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THE ROLE OF CERTAIN INFAUNA AND VASCULAR PLANTS IN THE

MEDIATION OF REDOX REACTIONS IN MARINE SEDIMENTS
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ABSTRACT

The mechanisms by which certain animals and plants affect redox processes in sediments was examined by
studying three environments: (1) subtidal sediments dominated by the deposit-feeding polychaete Heteromas-
tus filiformis; (2) a saltmarsh inhabited by the tall form of Spartina alterniflora; (3) tropical carbonate sedi-
meats inhabited by three species of seagrasses. 3_S-sulfide production rates were compared to pool sizes of
dissolved sulfide and dissolved iron. In all of the sediments studied, rates of sulfate reduction were enhanced

by macroorganisms while the rate of turnover of dissolved sulfide increased. The polychaete enhanced microbial
activity and redox cycling primarily by subducting particles of organic matter and oxidized iron during sedi-
ment reworldng. The Spartina species enhanced anaerobic activity by transporting primarily dissolved organic
matter and oxidants. Although the final result of both animal and plant activities was the enhancement of sub-
surface cycling of sulfur and iron, decreased dissolved sulfide and increased dissolved iron concentrations, the
mechanisms which produced these results differed dramatically.

Keywords: redox cycling, sulfate reduction, porewater chemistry, bioturbation, Spartina alterniflora, tropical

seagrasses

INTRODUCTION

Plants and animals that live in or on

sedimentary environments have consid-

erable influence on the physical and chemi-

ca] conditions of these sediments. Animals

affect sediments by particle mixing due to

movements during foraging for food or es-

caping from prey (Whitlatch, 1974; Cad_e,

1976; Tevesz et al., 1980) or by the ingestion

of particles during feeding and the trans-

port of those particles to the sediment sur-

face during defecation (Rhoads, 1967;

Cad_e, 1979; Taghon et al., 1984). Fecal pel-

lets may be buried rapidly by new pellets as

they are deposited at the surface.

Animals also influence sediments

through irrigation of burrows (Atler et aI.,

1983). Both reworking and irrigation ac-

tivities can have a profound effect on the

microbiology of the sediments by transport-

ing fresh organic matter to depth (Aller and

Yingst, 1980, Hines and Jones, 1985),

breaking down aggregates which can be

colonized by microbes (Lopez and Levinton,

1978), transferring reduced compounds to

oxidizing regions (Rhoads, 1974; Hines and

Jones, 1985), and removing toxic metabo-

lites while providing nutrients (Hargrave,

1970; Aller, 1977). Bioturbation has been

reported to enhance rates of nitrification

and denitrification (Sayama and Kurihara,

1978); Kristensen et al., 1985), SO42- reduc-

tion (Aller and Yingst, 1980; Hines and

Jones, 1985) and ammonification (Aller and

Yingst, 1980).
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Bioturbation affectssedimentary chem-

istryby disruptingverticalzonationsofbio-

geochemical processes (Aller,1977, 1982;

Aller and Yingst, 1985). This results in

redox gradientswhich may be situatedhori-

zontallyand verticallyas in the case ofver-

tical,oxygenated burrows or more random-

ly as in microenvironments such as fecal

pellets(Aller,1977, 1982; Jergensen, 1977).

In general, the enhanced mixing ofoverly-

Lug water and porewater lowers the con-

centrations of most solutes in sediments.

However, redox sensitive elements which

change phases when reduced or oxidized

may display increased porewater concen-

trationsas a resultof infaunal activityand

subsurface redox cycling (Goldhaber et al.,

1977; Hines et al.,1982, 1984).

