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STRUCTURE AND DYNAMICS 

OF THE MARINE ANAEROBIC MICROBENTHOS 

Nearly all ecosystems of land and water includ i n g the 

open sea show a vertical zonation of phys i cal and chemical 

factors and of flora and fauna , In such transitory zones 

there frequently exists interfaces where air meets land or 

l i ght meets darkness or one physical condition g ives way to 

another , Such an interface occurs within the sands and sed­

iments of sea basins, The oxygenated surface l ayers of ma ­

rine sand bottoms and beaches g ive way in deeper layers to 

anaerobic-reducing conditions with the exception of surf 

swept hig h energy beaches. Such interfaces frequently have 

biolog ical significance . 

The extent of the anaerobic-reducing biome is indicated 

by the size of the ocean basins themselves excluding areas 

without sediment and the "high energy windows" of surf swept 

beaches . In comparison, the anaerobic biome far exceeds the 

size of the aerobic surface sediments, althoug h a great deal 

more scientific work has been done in oxygenated sediments . 

Bacteriolog i s ts and geolog i s ts , (Zobell a nd coworkers, 

1938-1948), probed and chara cterized the anaerobic sediments 

while resea rching the strata as a possible site of petroleum 

and sulphur formation , Investigations of the biota of deep­

er anaerobic layers have been all but completely i gnored by 

biolog ists a lthoug h the oxygena ted l ayers of l ake and marine 
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sands and the ana erobic l ake a nd river sediments have been 

the subject of consider able research (Fenchel, 1969 ). 

"Marine biolog i s t s traditionally ha ve cons i dered the 

"black zone" azoic as it contains toxic compounds such as 

hydrogen ·sulfide , and they have usually taken grea t care not 

to include H2S- smelling s ediments in their field sampl es ." 

(Fenchel and Riedl, 1970 ). 
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Recent work in the b iolo~y and ecology of the anaerob ic 

layers has been ca rried out and reported by the following 

scientists : Fenchel and Janss on , 1966 ; Fenchel, 1969 ; Riedl , 

1969; Fenchel , 1970 ; Ri edl and McMahan, 1970 : Riedl and Ott , 

1970. These studie s were conducted i n sands of Scandinavian 

waters a nd the Eas t coast wat ers of the Un i ted States . 

Within the s cope of thi s essay , an attempt will be made 

to characterize a nd d i scuss the major physical factors and 

dynam ics of the sulfide (a naerobic) l ayers . Special atten­

tion will be given to the biological significance of the re ­

dox-potenti al - discontinuity l ayer (RPO ) where oxidizing pro­

cesses commonly found in the uppe~ sediment~ give way to re ­

ducing processes at the r edox interface . 

Physical Factors in Mari ne Beach! Bottom Sediments 

Although the bea ch and bottom deposits a r e a vari able 

and heterogenous mixture of sand , mud , water , detrius and 

biota , a general pattern ex i sts . Variables in this pattern 

include sand particle s ize, organic c ontent , pH , sediment 

layering , redox cond i tions , biota , and others which must be 

considered to apprec i ate the complexity of the mar ine anaero-
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bic sediment ecosystem. 

Methods do exist which rather precisely quantify the 

basic physical parameters of the system . However , the causal 

inner relationships of these physical and biological charac­

ters are extremely complex and are only now being elucidated . 

Cons ider the often studied relationship between particle size 

and biolog ical interstitial inhabitants . Wieser (1 959) esta­

blished a correlation between particle size and distribution 

of specific organi sms on five Puget Sound beaches . Some 

f actor s contributing directly to particle size were : current 

activity , sedi ment mother material , slope of beach , percent 

silt or clay, tidal flux, organ ic content , degree of sorting , 

biological activity, storms , etc. These particle size , in­

fluencing factors _bring about subtle varia tions in the inter­

stitial environment which are considered to be of b i ologica l · 

sign i f i cance . 

In general , the anaerobic marine sediment biome exists 

in all bottom sediments and on gentle intertida l s lopes where 

sand or mud conditions prevail ~~d mean grain size i s small 

enough to provide high water holding capilla ri ty . · Such bea­

ches do not drain down s i gnificantly when tidal water recedes , 

thus a constant anaerobiosis prevails . Within the particulate 

material of such beaches and subtidal sediments , oxygen leve l s 

are extremely low and reducing conditions exist . One might 

expect that water currents of high oxygen content flowing 

over such sediments would introduce lamina r flow and oxygen­

ate the sands to cons iderable depth . Studies by Fenchel ( ' 69 ) 

determined a 50~ reduct ion of flow at the water-s ediment 
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interface. In sands screened to 500 microns no H20 movement 

was detectable below .5 cm . Thus in medium and fine sand , 

l aminar flow does not appear to be of great importance . 

Sands are said to be either well sorted or mixed . In 

wel l sorted sediments force s which move sand are such that 

particles of a given size are more or less found together 

in either a vertical or horizontal grada tion. Such sands 

exhibit porosity characteristics t ypical of t he ir mean gr a in 

size . Porosity is a measurement of intraparticulate space 

which in submerged strata i s occupied with water . Such well 

sorted s ubs trates typically show a poros ity between 25- 40% 

by volume, depending on the particle s hape as well as gr a in 

size . In genera l , the better sorted the sand, the higher the 

porosity . In poorly sorted sand, the mixture of small and 

larger particles res ults in a filling in of i nter stitial 

spaces by ge ometric complementat ion which results in a re­

duction of porosity . 

Permeability , the rate of flow through sediments , i s 

closely r elated to porosity . It is of gr eat est importance 

ori beaches which exhibit. lamina r flow as a result ··of wave 

action or tide activity draining down the beach slope through 

the sand . Permeability is most specifically related to sedi ­

ment properties and ca n be reduced by a factor of four in 

well sorted sand by the addition of 2 . 5% silt (Webb , 1958) . 

~- Capillarity force s are determined by s ubstrat e c6mpos i­

tion , particle s ize , sorting and molecular inter ac tion be ­

t ween the water and particle surfaces (adhes ion) . The closer 

toge ther the particl es and s maller t he particle size the 



5 

greater the capillarity forces . Capillarity is especially 

important in considerations of beach drainage . High cap­

illar ity reduces laminar flow and promotes anaerobic con­

ditions . Lentic conditions which are typical of backwaters , 

bays, sounds , subtidal and estuarine sediments promote low 

porosity and high capillarity because of their more typical 

fine t extur e sediments . 

The anaerobic b iome is world wi de in distribution and 

is much more extensive than the more frequently studied 

oxygenated l ayers . Anaerobic sediment cond itions extend 

from high water to beyond the continental slope , except in 

areas of "high energy windows" . These "windows " are defined 

as those beaches which intercept 20 to 200 metric tons of 

clean seawater per beachfront meter per day (Ri edl , 1969 ) . 

Such beaches could be termed surf str essed . Beaches which 

show significant water turbulance, poros ity and s lope con­

tain high oxygen levels during periods of high laminar flow 

but quickly r evert to conditions of low oxygen levels when 

overla id by stable water (Gord~n, 1960) . 

As one goes seaward , such intertidal oxygenated sands 

rapidly cha nge to benthic anaerobic l ayers. 

It was found by Zobell (1943) that the addition of 

pure sand to marine bacterial cultures influenced their pop­

ulation number s . He theorized that surface area was related 

to the ava ilabil ity of organic compounds . ~arine water con­

tains minute amounts of organic materials in solution and 

the availability of these compound s appear s to be enhanced 

by increas ing the surface area on which these materi a ls may 



accumulate . Hence the magnitude of interstiti a l surface 

has been i ndica ted as important to the interstitial biome . 

