t ion because  most of the meio fauna  are re la t ive ly  large.  Many  
gnathostomulids,  for example ,  were  re ta ined  on a 500 ~tm screen.  Consequent ly ,  we  

compare  pe rmanen t  me io fauna  with  the combined  values  for macrofauna  and temporary  

meiofauna,  using taxonomy as the d i s t inguish ing  characterist ic.  
An increase in food supply has p roduced  two effects, a quant i ta t ive  increase  in total 

numbers  and a re la t ive  change  in the abundances  of the var ious taxa. Absolu te  abund-  

ances of meio- and macrofauna  are re la t ive ly  low at both control and downs t ream 

stations compared  to most cont inenta l  shelf  sites (see re ferences  in Table  3), rarely 

Table 3. Relative importance of permanent meiofauna in subtidal benthic communities exclusive of 
the deep sea, Range of values in brackets 

Source Percent permanent meiofauna (as defined in Table 4) 
Average Range 

Renaud-Mornant et al. (1971) 56.9 (n = 5) [58.0-80.8] 
Ankar & Elmgren (1976) 99.0 
Mare (1942) 85.9 
Guille & Soyer t1968) 86.0 (n = 6) [75.0-91.9] 
Thomassin et al. (1976) 94.7 (n = 10) [86.1-98.6] 
Wigley & McIntyre (1964) 96.1 (n = 10) [89.3-98.4] 
Mcfntyre (1961) 82.3 (n = 2) [73.9-90.7] 
Sanders (1960), Wieser (1960) 98.9 
Thomassin et al. (1982) 66.7 (n = 5) [53.6-98.9] 
Ansari (I984) 67.8 (n = 4) [48.3-91.8] 
East Flower Garden 

Control stations 65 
Thiobios 75 
Downstream oxybios 44 

exceed ing  100,000 animals  per  m 2, whe reas  typical  l i terature va lues  for cont inenta l  
shelves  in genera l  f requent ly  e x c e e d  200,000 - 300,000 per  m a. Control  stations, how- 
ever, were  dec idedly  depaupe ra t e  by any comparison,  20,000 to 65,000 per  m 2, w h e re a s  

3 of 5 stations downs t ream of the canyon mouth e x c e e d e d  150,000 organisms per  m 2, 
more than double  control station values.  A s imilar  p h e n o m e n o n  occurred on the hard 
bottom (Gittings et al., 1984), 

Powel l  et al. (1983) and Git t ings et al, (1984) at t r ibuted the increase  in total numbers  

at downs t ream stations to an increase  in food supply. Low abundances  at control stations 
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sugges t  a food- l imi ted  situation. An a l te rna t ive  hypothesis  would  invoke differential  

p reda t ion  pressure  at control and downs t ream stations (e. g. Virnstein 1977, 1979; 

Bell & Coull,  1978); compet i t ion  for space is rarely observed  (e. g. Peterson 1977, 1982) 

and cer ta inly cannot  be a l imi t ing factor here  (Gittings et al., 1984). Our observations 
sugges t  that, if anything,  predators  such as fish are in h ighe r  abundance  in and around 

the br ine seep system than  e l sewhere .  Never the less ,  most taxa are substant ial ly more 

abundan t  at downs t ream stations than control stations. In addition, substant ial ly h igher  
macrofauna l  numbers  do not p reven t  a concomitant  substant ial  increase in meiofaunal  

numbers  even  though  preda t ion  by macrofauna  on meiofauna  probably  is significant  
(e. g. Bell & Coull,  1978; Reise, 1979). Food l imita t ion at the control stations offers the 

bet ter  explana t ion  (see also Yingst & Rhoads, 1985). 

Rela t ive  changes  in abundance  among  the var ious taxa b e t w e e n  control and down- 

s t ream stations support  this view. We d iv ided  the sandy-bot tom stations into 3 groups, 
based  on the cluster  analyses,  and compared  the ave rage  composi t ion of the three: 

stations domina ted  by thiobios (80-12, 80-25), control stations (80-15, 80-16); down- 

s t ream stations neares t  the canyon mouth  but beyond  the t ransi t ion zone just be low 
Cot tonwick  Rock (80-17, 80-19, 80-20). Thiobios  were  domina ted  by the lower Bilate- 

r ian (Table 4) groups of me io fauna  because,  overall ,  these groups have  a greater  

to lerance  for sulf ide (Powell et al., 1983). Obviously,  the lower  Bilater ian groups exploit  

the food source in the canyon. One  migh t  expec t  that these  groups should be important  
components  at the stations be low  the canyon mouth. This is not the case. In fact, they 

account  for only 5 % of the total biota, less than half as much  as at the control stations 
and their  numbers  increase  by only 1.6 t imes b e t w e e n  control and downst ream stations 