Vascular plants such as marsh grasses

and seagrasses can affect sedimentary

chemistry in a manner which issimilar to

the effectsof infauna. Although these or-

ganisms are not capable of particlemove-

ment, they influence the sediments by ac-

tivelyorindirectlytransporting solutesand

gases to the rootzone (Wetzel and Penhale,

1979; Howes et al.,1981; Mendelssohn et

al.,1981).In addition,rapid production by

these plants can provide a subsurface

source of organic matter to fuel microbial

activity.Therefore, rapid subsurface redox

cycles such as those in bioturbated sedi-

ments may be prevalent in sediments in-

habited by active plant communities. The

present communication compares sedimen-

taryredox cyclinginsediments subjectedto

activebioturbationby a subsurface deposit-

feeding polychaete totemperate sediments

inhabited by the saltmarsh grass Spartina

alterni/7oraand to tropical sediments in-

habited by a varietyof seagrasses.The net

effectof the activitiesof these fauna and

florawere similar,i.e.,enhancement ofsub-

surface anaerobic microbial activity, move-

ment of oxidants to depth in the sediments

and a rapid subsurface redox cycle of S and

Fe. However, the infauna produced these

events by transporting solid phase organic

matter and oxidants into the sediment

while the flora transported dissolved or-

ganic matter and molecular oxygen or dis-

solved oxidants.

MATERIALS AND METHODS

Sample locations

Bioturbated Site. Subtidal sediments in

a shallow area of Great Bay, New Hamp-

shire, U.S.A., were studied for several

years. This site, which has been described

by Hines and Jones (1985), is located just

below the low tide mark in a -0.7 ha cove.

Mean tidal range is -2 m and the tempera-

ture ranges from -0.5 to 25°C. The sedi-

ments are predominantly silts and clays

with a large percentage of organic aggre-

gates (Winston and Anderson, 1971). Cores

collected for a 13 month period between

1984 and 1986 were examined for macroor-

ganism content by P.F. Larsen (Bigelow

Laboratory for Ocean Sciences, unpub-

lished data) and revealed that the majorky

of the biomass in these sediments was at-

tributable to the subsurface deposit-feeding

polychaete Heteromastus filiformis. During

summer, this organism reached population
-0

sizes as high as -5000 individuals m ".

Other infaunal species (36 total) were abun-

dant but very small and restricted to the

upper 1-2 cm of the sediment.

SaltMarsh Site. Chapman's Marsh is lo-

cated near the mouth of the Squamscott

River in the upper regions of Great Bay,

New Hampshire and is described in detail
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in Hines et al. (in review). This marsh is

dominated by Spartina patens with stands

of S. alterniflora along creek and river

banks. Because of the steep slope of the

banks the S. alterniflora-in)aabited areas

are generally less than 30 m wide and in

some locations are only a few meters in

width. The area sampled contained the tall

form ofS. alterniflora which reached over 2

m in height. The transition from tall to

short S. alterniflora is abrupt and the tall

S. alterniflora occupies a major percentage

of the total S. alterniflora-containing softs.

The tidal range at the marsh is -2 m. The

soil contained relatively free grained min-

eral matter in addition to root and rhizome

material.

Tropical Seagrass Site. Samples were

collected from a shallow water site near the

NE end of San Salvador Island, Bahamas.

This location is described in Short et al.

(1985). The sediments contained relatively

free-grained carbonate material and were

inhabited by nearly pure seagrass stands of

either Thalassia testudinurn, Syringodiurn

fiIoforme, or Halodule wrightii and sedi-

ment samples were collected from all three

grasses. In addition, sediment samples

were collected from a control site with no

live seagrasses but with abundant rem-

nants of seagrass roots and rhizomes. This

control area was more affected by wave

wash than in the vegetated areas.

Sample Collection. Sediment cores from

the bioturbated site were collected using a

hand-held plexiglas box corer (Hines and

Jones, 1985). These were transported to the

laboratory with the overlying water in

place. Cores from the marsh site were col-

lected using a Wildco corer which contained

a plastic core liner and core catcher. Cores

were flushed immediately in the field with

N 2 and transported to the laboratory. Cores
from the Bahamas sites were collected by

hand using polycarbonate core liners.

These latter samples were distributed into

vessels in the field.