The surface area for a 20 cc core in sand whose mean par­

·ticl e d i ameter is JOO u is about 0 . 1 square meter . In gen-
~ eral, the smaller the sand , the gr eater~the surface area . 
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Oxygenated surface layer s a l most without exception r es t 

on an ane r obi c foundation . Thus within the vertical l ayers 

of almost any sandy beach or marine basin , a sulfide or ana­

er obic biome will be found . Such strata may be l ocated with­

i n one mm of the sur face to 1 or more me t er s deep . It is 

characterized by pH and Eh ( oxidation-reduction potential) 

r eadings which can be examined i n situ using cor e probes 

designe d by Ri edl and Ott (1970 , c orr er description in prep­

aration}. The pH of ocea nic water r anges between 8 . 1 and 8 . J 

while within the sediments pH va lues a re interre l ated with 

temperature and Eh , and a re t ypica l for each type of sedi­

ment . Eh i s measured in millivol ts and i s an expr ess i on of 

a system ' s oxidative or r educing tendency . It may be de ­

fined as the electron escaping tendency of a n oxidation-re ­

duction syst em . Thus the Eh value i s an intens i ty- factor . 

Eh values r a nge in sediment s from +350 to - 500 mV., becoming 

more r educing with depth and increasing pH va l ue . Plus Eh 

va l ues a re generally cha r acteristic of bottom deposits wh ich 

are well oxygenated , coarse and organi cally poor . Negative 

Eh va lues indica te l ayers rich in organic matter , consisting 

. of fine sediments . The Eh capacity , defined as the resis ­

t ance of a sed i ment to Eh change , first decreases with depth 
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then stabalizes at t he RPD layer then continues to decrease 

in deeper sediments . The general pattern of Eh in mari ne 

sediments thus s hows a higher res i s tance to Eh change at the 

RPD l a yer. Units of Eh .capacity are known as poise and are 

defined according to colorimetric t itra tions against milli­

equiva l ents of me thylene blue reduced per gram sedi ment 

(Z obell, 1946) . 

The H Ion and Eh nature of sedi ments are major controls 

which de t ermine t he kinds of chemical end member s with i n the 

sediment system . The environmental consequences are biolo­

gica lly significant (Krumbe in and Garrels , 1952 ). 

Vertical Zonation 

The boundaiy of the anae~obic biome is located where 

oxygen input is not sufficient to keep pace with organic 

deposition · · and subsequent decompos i tion . Thus the phy ­

sical na ture of the sediments largel y determines the depth 

of the anaerob i c or r educing l ayers . Typically the ver t i cal 

distribution of sediments whi ch include anaerobic zones can 

be described as made up of three l ayers: a top yel low layer, 

a middle gray l aye r ( RPD) , and a black layer . Within the 

top l ayer, oxygen i s abundant , decreasing with depth . Eh 

va l~es in the yellow top layer r ange between a high of +350 

to +400 mV . to about +JOO mV . decreasing with depth . The 

yellow l ayer derives its color from the presence of ferric 

iron . 

I t i s in the gray zone that reducing conditions and 

oxidative condit i ons merge . Oxygen is present in most lim-



ited amounts and r educing compounds such as H2S a r e present 

in small amounts. Eh values are diagnos tic of these con­

ditions as their indices quickly decr ease to negative val ­

ues . This l ayer, the gray zone, constitutes a newly dis­

covered interface biome . Fenchel and Riedl call it the 

.r edox- potential- discontinui ty ( RPD ) l aye r . I t i s the zone 
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of oxidative-reductive confluence . The center of the RPD is 

de fined as the flattest part of the Eh curve and its thick­

ness as one-half t he total change of Eh within a core . The 

Eh values of the RPD typically range from +JOO mV . to nega­

tive values within the gr ay (RFD ) zone . (See figure 1) Its 

organic content is t ypically between 0 . 01% and 0 . 8% with cla y 

•• 0 ♦ l,.00 .-tf,00 
.... v. '-' '-'1,-+-!.61--..,___~....,___, 

Fig . 1. Schematic representa tion of Eh and pH­
profiles and vertical distribution of some com­
pounds and ions in the vicinity of the RPD l ayer . 
Fully oxidized l ayer dotted ( from Fenchel , 1969) . 

values between 0. 5% and 5% depending largely on the amount 

of water turbulence or ."pro~ection" . 

Beneath the RPD gray layer i s the "black zone ", or "sul­

fide zone''• O~ygen levels are non existent while H2S occurs 

in large amounts . Eh va lues for the bl ack s ulfide zone a r e 

between - 100 and - 500 mV . (Z obell , 1946 ). The black colora­

tion of this l ayer i s due to the presence of iron sul f ides . 

Conditions in this l ayer are strongly r educing . 
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The marine sediments do not always exhibit the color 

bands as listed, but they are characteristic of quartz 

sands, muds, and clays. Calcareous sands typical of tro­

pical regions exhibit the physiochemical zonation but colors 

are poorly developed . Thus, with exceptions in "high energy 

windows", the three layers with their characteristic con­

ditions exist in most marine sediments. 

Changes in water currents , porosity , beach slope , per­

meability, sorting, silting , etc. may cause the upper sedi­

ment layers to compress . The RPD layer may be as little as 

millimeters beneath bottom sediments in lentic (quiet) bea­

ches and sea bottoms or meters below the surface in condi­

tions which result in high l amina r flow as on steep lotic 

bea ches. The lower limit of the black l ayer is defined by 

termination of bacterial activity and often typified by ac - ­

cumulation of poisonous compounds , disappearance of organic 

matter, by cementation and by recrystallization of the newly 

formed products of mineralization . 

RPD Vertical Mi gration 

The sediments a re not to be thought of as static in 

conditions or depth location. Water movements which bring 

about greater protection of marine deposits , as in sand spit 

building , causes the RPD to rise toward the surface . Seasonal 

changes which result in high temperatures a l so cause the RPD 

level to rise as rates of organic decomposition lowers oxy­

gen penetration reducing the oxygenated surface sediments . 

Winter storms which may expend vas t energy on mixing sand 
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layers increase oxygenation and drive the RPD layers deeper. 

However, frequently such storm activity increases t he depo­

sition of organic drift material which forces the RPD up­

ward toward the sediment surface. Photosynthetic activity 

within the upper cm introduces a circadian influence which, 

under conditions favoring a near surface RPD, results in a 

temporary daytime depression of the reducing layers during 

periods of oxygen production. 

Such minimal displ a cement, however, is quickly offse t 

by oxygen upta ke during periods of murky water or da rkness. 

Thus the RPD layer is not static but is influenced by biolo­

gical activities and non oiological processes (Gordon, 1960 ; 

Brafield, 1964 , 1965; Fenchel , 1969 ). 

Dynamics of the Sulfide Layers 

The complex chemica l and biochemical dynamics of the 

sediment l ayers are the pr oduct of a one wa y system of l ight , 

oxygen, and organic matter availability. Light pene tra tion 

into the sediment l ayers i s limited even in idea l sed i ments 

t~ approximately three cm. Organisms do exist which have a 

low compensation point enabling some productivity within the 

sediments, i. e . benthic diatoms ( Taylor, 1964) . 