(Table 5). Moreover ,  the abundance  of nematodes ,  the second most numerous  group of 

Table 4. Percent contributions of macrofaunal taxa and meiofaunal taxa (as defined in the text) in 
the East Flower Garden brine seep area. Higher Bilaterian meiofauna include copepods, ostracods 
and mites. Lower Bilaterian groups include turbellarians, nemerteans, gnathostomulids, nematodes 
and gastrotrichs. Macrofaunal groups include annelids, molluscs, cumaceans, tanaidaceans, 

amphipods, isopods, etc 

Faunal assemblages Macrofaunal taxa (%) Meiofaunal taxa (%) 
Lower Bilateria Higher Bilateria 

Control 35 13 52 
Thiobios 25 74 1 
Downstream oxybios 56 5 39 

Table 5. Relative change in abundance between thiobios and downstream oxybios vs. control 
stations. • increase over control levels; v decrease from control levels 

Faunal assemblages Macrofaunal taxa Meiofaunal taxa 
Lower Bilateria Higher Bilateria 

Thiobios • 2.9 X • 22.7 × ? 11.3 x 
Downstream oxybios • 6.8 x • 1.6 x • 3.1 x 
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the meiofauna at control stations, does not change  at all, a l though numbers  do increase  
substant ia l ly  in the thiobios. By comparison, copepods and  ostracods increase dramati-  
cally be tween  control and  downst ream stations; the h igher  Bilater ian groups averag ing  
3.1 times more a b u n d a n t  downst ream of the canyon mouth. This suggests  that meiofauna  
may be divided into two relat ively i n d e p e n d e n t  groups in this area based  on their  
response to increased  food supply and  the presence  or absence  of sulfide and  that this 
division follows phylogenet ic  lines. 

The nematode /copepod  ratio was above 1 only in the thiobios of the canyon.  
Raffaelli & Mason (1981) and  Raffaelli (1981) proposed the use of the nematode /copepod  
ratio as a pol lut ion moni tor ing  tool, a l though Pequegna t  & Sikora (1977) had employed  it 
earlier. Coull  et al. (1981) and  Lambshead  (1984) have disputed its usefulness.  
Nematodes exploit  sulfide systems considerably  better  than copepods. Any factors, 
inc lud ing  various pollutants,  which tend  to increase sulfide concentra t ion  will increase  
the relative importance of nematodes .  We suggest  that much of the s ignif icance of the 
nematode /copepod ratio can be re in terpre ted  based on the relat ive impor tance  of 
sulf ide-tolerant  organisms in the communi ty .  We point  out, however,  as did Git t ings  et 
al. (1984), that this does not necessar i ly  m e a n  that these sulf ide- tolerant  organisms are 
thiobiotic, 

Copepods, and meiofauna  in general ,  dominate  the control stations, mak ing  up 
65 % of the biota. This is a relat ively low percentage  compared to l i terature va lues  
(Table 3). In most ter r igenous  sediments ,  p e r m a n e n t  meiofauna  account  for over 90 % of 
all metazoans.  Only  carbonate  sands such as those at the Flower Gardens  yield percen-  
tages below about  70 %. The EFG control stations are fairly typical. Apparent ly ,  
carbonate sands are exploi ted better  by taxa compris ing mostly macrofauna.  

By any measure,  however,  the proport ion of p e r m a n e n t  meiofauna  in  the down- 
stream stations is extraordinari ly  low. Macrofaunal  taxa predominate .  Even if the 
oligochaetes and  a rch ianne l ids  were considered meiofaunal  (all anne l ids  were l umped  
for the calculat ions in Tables  4 and 5), the r ema in ing  macrofauna would  account  for over 
half of all the metazoan biota. 

A comparison of the control stations and  the downst ream stations shows that not all  
oxybiotic taxa increase in  numbers  equa l ly  (Table 6). Macrofaunal  numbe r s  increase  
about  7 times, whereas  meiofaunal  number s  increase only  3 t imes compared  to control 
stations. Consequent ly ,  the change  in dominance  be t w e e n  control and  downst ream 
stations is produced by a relatively much larger increase  in  macrofauna  in spite of a 
substant ia l  increase  in meiofauna.  Crus tacean  taxa ( tanaidaceans,  isopods, amphipods)  
are the pr imary  contributors.  Each contr ibuted less than 1 %  of the biota  at control 
stations, but  number s  downst ream of the canyon  mouth  are ~- 150 t imes control levels. In 
contrast, anne l id  number s  only double.  Interest ingly,  this relat ive difference corres- 
ponds with the carbon isotopic composit ion of the biota. Crustaceans  ut i l ized the food 
produced in the b r ine  seep sulfureta to a much  greater  extent  than  did the anne l ids  
(Table 2). 