Porewaters from the bioturbated site

were collected by centrifuging sediment

horizons and filtering the supernatant

under N 2 (Hines et al., 1984). Porewaters

from both the marsh and tropical sites were

collected using in situ "sippers" as described

in Short et al. (1985) and Hines et al. (in

review). These devices, which are deployed

several days to weeks in advance of use, are

lysimeters made of teflon which contain a

porous teflon collar at the desired depth for

water collection. Porewater is drawn into

the sipper by application of a vacuum under

N 2. Samples are immediately filtered under

N 2 in the field and divided into storage ves-

sels anoxically. Sippers are necessary to

prevent artifacts due to the destruction of

roots during sampling (Howes et al., 1985).

Sulfate Reduction Rates. Rates of sulfate
reduction were determined using 35S ac-

cording to J_rgensen (1978) as modified by

Westrich (1983). Sediment samples were

placed into 5 cc syringes which were sealed
with serum stoppers. One pCi of 35S-S04 -2

was injected into each syringe and samples

were incubated in a dark N2-filled jar over-

night at ambient temperature. Activity was

stopped by freezing. Sulfur-35 present in

acid-volatile sulfides (AVS) was determined

by actively distilling sulfides into Zn

acetate traps as described by Hines and

Jones (1985). Chromium-reducible sulfur-

35, which represents largely pyrite and

elemental sulfur, was determined by reduc-

ing these species to sulfide by refluxing with

acidified Chromium (II) (Zhabina and
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Volkov, 1978; Westrich, 1983). Only the
AVS portion wasdeterminedin the biotur-
bated sediments.

Porewater Analyses. Sulfide was

measured colorimetrically according to

Cline (1969). Dissolved iron was deter-

mined colorimetrically using FerroZine

(Stookey, 1970). Sulfate was determined

turbidimetrically (Tabatabai, 1974).

RESULTS

Bioturbated site

Relative changes in bioturbation were

determined using X-radiographs, abundan-

ces of infauna, and changes in sedimentary

chemistry. In general, the influence of in-

faunal activity on sedimentary chemistry

commenced in June during most years and

was accompanied by an increase in rates of

SO42- reduction, an increase in the con-

centration of dissolved Fe, and a decrease

in HS- (Hines et al., 1984, 1985). Figure 1

demonstrates that dissolved Fe was abund-

ant in JEL sediments throughout sedimen-

tar-/ regions that experienced relatively

rapid rates of SO42- reduction. Dissolved

sulfide was never detected (detection limit

1-2 #M) in the upper 8-10 cm during the

summers in which bioturbation was ob-

served even though HS- production in-

creased to maximal levels during this time

(Hines et al., 1985). The variations in dis-

solved Fe depicted in Fig. 1 were probably

present at very low levels in these sedi-

ments but was maintained at undetectable

concentrations by its rapid removal by FeS

precipitation. The highest concentrations of

dissolved Fe always occurred during the

summer. For comparison, a relatively non-

bioturbated site in Great Bay did not dis-
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Fig. 1. Typical depth profile of dissolved Fe and rates
of sulfate reduction (SRR) in the bioturbated sedi-
meats during summer. Dissolved sulfide concentra-
tions were below detection (_ 2.0 p_M).

play an increase in dissolved Fe during the

summer and rates of S042- reduction were

much slower than at the bioturba_ed loca-

tion (Hines and Jones, 1985).

Salt marsh site

Above-g-round plant growth in the marsh

softs studied began in mid-June and elon-

gation ceased once the plants flowered in

early August. Sulfate reduction was very

rapid in the marsh soils and rates displayed

sharp maxima when plants were actively

elongating (Fi_. 2). Once the S. alterniflora

flowered, SO4 reduction decreased -4-

fold within a few days. Temporal changes in

SO42- reduction rates agreed well with

changes in SO42-/C1 ratios (data not

shown). However, as pointed out by Hines

et al. (in review), SO42-/C1 ratios in these
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Fig. 2. Temporal variations in sulfate reduction rate
(SRR) and concentrations of dissolved sulfide (HS-)

and dissolved Fe in the salt marsh sediments in-

habited by the tall form of Spartina alterniflora.