Experiments were conducted by Fenchel , 1969 to deter­

mine the ext ent of sedi men t product i v i ty and oxygen bal ance 

for sediments in s itu •. Ten liter aquaria were inverted and 

forced ten cm into water-cover ed sediments forming a chamber 

enclos ing sea water and und i sturbed sed i ments , Oxygen bal­

ance within t he chamber was monitored under ideal light con-



ditions in shallow water. He found in all cases that •the 

oxygen production of photosynthesis did not replace the 

oxygen requirements for the enclosed system . This experi­

ment further indica tes that the bottom-sediment heterotro­

phic ecos ystem is based on imported organic matter; oxygen 

being suppl i ed primarily by diffus ion from the surrounding 

watery environment. 
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Aerobic organisms wh i ch occupy the surface layers 

quickly deplete oxygen l evels . Since organic input from 

depos ition of both micro and macro detritus exceeds the a ­

vailable oxygen s upply for aerobic breakdown in the sedi ments, 

most of the energy yielding biochemical reactions are anaero­

bic. Organisms do exi s t within the sediments wh i ch can con­

vert the compl ex organic s ubs tances into inorganic molecules 

with no biologically useful ener gy content . 

The convers ion of these energy rich molecules to biolo­

gical use involves several steps of degradation by organisms 

especia lly adapted in utilizing end prod~cts· of previous 

organisms . Thus , general patterns. of distribution within the 

sediments occur as each organism modifies its environment , 

providing conditions and ma teria l s acceptable to another 

trophic l evel. Since sediments are most frequently subt ende~ 

by a zone of sand-rock diagenesis , barrie r s ex i s t wh ich. pre­

vent downward escape of a ccumul a ting me t abolic end products . 

Concentra tion gradi ents occur wh ich ca use net transport of 

these end products toward the surfa ce where they a r e i mpor­

t ant in secondary productivity in the pr esence of oxygen and 

sometimes 1 i gh t . 
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Thus, general cyclic progression of b i ological activity 

occurs due to the one way input and surface escape of tran­

sient products of the marine sediment l ayers (Fenchel, 1969) , 

(See figure 2) 

-250 0 '250 500 
mV 

Fig . 2. Schematic representation of energy f l ow 
and some major microbial processes . Vertical sec­
tion through the sediment in the vicinity of the RPD 
l ayer. Oxidized area dotted . (After Fenchel, 
1969 ; modified) 

In attempting a more detailed synthes i s of the sediment 

cycles, the general color zonation of Fenchel and Riedl , ' 70 

will be followed . It must be r ealized that the many physical 

parameters previously discussed ~ill influence the compress ion 

or expansion and even the existence of these zones · in any gi­

ven sediment complex . For example , in extreme lentic con­

ditions, the anaerobic layers may extend several meters above 

the · sediment surface into the overlying stable water preclu­

ding the exi s t ence of the yellow layer in such sediments (~or­

t imer , 1'942 ; Baas, Becki ng et al ., 1957) . More frequentl y , 

the yellow and gray layers may be compressed t o l ess than . 5 

mm thickness with essentiall y a ll included metabolic processes 

being anaerobic (Fenchel , 1969) . 
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In marine sediments where the yellow (ferric ) l ayer is 

well developed, organic input results in oxidative metabolism 

by micro- organisms . Oxygen concentration is greatest at the 

sediment surface wh ere photosynthesis in sediments and dif­

fusion from adjacent oxygen- conta i ning water provides a 

source of supply . Oxygen in the yellow layer is rapidly con-

sumed, decreasing in concentration as a function of depth 

due to oxidative respiration and non biological oxi dat i on of 

reduced substanc es . Heterotrophic metabolism is controlled 

by a diminishing supply of hydrogen a cceptors as oxygen le ­

vels decrease. The presence of partia lly digested organic 

compounds and scarcity of oxygen provides conditions suitable 

for fermentation by bacteria and fung i i n which other organic 

materials act as hydrogen acceptors . This fermentation re ­

sults in furthe r reduc ing conditi ons and mor e co
2 

production. 

Changes in Eh and pH reflect the changing metabol ic 

activity. Surface Eh values of appr oximately +350 drop to 

+200 mV . within the yellow l ayer . As hydrogen ion concen­

tration i ncreases , pH drops from l evels of approximately pH 

8 at the sea substrate interface to pH 7 at the RPD , Below 

the RPD, pH values increase to approximately 9 , 5 with depth , 

N0
3 

concentration r apidly changes to more reduced forms of 

Nitrogen, N0
2 

and NH
3

, The ferrous ion (Fe+++) ind i cative 

of the yellow l ayer gradually changes to the gr ay ferric 

(Fe++) ion as biolog ical act ivity continues building redu­

cing conditions , Oxygen concentration at the bottom of a 

typica l yellow zone i s approximately , 7 mg/1 of i nter stitia l 

water , 
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. Towar d the lower limits . of the gray l ayer, oxygen. con­

centration f alls to near zero level as reflected i n Eh val­

ues which descend from +200 to zero . The Redox interface 

surrounding the zero Eh level _i s the previously defined Re ­

dox Potential Discontinuity (RPD ) l ayer. Fermentation r ea­

ches its maximum at lower limits of the gray layer in the 

RPD zone . This fe r mentation results i n maximum CO2 pro­

duction within the sediments and the production of l arge 

amounts of organic acids , a lcohols , etc . Further fermenta ­

t i on is limited by the lack of hydrogen acceptors which in­

f luence thermodynamic efficiency. 

The Eh curve (See fi gure 2) i ndicates a poising effect 

within the gray l ayer which is primarily attri buted to the 
+++ ++ el ectron absorbing capacity of the Fe ~ Fe system . 

Thus , these common i ons in this system may be thought ? fas 

poi sing agents which i nfluence the rate of Eh change within 

t he sediments (Fenchel , 1969 ; Fenchel and Riedl , 1970) . 

Below the RPD boundary the black sulfide (Iron sulfide) 

l ayers exist . The col or of the black l ayer i s caused by De ­

sulphovibrio .§..:2. • bacteria which oxidize H2 by reducing so
4 

t o H2S (Baas, Becking and Wood , 1955) . This H
2
s may then ~e 

converted to black iron sulfides ; Eh l evels below +1 00 mV . 

favor this sulfate convers ion . So central is sul fide con­

centration to Eh va lues in this zone that these values can be 

calcula ted directly from s ulfide concentration data (Zobell, 

' 46 , 1 48) . Eh values below - 250 mV . a re not reported by 

Fenchel (1 970 ) . 
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Biological activities within the black layer a r e restric­

ted to anaerobic heterotrophs and other bacteria which break 

down organic products of fermentation. These organisms uti -

lize inorganic compounds for H acceptors. Thus, N02 i s con-

verted to NH
3

, CO2 to CH
4

, Fe+++ to Fe++ and so
4 

to H
2

S making 

these products accumulate with H2 in the black layer. 

As these materials d iffus e upward from t he lower a naero­

bic black sediments where they were formed, Eh values become 

positive within the RPD l ayer . This change in redox enables 

chemautotrophic ba cteria to synthesize organic compounds from 

CO2 , using the r educed i norganic compounds as both a source 

of hydrogen and energy . 

Therefore, end products of anaerob i c respiration ar e 

linked to the new production of organic matter. These auto­

trophic reactions tend to promote higher Eh (mor e oxidative) 

conditions which support the phys ica l conditions of the upper 

sediments . Thus , chemoautotr ophic activity r esults in con­

verting NHJ to No
3

, CH4 to CO
2

, H2S to so
4

, etc . which are 

then r ecycled a s hydroge n accep~ors for d~composer s of the 

black l ayer . These s i mple metabolites act as energy car­

riers from the anaerobic to the aerobic zones wi thin marine 

sediments . 

In sediments where the RPD layer is close to the sur­

face, light and inorganic reduced metabolic products being 

available , photoautotrophic organisms such as Osc i llatoria , 

Pinnularia , a nd white , purple , and green sul fur bacteria 

carry out photoreduction of CO2 • Such organi s ms util ize 



16 

light for energy and , also, take advantage of reduced inor­

ganic compounds for an oxidizable hydrogen donor. 