The trophic in teract ion be tween  meiofauna  and  macrofauna  has b e e n  controversial  
for over a decade. Ger lach (1971) and  Witte & Zijlstra (1984) summar ized  ev idence  
suggest ing that macrofauna  and meiofauna  were more or less i n d e p e n d e n t  components  
of the community.  Others, such as Bell & Coull  (1978); Reise (1977); Kuipers et al. (1981) 
and  Gerlach (1978) stressed the impor tance  of a t r o p h i c  l ink;  viz. macrofauna  exert  a 
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Table 6. Relative change in abundance of numerically important taxa (> 500/m 2) between control 
stations and stations downstream of the canyon mouth. • increase over control levels 

Taxa Change in numerical abundance 

Annelida • 2.4 x 
Copepoda • 2.0 x 
Ostracoda • 106.6 × 
Tanaidacea • 145.1 x 
Amphipoda • 190.5 x 
Isopoda • 145.5 × 

measurab le  predat ive  impact  on meiofauna  and  at times, a l though more rarely, 
meiofauna  may be impor tant  dietary components  for macrofauna.  The change  in abund-  
ance  b e t w e e n  control and  downs t ream stations, hard or sandy-bottom, indicates  that 
typical  cont inenta l  shelf communi t ies  in the northwest  Gulf of Mexico at these depths 
exist in  a food-l imited condit ion.  Consequent ly ,  an impor tant  a l ternat ive quest ion is, in 
food-l imited situations, can meiofauna  compete with macrofauna for food (McIntyre, 
1969; Elmgren,  1976; Heip et at., 1982)? 

Two explana t ions  exist for the observed p redominance  of meiofauna  at control sites 
and  macrofauna  at downst ream sites. Either meiofauna  monopol ize  the food supply 
w h e n  food supply is low such as at the control sites or the food del ivered to downstream 
sites by hydrodynamic  cropping is packaged  such that it is more readily avai lable  to 
macrofauna.  The correct choice be tween  the two al ternat ives  cannot  be made using the 
present  data, however  a few observat ions are possible.  The physical  regime provides the 
opportuni ty  for a dramat ic  increase  in suspens ion  feeders, which one might  expect to be 
mostly macrofaunal ,  to exploit  a suspended  food source. The carbon isotope values 
suggest  that the water -borne  food is ut i l ized by the crustaceans before it becomes part of 
the overall  detri tal  pool used by the anne l id s  for example.  Much of the increased 
a b u n d a n c e  of macrofauna  at these stations involves these crustaceans. However, 
a l though the macrofaunal  tanaids  may be pr imar i ly  suspens ion  feeders, the amphipods 
and  isopods are not and  the suspens ion  feeding Polychaeta increase hardly at all (Table 
1). Moreover, a dramatic  increase  in ostracods at downst ream stations suggests that 
meiofauna l - s ized  organisms can exploit  the new  food source just as well. Consequent ly ,  
the dramat ic  increase  in  a b u n d a n c e  of macrofauna  at downs t ream stations probably 
cannot  be  totally exp la ined  by a shift in  food locat ion and availabil i ty.  

The data agree best  with the views of Heip  et al. (1982) and Elmgren (1976) that, 
w h e n  food avai labi l i ty  is low, more of the energy  flow will  be through the meiofaunal  
compar tment  of the community .  At the EFG, where  meiofauna l  taxa, on the average, are 
large, some near ly  of macrofaunal  size, such a p h e n o m e n o n  may be even more pro- 
nounced  (see Warwick,  1984). Consequent ly ,  the faunal  dis tr ibut ions on the sandy 
bottom at the EFG br ine  seep are de te rmined  by sulfide and  food supply. Whenever  
sulfide is present,  the lower Bilater ian groups of meiofauna  dominate.  In the absence of 
sulfide, the relat ive proportions of macrofauna  and  meiofauna  are de termined by food 
supply.  W h e n  food supply  is low, as it p robably  is on most of the EFG at these depths, 
meiofauna,  par t icular ly  the copepods, ut i l ize a relat ively large share of the available 
food. As food supply increases,  the macrofauna  domina te  the community.  
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