Values represent averages of upper 20 cm of sedi-

ment. Bar represents period when plants were active-

ly elongating above ground. The detection limit for

dissolved Fe was -0.2 p_M.

marsh sediments can only be used qualita-

tively because of the influence of vertical

and lateral groundwater movement and the

oxidation of the soils by plant activity.

Dissolved sulfide concentrations incr-
9--

eased as plant height and rates of SO 4"

reduction increased (Fig. 2). Concentra-

tions of HS- began to level near the end of

the active elongation period. After S. alter-

niflora flowered in August, the concentra-

tions of HS- increased rapidly again even

though rates of HS- production had dec-

reased dramatically. These concentrations

decreased again in the Fall.

279

Dissolved Fe concentrations were low in

these sediments when plants were elongat-

ing and decreased throughout the summer

(Fig. 2). However, Fe was always de_ecr.able

in the porewaters despite the occurrence of

mM levels of HS-.

Tropicalseagrass beds

Sulfate reduction rates were -10-fold

lower in the sediments inhabited by sea-

grasses compared to the marsh soils des-

cribed above (Fig. 3). Rates were most rapid

in sediments occupied by Halodule, and

slowest Ln sediments in_habited by Thalas-

sia. Concentrations of HS- were very low in

the control sediments but reached values >1

mM in seagrass sediments. The highest

HS- concentrations occurred in the Syrin-

godiurn beds while concentrations were

very low in the sediments inhabited by

Halodule. Iron was not measured in these

porewaters but presumably Fe concentra-

tions were very low due to the carbonate

composition of the island and of the sedi-

ments and the fact that this island in on the

outer bank of the Bahamian islands.

There was no detectable decrease in

SO42- with depth in any of the tropical sedi-
ments examined (data not shown). This

lack of SO42- depletion has been noted in

other carbonate sediments which exhibit

S042- reduction which is even more rapid

than rates noted for these Bahamian sedi-

ments (Hines and Lyons, 1982; Hines,

1985).

DISCUSSION

The production rates of HS- (SO Z- red-

uction) in the bioturbated sediments in

Great Bay were highest during the summer

when temperatures were high and the sedi-
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ments were subjectedtoactivebioturbation

(Hines and Jones, 1985).However, during

thistime ofyear, dissolvedFe was at max-

imai concentrations and HS- concentra-

tions were low or undetectable in the pore-

waters (Fig.I).Although some Fe may have

been complexed by organosulfur ligands

(Bou/egue etai.,1982),Fe cannot remain in

solution at high concentrations in the

presence of HS- production since in anoxic

sulfidicsediments the concentration ofdis-

solved Fe is controlled primarily by the

precipitationofFe sulfideminerals (Lyons,

1979).To maintain high concentrations of

dissolvedFe inthese sediments which were

experiencing rapid ratesofHS-production,

it was necessary that the appropriate

oxidants were continuously supplied tofuel

a subsurface redox cycleofFe and S which

would resultin the reduction and dissolu-

tionofFe (Hines etal.,1982).Hence, Fe(lll)

had tobe introduced intothe sediments and

reduced to Fe(ll)at a rate which was at

least fastenough to remove HS- as itwas

generated microbially.One mechanism for

providing the appropriate oxidant would be

the introduction of 0 2 into the sediments

via burrow irrigation.However, a more

plausible mechanism for the sediments

studied here can be deduced from an exami-

nation of the lifestyleof the predominant

bioturbator.

The infaunal community at JEL is

dominated on a biomass basis by the sub-

surface deposit-feedingpolychaete H. [ili-

formis. This organism is a classic "conveyor-

belt" feeder (Rhoads, 1974) which consumes

fine anoxic sediment at 8-30 cm and passes

it, through its gut, to the surface without

oxidizing the reduced material (Cad_e,

1979). Often, the fecal pellets are black

(FeS) when deposited and they are then

oxidized at the sediment surface (Cad_e,

1979). The burrows are not ventilated and

axe not surrounded by a zone of oxidation

(Pals and Pauptit, 1979). The worm is ad-

apted physiologically to life in O2-deficient

environments (Pals and Pauptit, 1979).