Reduced inorganic· substances which do not first en­

counter chemoautotrophs or photoautotrophs are spontaneous ly 

oxidized by free oxygen if encountered , reverting to t he ir 

oxidized form. Such oxida tion results in energy loss to the 

sediment ecosystem (Fenchel, 1969). 

The work of Sorokin (1965 , ' 69) in stagnant lakes fo ­

cused the attention of marine biologi s ts not only upon the 

trophic importance of .anaerobic decompos ition but upon the 

biologica l utiliza tion of ies ulting reduced end products . The 

production which results is comparable to primary production 

because the energy source cannot be utilized by higher organ­

isms directly. However, in reality, this available energy 

is the r esult of previous photos ynthes is . 

It is of a dditional interest tha t the RPD appears to be 

the site of maximum ener gy availability to s ediment organi sms 

as evidenced by ma ximum biomass in the vicinitY, of the RPD 

l ayer . 

Convergence of materials and conditions which · contribute 

directly to the biological i mportance of the RPD are s umma ­

rized as follows : 

1. ·The co2 cycle within the sediments provides maximum r e ­

ducibl e CO2 a t the RPD l ayer. 

2 . Inorganic me t abolites of the bla ck l ayer d iffus e upwa r d 

carrying ener gy to the RPD l ayer . 

J . Envir onment conditions , brought about by oxygen d i ffu ­

s i on and a utot rophic activ ity at the RPD , maint a i n Eh 



conditions which a llow organisms to take advantage of 

available energy . 
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4. Since metabolic end products of autotrophic activities 

do not accumulate at the RPD layer , an environment per­

sists which does not limit th i s activity . 

_ 5. Highest sediment fermentation rates center on the RPD . 

This provides co2 levels for the autotrophs which supply 

organic products for anaerobic a ctivities. Further re ­

duction results in the inorganic metabolites wh ich fur­

nis h energy for secondary productivity . 

6 . Aphotic chemoautotrophs occur a bundantly throughout the 

ea rth ' s RPD and under photic conditions are assisted by 

photoautotrophs . Autotrophs carry on CO
2 

reduction r e ­

sulting in ener gy rich organic compounds. These mater ­

i als recycle into the black l ayer . 

In the "Volga Reservoirs Study" Sorokin found bacterial 

biomass and bacterial biosynthe s is to be max i mal in the RPD 

l ayer . This bacteria population supports a l a r ge populat ion 

of animals which feed on bac teri~ (Fenchel _and Riedl , 1970 ) . 

Within the final section of t hi s paper , an attempt will be 

made to summarize the present understand ing of the marine 

biological c ommunity dependent upon this energy source. 

Biology of the Oxidation - Reduction (RPD) Layer 

In _his 1957 s ummary of marine ecology , Hedgpe t h i n­

cludes a chapter by Gunnar Thorson which discusses bottom 

communities . His discussion deal s primarily with the epi­

fauna , but enough r eference is made to the i nfauna to gather 
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a l evel of under standing for the peri od . Quoting Thorson , 

"The marine l evel bottom ecol ogist i s i n a much more favor ­

abl e position; he can use the large uniform bottom flats and 

the "par allel communities " for well-founded generalizations , 

but he must not forge t the r espons ibility which this privi­

lege gives him in finding ways to fill the gap from marine 

t o terrestria l ecology ." 

The extensive i nsights provided by Fenchel , 1969 ; ~ie ­

ser and J . Kanwisher , 1961; Riedl , 1969 ; and Hansen , 1965 

into the marine microbenthos destroys the myth of a s impl e 
' 

ecosystem within the sediments . Fenchel ' s 191 page treatise 

which emphasizes the ecol ogy of marine cilia tes establishes 

clearly the specific geographical a nd vertical organization 

within the sediments and their l a ck of homogeneity wishfully 

predicted by Thorson . 

Geographica l reg ions have been well documented in the 

study of catenulids (Turbella ria ) and gnathostomulids . Not 

more than one of the sixty gnathostomulid species f ound on 

Western Atlant i c shores i s ident i _ca l to the_ twenty species 

found in Europe . Only one species of the gnathostomulid 

group ha s been r eported from both s ides of the Atl antic and 

from the Pacific (Ki rsteuer , 1964 ) . 

The exacting ana lysis of ciliate distribution dis·cussed 

in Fenchel ' 69 , pr esents a clea r case for spec i e spec ific 

vertica1 · zonation . In his Alsgarde sediment sampl e twenty­

.three organisms or groups of organisms . a re tabula t ed , ea ch 

showing d i screte depth d i s tribution dependent upon physica l 

and biolog ica l factors . Eh l eve l s and H2S concentration a r e 
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thought to be largely directive in establishing vertical d i s ­

tribution within the sediments . 

The class ica l bact eriological and physical descriptions 

of sedi ments by C. E. Zobell (1938- 1948 ) l ead the way for 

more detailed biological work . Much descriptive work has 

been done in marine sediments , but ecological work not only 

dema nds identificati on of spec ies but most laborious quanti ­

fication of the ecosystem in s itu • • 

The most successful research in this endeavor typically 

i nvolves measurement of pH and Eh foll owed by core extrac­

tion , sectioning the c ore into vertical i nte r val s , extracti on 

of organi sms from each i nterval and fina lly mi croscopic exa ­

mi nation of extract ed organisms for s pecies determination and 

digestive system content . A systemati c analysis of s and 

grains i s done for i dentification of the nonextractable forms , 

· Research into the mi crobenthos communities of the seas i s 

still at best a pioneer ing activi ty . Major work has been 

done i n European water s and on the Western Atlantic coast by 

Riedl, e t a l . Examinat ion of the. sedi ments. i s l aborious work . 

Fenchel ' s r esearch in Danish waters used the sea water i ce 

method of Uhlig (1 964 , 1966 ) which has been shown to g ive 

extraction effi cienc i es of 70 to 90% for marine ciliates 

(Fenchel , 1967 ) and 75% for ciliates, f l agell a tes , turbella r ­

i ans ( Uhl i g , 1964). The me thods are considered good for gas ­

trotrichs and archia nnelids while other groups of nematodes , 

rotifers , har pacti coids and tardegrades are less well extrac­

t ed . Fenchel found a 60% e fficiency for nematodes . It mus t 

be concluded tha t data gathered by the Uhlig method is sys -



tematically 10-20% too low compared to absolute count . 

Penetrat ion of organisms from other biotopes occurs 

mainly from the overlying oxidized layers. 
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At Hels ingor Beach , Denmark , where the oxida tive upper 

layers are well developed , data on diatom distribution has 

been determined. It was found that populations of 20 diatoms 

per 50 sand grains at the photic surface continued to 14 cm 

levels which were aphotic , reducing , having Eh of zero . These 

and other trans ient organisms appear to be facula tive anae ­

robes and aerobes whose rate of reproduction and longevity 

within the r educed l a yers continues to be largely undetermined . 

However, the net effect of such invasion into less desirable 

living conditions is an increased loca lization of potential 

energy in deeper sediments (Fenchel, 1969 ) . 

There are , however, species which prefer the oxidative- · 

reductive interface , the RPD. These belong to four of the 

five kingdoms advanced by Whittaker (1 969 ): Monera, Protista , 

Fungi and Animalia (metazoa ). 

Ma jor Monera ( procaryotic or_ganisms ) present in the RPD 

layer are the Cyanophyta , Eubacteria , and the spirochaeta . 

Dozens of species of blue - green-a l gae are represent ed 

throughout the sediment system in aphotic zones . In the 

Helsingor sediments , blue-green-al gae were found below 10 cm 

depth in an Eh of -100 mV. 

The . blue-green-algae are mostly represent a tive s of Os cil­

.l atoria which become especially dense ~hen the RPD l ayer ap­

proaches the surface and light i s available . However , in the 

Hel s ingor Beach samples , populations of 200 filaments per 0 . 01 
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cc were recorded at 8 cm depth . The highest populations of 

Oscillatoria terebriformis were found within the RPD l ayer 

at 2½ cm from the sediment surface where counts of 1200 fila ­

ments per 0 . 01 cc sediment were r ecorded in an Eh of +20 mV . 

Oscillatoria margantiferae occurs onl y to depths of 1 cm at 

_Hels ingor Beach and is thought to be more light dependent . 

It is of interest that blue-green- a l gae in these sedi­

ments show so little light dependence . The average popula­

tion through twelve cm of sediment was 4-00 filaments per o. 01 

cc sediment but a maximum of 12 , 000 filaments per 0 . 01 cc 

was found in the RPD . It is seen , therefore , that l a r ge pop­

ulations of blue-greens occur throughout the a photic s ulfide 

l ayers and appear to be l argely heterotrophic . 

The blue-green component , unlike most other interstitial 

organisms , increa ses in popul ation a nd diversity when grain · 

size , sorting , porosity and permeability decrease ; a nd as the 

RPD moves closest to the surfa ce (Fenchel and Riedl , 1970 ; 

Fenchel , 1969) • 

Euba cteria and Spirochaeta p·lay a mos t important role 

within the RPD . They provide links between aerobic photo­

synthesizers and anaerobic heterotrophs . 

Most general bacteriological r e ferences which deal with 

the marine biome refer baclc to the 1930 ' s and the work of 

C. E . Zobell and associates . It is of special inter est tha t 

his work included not only descriptive ana lysis of ba cterial 

forms but a l s o critica l ana lys i s of phys'i cal da t a . 

Zobell (1938 ) divides marine s ediment bacteria int o 



22 

three class es: Aerobic , Anaerobic , and Facul ative anaerobic . 

In his analys is of bottom sediments he concluded that neither 

dept h nor d i stance from the mainl and seemed to have any i n ­

f l uence on Bacteria of bott om depos i ts . His sampl es ranged 

from coasta l waters to 120 mi a t sea and to 2 , 009 mete r s 

deep . Zobell's data was taken off the coast of souther n Cal ­

ifornia . 

Pla ting procedures we r e used t o deter mine bacterial 

counts from core sampl es , and Eh - pH and substrate cond i t ions 

were dutifully recorded . He found in deep sea sampl es that 

the oxidative l ayer, though hard to determine , occupi ed the 

upper 1 mm to 5 mm of the sediments . Bacterial counts for 

anaerobi c and aerobic bacteria were r ecorded as follows from 

samples taken off Channel I sland , California. 
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Zobell concluded that aerob ic ba cteria below J cm depth 

were slowly dying as they settl ed into t he sediments and more 

reducing c onditions . His gr aph does i ndicate a r apid decrease 

i n Aerobic ba cteria ; however , s ince f aculative bacteria would 
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test aerobic by aerobic plating methods , it is suspected that 

many of the deep a erobes found were equally able to carry out 

normal l ife activities by anaerobic means . Counts of anaero­

bic bacteria were interpreted as dying bel ow 50 cm where pop­

ulations were = 103/g. sediment . 

Low oxidation - reduction potential retards decomposition 

of organic matter a nd prolongs the viability of ba cteria 

which multiply slowly under these conditions . At this point 

one wonders wha t becomes of bacteria which continue downward , 

escaping t he dimi nishing chance of being biolog ica lly con­

sumed . I have seen no data on this thought but conclude there 

must be an organic residue protected by deep lying , extremely 

reducing conditions . 

Zobell found bacteria were more numerous at the sea sedi­

ment interfa ce, which is also the RPD in these sedi ments . 

Smaller particle size sediments produced highest bacteria 

counts . Temperatures for sediment bacteria were found to be 

optima l a t 20 • C although deep sea sediment conditions of 

5· C simpl y reduced multiplica~i?n r a t e . These bacter i a can 

multiply at o• c. It was further found that bacteria from 

deep in the sediment l ayers were not haline sensitive and 

could live as well in fresh water mud . 

· Da t a taken by Zobell off Channel I sland , California , 

. d" t . 1 12 in ica es== 0 bacteria per gr am sediment within the RPD 

l aye r ( Zobell, 1938 , 1946 ; Zobell and D. O. Anderson , 1936 ) . 

The Bacteri a l findings of Zobell in Ca lifornia wa ters 

are cons i s tent wi th the general deta ils reported by Fenchel 

( 1969 ) , from Denmark. Although Fenchel ' s ma jor interest was 



the ecology of the ciliates , his details of the trophic 

ecology of the sediments support the findings of Zobell . 
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It is of further interest tha t Fenchel tested his gen­

eral sediment stratification findings and ecologi cal patterns 

of distribution in models he constructed in his l abor atory . 

His models wer e of several designs and only the simplest will 

be detailed here (see Fenchel , 1969) , 

Models were constructed by pl acing a small crystal of 

Na2S in a glass tube of sea water. This s ulfur compound 

served as an energy s6urce for sulfur bacteria. The tube 

was sealed at one end and closed at the other by a cotton 

plug . The system was i nocul ated by addit ion of a few drops 

of water from a natural sample of estuarine sand , He found 

in s ome cases the s upply of sulfide was too high, killing all 

orgc3:nisms i n the tube . Other tubes grew successfully fol­

lowing a phase of success i on in which growth of Thiobacillus 

and filamentous sul fur ba cteria became established . The 

growth was located some distance from the end of the tube , 

antecedent of cil i ate population~ . Slightly more compl ex 

model systems adopted f r om Baas Becking (1 925) were inocu­

l ated with drops from Niva Bay , Denmark , ~ithin 24 hours , 

the Eh of the lower parts of these tubes dropped drastically 

due · to bacterial act i vity. The Eh , over several days , fell 

to values around - 200 mV . A fluctuation of Eh followed when 

r educed compounds from the sulfide zone began to recycle into 

the upper tube l ayers causing the redox d iscontinuity layer 

to move downward. 

At the level of the RPD layer ,! O mV ,, dense masses of 
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va rious kinds of bacteria occur . Filamentous sulphur bac­

t eria , mainl y Beggiatoa wh ich appear after 2-5 days , persist 

as l ong as H
2

S is formed . Other white sulfur bacteria and 

bacteria not belonging to the sulfur cycle also occur. Dif­

fe r ent kinds of bacteria develop at di fferent l evels in the 

. t ube forming bacteri al plates or horizontal zones . Above the 

r edox discontinuity l ayer the number of bacteria decrease , 

Protozoa , Amoebae , and ciliates developed in abundance , and 

zonation by Eh was detected . The experiment just discussed 

was conducted under dark condi tions and the res ults observed 

r emained rather stable until energy sources collapsed, ter­

mi nating the community after several months . 

•similar model communities kept in the light began simi­

l ar development with bacterial plate formation composed of 

Beggia toa and other colorless bacteria with r elated fauna 

devel opment , In the following days , however , green and purple 

sulphur bacteria a nd other photosynthetic bacteria became 

i ncreasingly abundant , first at the RPD and l ater extending 

downward , The green bacteria al~ays occurred below the purple 

ones . Diatoms were present in large numbers and were even­

tually found distributed throughout the culture . The photo­

synthetic organi sms became more abundant at the expense of 

the ·nonphotosynthetic bacteria . Blue - green algae Oscilla toria 

became common and , after one month , were quite dominating , 

Since photoautotrophic organisms , in contrast t o chem o­

autotrophs , can remove reduced compounds under anaerobic 

conditions , their activity destroys the orig ina l zonation of 



the chemical factors and , subsequently , the zona tion of the 

flora and fauna . 
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I t is significant that the model systems of Tom Fenchel . 

closely exemplify through succession those conditions which 

exist in natural sediments . The bacterial distributions of 

Zobell and Fenchel ' s own finding of the RPD sys_tem is strongly 

supported by these simple models. 