The movement of fecal pellets by H. fili-

formis supplied the necessary oxidants to

drive a subsurface redox cycle in the sedi-

ments studied. Reduced sediment in fecal

material was oxidized at the sediment surf-

ace chemically and/or biologically.

Additional pellet production buried the

oxidized pellets into anoxic regions where

they were reduced chemically and/or bio-

logically, thus allowing for the dissolution

of Fe. The Fe(II) produced was available for

removing HS- as FeS and HS- never ac-

cumulated in the porewaters. In this way, a

complete redox cycle of Fe and S occurred

in deeper sediments without the need for

the introduction of molecular O 2 into the

sediments. Although particle reworking

rates were not measured in these sedim-

ents, the population size of/-/, filiforrnis was

sufficient to turn over the upper 10-15 cm

of sediment several times during the sum-

mer (Cad_e, 1979; Shaffer, 1983).

If the reduction of Fe(III) occurred

chemically during HS- oxidation then the

production of FeS required two moles of

HS- for each mole of Fe since one mole of

HS- would have been consumed during the

reduction ofFe(III). IfFe reduction was due

to the use of Fe as an electron acceptor by

bacteria then FeS precipitation required

only one mole each of Fe and HS-. Iron-

reducing bacteria have been isolated from

these sediments but the extent of Fe reduc-

tion that is strictly biological is unknown

(Tugel et al., 1986).

The marsh and seagrasses studied also

affected the subsurface redox chemistry in

the sediments. One major difference be-
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TABLE 1

Calculated resident times (days) of dissolved sulfide in the various sediments studied. Values equal the

quotient of the concentration of sulfide divided by the rate of sulfate reduction

Bioturbated Marsh sediments Tropical sediments

site During growth After flowering Halodule Syringodium Thalassia control

<.0067 1.5-2.0 5.1-10 0.16 2.7 2.4 1.2

tween the effects of bioturbation in Great

Bay and the effects of the vascular plants

was that the in_faunal activities resulted in

the complete removal of HS-from solution

while considerable HS- remained in the

plant inhabited porewaters. However, com-

parisons of the HS- concentrations and

rates of SO42- reduction in the grass-in-

habited areas revealed that plant activity

had a strong influence on the redox chem-

istry of S in the sediments. The turnover

time or residence time of HS- in the pore-

waters was calculated by dividing the HS-

concentration by the rate of HS- production

or SO42- reduction (Table 1). Since the rate

measurements represent a value for the in-

cubation period only and the concentration

values are the result of previous and ongo-

ing activity in the sediments, this calcula-

tion represents only an approximation of

the reactivity of HS- in the sediments.

However, the wide range in values in Table

1 gives credence to use of these calculations

for estimating the effect of the macroor-

ganisms on S transformations.
Sulfide was not detected in the pore-

waters at the bioturbated site during sum-

mer so the HS- residence times were calcu-

lated by using the detection limit of the

method which is 2 pM (1 _mo1-1 whole sedi-

ment at 50% porosity). Therefore, the resi-

dence time of HS- during bioturbation was

<10 min. This value represents removal of

HS- by all mechanisms and is not necessari-

ly a measure of HS- oxidation.

Although the HS- concentrations in the

marsh porewaters were high, the highest

concentrations were encountered after

S042- reduction had decreased greatly.

Therefore, the calculations of HS- residence

times revealed a nearly 10-fold increase

after the plants flowered (Table 1). The

onset of flowering produced dramatic chan-

ges in the biogeochemistry of the soils in-

cluding a -4-fold decrease in SO42- reduc-

tion and an increase in HS- concentrations.