Major principles supported in vit r.,o: 

1 . Max imum biomass distribution occurs at the oxidation 

reduction interface . 

2 . Recycling of deep reduced inorganic products of 

metabolism function as energy and electron sources 

for co2 reduction by CDemoautotrophic bacteria . 

3. The importance of darkness was illustrated in the 

system for the establishment of physica l-chemical ­

biological stratifications typical of the bottom 

sediments . 

~. 4 . Under oxidative conditions no typical physical - bio­

logical zonation develops as in high energy beaches . · 

Before continuing the discussion of the relative involve ­

ment of different animal groups within the sediment l a yers 

and their relationship to the RPD , it should be mentioned 

that the tota l fauna , compris ing all s i zes of ani mal s , has 

probabl~ only a modest share in the metabolic acti vity of the 

sea bottom when compared to bacteria . The use of detritus 

by animals ha s been found largely dependent upon bacteria l 

activity (Zobell , 1963; Wieser and Kanwisher , 1961; and Carey , 

1967 ) • 



Thus , the significance of bacterial distribut i on i s 

apparent as the bacterial role in energy cycles is e l u ­

c idated . Mos t frequently the energy of detritus cycles 

through bacteria to other consumers within the sediments . 

Protista 
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The protista include or ganisms wh i ch are of eucaryotic 

organization . The r educ i ng layers contain a l arge number of 

phyla. Autotrophs , s uch as euglenoids , diatoms and dinofl ag­

ellates , a r e observed in grea t numbers in the upper reduc i ng 

layers . Vertical mi gr a tions of these forms is thought to 

occur , but the ecolog ica l role of t his mi gr a tion i s not yet 

understood . 

Studies of diatom distribution in t he sedi ments were con­

ducted by Fenchel on Jul ebaek Beach , Helsingor Beach and 

from sediments of Ni va Bay. In general, viabl e diatoms were 

found to a maxi mum depth of 16 cm in the sediments . Until 

recently it was assumed tha t diatoms only occur at or close 

to the surfa ce, bu~ evidence is in hand wh i ch determi nes that 

di~toms penetrate wel l into the sedi ments . · No tide affected 

the beaches studied and peri ods of calm water persisted prior 

to Fenchel's sampling so a mechanical mixi ng of surface sed­

i ments by wa ter turbulence cannot a ccount f or t he d i atom 

. distribution . Well established Eh zonation , also , constituted 

evidence tha t the sedi ments were undisturbed . 

Sediment sampl es from Hel s ingor Beach in 1,·.ar ch and J,,ay 

showed diatom popul at ions to average 8 and J8 diatoms per 

fi fty grains of sand r espectivel y . These val ues were t a ken 
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at a depth of 12 cm and illustra ted that diatoms are not just 

surface phenomena . Much higher diatom populati on levels were 

fo~nd at these depths in Niva Bay but unfortunately , population 

dens i ty i n that study was des i gnated in arbitrary units of r ela­

tive abundance . One can onl y say from the data that populations 

at 12 cm depth were one - fourth t he maximum near surface popula­

tions i n the Bay sampl es . 

Because of the photosynthesis capab ilities of diatoms , one 

would expect maxi mum popul a tion counts at the sediment surface . 

This was frequentl y the case as in the Julebaek samples , Counts 

at the surface were four times the counts at the J cm l evel. Eh 

values ranged from +450 mV . at the surface to +J75 mV . at J cm 

and a well developed Eh stratification , also, existed to -150 mV . 

with depth . The Niva Bay sediments exhibited a well developed 

Eh strati f i cation from +450 mV . to -150 mV . at lJ cm depth . 

However , maximum populations of di atoms were found at the RPD 

l ocated between one and four centimeters deep . I n the Helsingor 

Beach sed iments in wh i ch the RPD l ayer was deeper 6 t o 9 cm , a 

combinati on of the ptevious conditions of max i mum popul ations 

was detected, 

Subsurface populations were highest at 1-4 cm but this was 

above the RPD; while within the RPD diatom populations were 

about 90% of the subsurface (possibl y light i nfluenced) maximum . 

It can onl y be concl uded from Fenchel ' s 1969 data that diatom 

popul a tions are influenced favorably by light as expected and , 

a l so , by conditions of the oxidation- reduction- discontinuity 

· (RPD) . Both l i ght influenced and RPD zones were sites of 

maximum di atom habitat ion. 

Because of their chlorophyll content, it was previously 
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assumed that diatoms found i n aphotic layers had slipped or 

mi grated downward from the photic zone . Good evi dence does 

ex i s t in support of d i atom migr a tion i n r esponse or antici­

pat ion of tide a ctivity (Callame and De byser , 1970) ; however , 

work by Lewin ( 1953 , 1963) has shovm that a number of pennate 

and centric diatoms ca n live extended periods in aphotic con­

di tions by heterotrophic mea ns . Thus , ther e is a cont roversy 

i nvolving d i atom nutrition and mode of l ife within t he sedi­

ment layers . St udi es of diatom species distribution within 

the sediments must be determined , f ollowed by study of specie 

requirements within simple model l abor a tory systems to re ­

sol ve the controversy . Because an organism conta ins chlor­

ophyll one cannot conclude tha t it i s restricted to a c t ive 

photosyn thes i s . 

Dia toms a r e i mportant within the sed i men ts for their 

pri mary production capabilities , appar ent d i stribut ion of 

food to lower sediment l ayer s , a nd their role as a ma jor 

source of food to other oreanisms, especi a lly ciliates . 

Among the flagellates impor~ant within the reducing 

sediments are the Eugl enoids a nd the Dinofl agellates . Dino­

flagella t e populations have been determined and a r e in the 

order of 1000 to 2000 indivi duals per square cm or 2g/squa r e 

mete r to depths anal yzed . 

I n fenchel's study of the ecol ogy of the marine micro­

benthos ; highest concentrat i ons of Gymnod i niurn wer e found 

in the sul f ur c ontamina ted sed i ments . These populati ons were 

often in excess of 6000 Gymnod i n i a per cm2 , frequently as ­

socia ted with purple s ulfur ba cteria in Niva Bay and also 
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abundant in Julebaek Beach where 1400 per cm2 have been 

counted. Gymnodinium appeared to be photosynthetic and was 

found close to the surface . 

I n cl ean sediments, species of Amnhidinium wer e found 

to dominate . Many of them were devoid of chloroplasts and 

. occurred at considerable depths. Flagellate populations were 

seen to fluctuate greatly and vertical migrations were strongly 

indicated . 

Euglenoids were most common in sulfur dominated sed i­

ments where interstitial wa t er contained 40 mg H2S per lite r . 

Di stributions of Dinoflagellates appear more r e l ated to 

the availability of light than to Eh . However, in the Als ­

garde sediments where maximum populations were found at 6 to 

8 cm , Eh conditions were r epresentative of the RPD . 

The extent and ecolog ica l importance of the vertical 

migrations has not been determined. Dinoflagellates and 

other flagellated protista have proven to be a major food 

source contributing energy to the ciliate populations stud ied 

by Fenchel (1 969 ). 

As previously indicated , heterotrophs a re very important 

in the sediments . Phyla l argely heterotrophic among the pro­

tista are Sarcodina , Ciliphora and Zoomastgophora . Among 

these only the ciliates .have been studied in gr eat detail 

within the sediments . They are r epresented by a few fami ­

l ies but over a dozen genera whose population dens ities of 

1000 to J0,000 individuals per 1 00 cm2 are found in this 

system . 

Fenchel (1 969 ) is a major contribut i on to understanding 
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both anaerobic and aerobic sediment sys tems . The work was 

carried out mainly in European waters where BJ quantitative 

samples were taken from a broad range of sedi ment types , 

some of which have been cited in this paper . Major atten­

tion was given by Fenchel to ciliate forms , These were ca r e ­

fully counted by species using best known techniques to pre­

serve both numerical data and physical relationshi ps wi thin 

the sediments . Non- ciliate Protista , metazoa and other or­

ganisms were counted in l ess specific gr oupings by phyl a . 

Included in his l engthy paper are charts of specie distri­

bution and ecological relationships including food prefer­

ences for over eighty- four species or generic groups of sed­

iment ciliates . A number of i mportant generalizat i ons con­

cerning sediment ecol ogy can be gathered from his work . 

Ciliates , like other or ganisms wi thin the sediments , 

have the i r own distinc t d i stributi ons . These are often quite 

speci es specific , showing optimum Eh levels with populations 

for each specie , decreasing both above and below optimum 

conditions. 
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and metazoans from '.Vrightsville (Mccrary' s) mud­
flats , North Car olina , October . l Loxophyll um 
sp ., 2 Frontonia a r enaria , 1 Pl eur onema corona­
tum, 4 Lacrynaria sp ., ..5. Remanella brunnea , §_ 
Paraspatid i um f uscum, Z Remanella mar~ar iti f era , 
.§_ Mesod i nium pupula , 2. Sonderia cyclostoma , 10 
Remanella mi nuta , 11. !1.'.e t opus contor tus , g Caen­
omorpha l eva ndri , lJ. it•:es od i n i um s p ., 1 ~- Arthro­
poda (harpacticoids , ostra c ods , halacarids ) , 15 
Oscillatoria marga nt i fer ae (about 3 s pe c ies) 12' 
Meta chromador a onyxo i des (nematodes) , 1Z Gastro­
tricha (2 species not ye t des cribed ),}]: Semae ­
ogna thia s t erreri (gnat hostomulid ), 12. Acoel a 
(turbellarian , 4 species not ye t described ) , 20 
Ters chell ingi a l on~i caudata (nema todes ) , 21 Gna-

- thos tomula mic r os tyla (gnat hostomulid ), 22 Oscil ­
l a toria t e r ebri f ormis , 24 Eubos t r i chus paras i ti­
ferus (nema t ode ) ., £5_ newma rine Catenulida ( tur ­
bellaria ns , 3 s pe c i es ) , 26 Gomphionema tvpica 
(nematode) , 27 Filiosper moidea ( 3 spe c ies gnatho­
stomul i d) , (A- orig ina l by Fenchel, 1969 ; B- ori­
gi na l by Riedl) 

Fenchel found nine genera of ciliates which con t a in 
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one or more species tha t ca n live completely in a nae robic 

environments for long periods . During the Fenchel 1969 s tu­

dy, forty-one samples (cor es) from five sites wer e anal yzed 

for H2S and species present . The contents of H2s vari ed 

from Oto 700 mg per l iter. It can be concluded f rom t h is 

that different species of ciliates in sediments show d iffer­

ent r a nge s of tolera nce to oxygen a nd H s . The ver t ica l dis -
2 

tribut i on of the animal s ma y be controlled by the distribu-

t~on of these compounds which partia lly expla ins the corre ­

l a tion between vertical distri bution and Redox profile . Many 

of the cilia tes endure or require high concent r a tions of H2s . 

Ana erobic de composers will be found in the s t rongly r e ­

ducing layers of the sediment and it seems probable tha t the 

ma jority of inhabita nts of the sulfide zone f eed on t hese 

ba cteria . 
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As previously pointed out , maximal bacterial biomass 

in most sedi ments examined by Fenchel is found within the RPD 

l ayer . It was further determi ned at five major sit es that 

46% of the total ciliate food spectrum i s composed of bac­

teria while 35~ i s composed of diatoms and flagellates . The 

values also varied due to seasonal f luctuations when· studied 

in Hel singor Beach sediments from October through August 

1966- 67. 

Within this study , major ciliates ' foods were d i atoms , 

flagellates and bacteria . ~hen bacteria decreased as a major 

food source for the ciliates , the use of the diatom- f l agel ­

l a t e r esource showed a compensational increase . Graphs of 

data from Helsingor Beach indicate that greater than 85% of 

ciliate food was composed of bacteri a , flagellat es and dia­

toms . 

Of the 34 species or genera divisions tallied a t Hels ­

ingor Beach , the following tabl e shows the distribution of 

ciliate f a una related to depth and Eh . 

depth cm . popul ation per segment Eh mV •. 

0- 3 91 +454 

3-6 61 +466 

6-9 169 +442 

9-12 526 +220 

1_2-1 5 218 +1 54 RPD 

15-18 l JO - 026 

Table 1 . 
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Fungi 

Fungi are the l east studied gr oup within the sediments . 

However, hyphae of the lower fungi a r e frequently found in 

the gut of gnathostomulids from the sulfide l ayer. Such ev­

i dence indicates that saprophytic marine fung i do occur in 

oceanic sediments . I ndeed , a ll the l ower phyla of true fungi 

(Plasmodiophoromycota , Hyphochytridiomycota , Oomycota and 

Chytridomycota ) ma y be expected to be present (Kohlmeyer , 

1966 ; Riedl , 1969 ). 

Metazoa 

The metazoa in the sulfide biome mainly include the two 

most conservative bilaterian phyla, the Platyhelminthes and 

Aschelminthes . The Platyhelminthes are represented by both 

their non-parasitic c l asses , the Turbellaria and Gnathosto­

mulida. The Aschelrninthes are mainly represente d in the sul ­

fide biome by classes Nematoda , Gastrotricha , Rotatoria and 

Oligochaeta . 

Although numerous workers have examined these organisms 

in. the sediments, most interest has been in their . identity 

and distribution as related to sediment median grain size . 

Few studies include Eh stratification which allows an analys is 

of animal d i stribution and RPD . Only the most superficial 

analysis of the metazoa and their Eh distribution is jus ti ­

fied at .this time . 

Studies by R, J , Riedl of the Wrightsville mudfl ats of 

North Carolina point up representative metazoan d i stribution 

within the sulfide biome , (See fi gure 4B ) He found Nematodes 
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to be most deeply distributed within the sulfi de system . 

Eubostrichus parasitiferus ranged from the sedi ment surface 

through the tota l depth of the sample which was 12 cm . Other 

nematode speci es showed more specialized di stribution. Meta­

chromadora onyxoides , for example, was not found below 1 . 3 

cm beneath the surface . Nematode populations ranged from 

JOO to 9 per 1/100 cc of sediment . Maximum counts for sub­

surfa ce (below 1 cm) species were found in the RPD l ayer. 

These nematode findings are typical for the me tazoans . Spe ­

cies are di stri buted in the Eh strata according to t he ir own 

requirements ; thus, there are species which must live in more 

porous oxidative sedi ments a nd those which can tol erate more 

reducing conditions . In general , the metazoa prefer more ox­

idized environments but there are species which do prefer 

sulfide sedi ments . 

Seven turbellarian species , six gnathostomulid species 

and two gastrotrich species were extracted by Riedl , c ounted 

and distributions determined in the Wrightsville mudflat 

samples. ( f i g . 4B) He found th~ metazoan species to have 

limited distributions with their major populations· in the 

RPD . The sediments were fine, conditions mil dly to severely 

anaerobic and population counts ranged from 4 to 300 i ndivi­

duals per 1/100 cc sediment . 