The fact that the residence time of HS- in

the porewaters increased rapidly after

flowering and was similar to values

measured after the growing season ended

(Table 1) demonstrated that the plants

were able to oxidize the soils significantly

only when they were elongating actively

above ground. Although it was not clear

whether the plant-mediated oxidation of

the soil was due to molecular O 2 or to some

other oxidized chemical species produced

biochemically (Howes et al., 1981), it seems

certain that the oxidizing agent was dis-

solved as opposed to the solid phase oxidant

present in the bioturbated sediments at

JEL. The possibility of 02 as the oxidant in

Spartina marshes has been discussed by

Boulegue et al. (1982). Even though a

decrease in residence time of HS- does not

indicate that HS- is being removed ex-
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clusively by oxidation in the soil, the intro-

duction of an oxidizing agent is required to

continually remove HS- whether removal

occurs via oxidation or precipitation as an

Fe mineral.

The result of sediment oxidation by the

S. alterniflora was not as apparent as that

noted for the bioturbated sediments. How-
2- reduction

ever, the enhancement of S04

by the plant was dramatic. The rapid in-

crease in $042- reduction that occurred

when plants were elongating above ground

could not have been due to the utilization of

solid phase organic matter. It was likely

that dissolved organic exudates produced

by the plants (Mendelssohn et al., 1981)

were responsible for fueling the majority of

SO42- reduction. The "background" rates of

-200-300 nmol ml -t d -t which occurred

before and after the occurrence of the S042-

reduction maximum were probably due to

the utilization of this solid phase material.

Therefore, in contrast to the bioturbated

sediments, when the plants were elongat-

Lug, anaerobic microbial activity was fueled

primarily by dissolved organic matter and

283

the subsurface redox cycle was sustained by

the production of dissolved oxidants.
The residence time orris- in the tropical

seagrass-inhabited sediments were similar

to those in the marsh soils. However, the

rates of SO_- reduction and the concentra-

tions of HS- were considerably less than in

the marsh soils. Halodule tended to oxidize

the soils much more than did the other _as-

ses. In fact, these sediments were the only

ones which yielded HS- residence time data

which were more rapid than the control. It

was difficult to compare residence time data

to the control since the low level of HS- and

S042- reduction in the control probably in-
creased the importance of diffusional losses

and oxidation in control sediments. The

wave activity at the control site may have

enhanced HS- removal as well. A better

control would have been obtained if vege-

tated areas had been cut to prevent photo-

synthesis. The enhancement of sediment

oxidation in seagrass-inhabited sediments

was most likely due to dissolved oxidants as

in the marsh soils. Sulfate reduction was

also most rapid in the sediments inhabited

particle transport
surface oxidation

\ .;
_:_'(_ _) _ -- Fe(ll)

HS"
_2 D D

solute transport
subsurface oxidation

Fig. 4. Summary of the net result of bioturbation and plant activities on the redox conditions of the marine

sediments studied. Both types of macroorganisms cause subsurface redox _-cling but the mechanisms utilized

are different.
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by Halodule which may indicate that this

species is active at providing oxidants and

organic exudates to the sediments. Wetzel

and Penhale (1979) demonstrated the cap-

acity of seagrasses to release organic ex-

udates from the root zone. However, the

data from these Bahamian sediments were

insufficient to determine whether S042-

reduction was fueled primarily by dissolved

(DOC) or particulate (POC) organic matter.

The net result of the occupation of the

marine sediments studied by either infauna

or flora was an enhancement of anaerobic

microbial activity measured as sulfate re-

duction and the estabhshment of a subsur-

face redox cycle which caused high dissol-

ved Fe and low HS- concentrations. This

process and the mechanisms by which these

organisms produced these changes are

summarized in Figure 4. The deposk-feed-

ing polychaeto community provided solid

phase organic matter and oxidized Fe to

subsurface sediments and were efficient at

removing HS-. Conversely, the flora

studied enhanced anaerobic activity and

maintained a subsurface redox cycle by

providing dissolved organic matter and dis-

solved oxidants to the sediments. These

HS- removal mechanisms may be impor-

tant for maintaining HS- concentrations

below levels which are toxic to macro-

organisms.
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