Fenchel and Jansson (1966 ) studied the vertical distri ­

bution of microfauna in the sediments at Asko in the Baltic 

• Sea . Sediments were not as fine as at Wrightsville , having 

a median grain diameter of 4JOr a t the surface to 2JO~at the 

2- J cm depth which was the location of the RPD . Nematoda , 
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ha rpa cticoids , rotifers, oligochaets , chironomi da larvae 

and turbella rian groups were almost ent irely located above 

the RFD in the more porous , l ess reducing sediments . Less 

~han t en percent of these metazoans were found distributed 

downward to a depth of 6- 10 cm where the Eh was - 200 mV . 

Greatest species divers i ty was found in the surface sediments . 

Popul ations were low among the metazoans in these sediments 

with total counts per cm2 of 57 to 99 . Approx i mately 25% 

of these were nematodes . 

Recent papers discussing the d i stri bution of gastro­

trichs in Florida bea ches , rotifers in Scandinavia , and tur­

bella ria i n Niva Bay indicate a modest r ole but high tro­

phic l evel within the food chain for th i s group of organisms . 

Most species of microme t azoans decrease rapidl y in pop­

ulation as r educ ing conditions of l ower sedi ments are en­

countered . Diatoms , dinaflagellates , blue - gre en a l gae and 

bacteria constitute the major food source for the common 

metazoans . ( Thane - Fenchel, 1968 , ' 70 ; Straarup , 1970) 

Sulfide System · Toxicity 

It i s obvious that those organi sms r estricted to the 

sulfide biome have physiologi cal adaptat ions wh ich enabl e 

them to survive l ack of oxygen and toxic c ond i t ions . That 

the sulfide biome i s t empor ary quarter s for organisms which 

have slipped or "dived " into the RFD and subl ayer s becomes 

more and more unlikely i n view of mount ing evidence . Noland 

and Gojdics (1967) examined 14 sulfide inhabi ting species 

of ciliates enduring more than JOO mg tt2s/ liter of inter-
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stiti a l water; nine have been cultured anaerob i cl y with HS 
2 

l evel s of 4-2 to 295 rng/li ter . 

The toxicity of NHJ and H
2

S is r e l ated to the pH con­

ditions of the sediments . Low pH l evels promote l ower tox­

i city but sedi ment pH levels sel dom go below pH 7 which occur s 

at the RPD and Eh of O mV. condi t i ons . 

centrations a re known to interfere wi th enzymes of the citric 

acid cycle and e l ectron carrier cytochrome system . No ultra 

structure s tudy has been done on invertebr ates restricted 

to the sulfide biome . Two Gnathos t omula genera have been 

examined and they do contain mitochondria , but they exist 

s l ightl y above the RPD l evel. Further r esearch is needed to 

determine the nature of the energy- t r ansforming machinery 

of the sulfide restricted organisms . 

Wi th i n the sul fide l ayers , some groups of organisms 

are cons picuous for their absence . Lacking are the higher 

fungi , Ascomycetes and Bas idiomycetes , and , in addition , 

higher plants which a r e the caryotic mul t i cellular autotrophs . 

These include all plants above -and includi ng gr een a l gae . 

Among the animal groups not pr esent in the sulfide l ayers 

are Arthropoda and many other metazoan phyla . Al mos t all 

Coelomates are mi ss ing from these l ayers . Further , many 

common types of aerobic sand fauna are absent : Turbellaria , 

Nemertini , Tardi grada , and Archiannelida . Missing a l so are 

dwarf types of Cni dari a , Ech inodermata , Asc i diacea a nd others . 

Summary 

The a naerobic sediments comprise a complicated phys ical 



and biochemica l ecosystem which may prove to be t he largest 

biome on earth . It is found underlying the earth' s waters 

J 8 

in a ll but coarse sediments overla id with turbulent water . 

Thus , this biome is t ypical of ocea ns, · l akes and estuary sed­

iments . 

Physical conditions a r e var i ed and often in a flux as 

affected by earth ' s natura l cycles and r andom atmospher ic 

events . Patterns within the a naerobic ecosystem are now 

being elucidated . 

Sediment biologi sts have found an oxidation reduction 

(Eh) conti nuum withi n the sediments which has spec i al b iolo ­

gica l significance . Within th i s conti nuum occurs a discon­

tinuity layer where oxidative surface conditions become re ­

ducing . Populat i ons of bacteria , blue - green- algae , d i atoms 

and micrometazoan organisms have been found in greater den­

sity at this sedi ment discontinuity . 

Expl anations of this b i ological distribution anomal y 

have been sought and some theori es have been advanced . 

A measure of se condary productivi ty by chemoautotrophs 

i s r egar ded as important in contributi ng to the trophic sup­

port of organism at the RPD . Such production is pr9moted 

by the physical gradients and material cycles which are bio­

l ogically ma i ntained within the sedi ment s . Organic input oc­

curs at the water-sediment surface , as does oxygen and l i ght . 

Detritus thus introduced i s acted upon by heterotrophic aerobes 

· which remove oxygen and promote anaerobic conditions . 

Availabl e oxygen i s not adequately abundant to allow 

complete aerobic breakdovm , thus fermentation is promoted . 
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Products of fermentation encounter deeper layers which are 

strongly reducing where organic compounds , the biproducts of 

fermentation, are reduced by bacteria to inorganic electron 

acceptors. These inorganic molecules provide transport of 

energy and elec trons upwa rd to the RPD where, because of 

Eh changes , che·moautotrophic bacteria can gain thermodynamic 

purchase , r educing CO
2 

to particulate organic matter . This 

organic matter contributes to the substantial biomass of the 

RPD l ayer. 

The essentia l sediment stratification i s an Bnergy phe­

nomenon built and maintained by biolog ica l activity in a 

confining environment. Experiments in model sys t ems have 

shown darkness to be required for the building and continuence 

of the RPD and assoc iated trophic relationships . If the RPD 

is nea r the surface , as in a sulfuretum, maximum production 

is at the surface as chemoautotrophs and photoautotrophs 

merge productivity . 

The concentration of potential energy at the RPD ini­

tiates a flow of energy through trophic l evels . Present ev­

idence indicates that bacteria, diatoms and flagellates con­

tribute their energy mainly to ciliate forms which are most 

numerous within the RPD . 

f'\icrometazoa generally are found higher in the sediment . . 

complex. They appear to occupy a higher trophic position 

which may enable ener gy capture from the RPD without be ing 

confined to the l ayer, 

Ciliate motility may function in this distribution , 



Many micro metazoans require more oxidative environments; 

while some , l ike the nematodes , range through all l ayers . 

40 

One of the most i nteresting f a cets of this complex eco­

system is its apparent biochemical integration . Quantitative 

chemica l research will likely elucidate this ecological 

. complexity. Most basic is the need for a more complete 

interpretation of the measured electron potentials . Enu­

meration of all types of bacteria , especially the negl ected 

anaerobic and chemoautotrophic forms from t he sediments is 

essential . Dark fixation of co2 by chemoautotrophs is not 

adequately understood. Perhaps r adio nucleids can be intro­

duced to model sediments and biochemical techniques appl i ed 

to detect energy flow patterns . 

In recent yea rs , · some t axanomic groups have been well 

studied, others r emain needing adequate investigation . 

It is obvious that "s i mple" organisms constitute the 

populations of these reducing sediments . Perhaps relation­

ships exist which are closely reminiscent of earl y life ' s 

seas and soups . It is hoped ecolog ica l rela tionships found 

here will be primary , disclosing fundamental princ i ples of 

population dynamics and specie diversity . 
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