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A b s t r a c t :  The presence of glue-like exopolymer produced by the ma­
rine benthic bacterium Alteromonas atlantica present in concentrations 
comparable with typical marine muds can enhance the yield stress of 
dilute clay-seawater suspensions typical of the sediment-water interface 
by 60%. This effect is inferred to be due mainly to bacterial attachment 
to and exopolymeric bridging between clay domains under nutrient- 
poor conditions. The relative change in the yield stress of a clay-sea­
water suspension, and by inference its erosion resistance, is dependent 
on the availability o f nutrients and the history of microbial attachment. 
This conclusion applies regardless of the constitutive model used to 
describe the behavior of the suspension under shear. Our results are 
relevant to rheological studies of fine-particie suspensions in general 
because inevitable contamination of “ abiotic”  slurries often occurs un­
der the very conditions (nutrient poor) that can result in maximal bind­
ing effects.

IN T R O D U C T IO N

M icrobes and their exudates are ubiquitous in m arine sedim ents (M ead­
ow s and Anderson 1968; D eflaun and M ayer 1983; W eaver 1989; D echo
1990). T hese  organism s can alter the m echanical properties and the erosion 
resistance o f  sedim ents, and so  influence the navigability, w ater quality, 
and geologic record o f  m arine environm ents. A lthough m icrobia! stabili­
zation o f sands has been well dem onstrated (e.g., de B oer 1981; G rant et 
al. 1986; G rant and G ust 1987; Patterson 1989; D ade et al. 1991), there 
has been surprisingly little consideration o f  m icrobial effects on the trans­
port behavior o f  clays (cf. Parchure and M ehta 1985; D ade and Now ell
1991). W e report here the first observations o f  the effects o f  a com m on 
benthic m arine bacterium , Alteromonas atlantica, on the rheology o f clay- 
seaw ater suspensions.

O ur study was specifically designed  to test the null hypotheses that A. 
atlantica has no effect on the flow behavior o f  the clay-rich suspensions 
as a function o f  either tim e o r nutrient availability. C lay-rich m uds m ake 
up a significant fraction o f  seafloor sedim ents overall, and kaolinite, the 
clay considered  here, is an im portant com ponent o f  m uds in m any estuaries 
and on continental shelves (W eaver 1989). The solids concentration o f  the 
suspensions used in our study approxim ates that in the upperm ost m illi­
m eters o f  natural, cohesive beds in subaqueous environm ents (e.g., H ayter 
1986). W e chose to exam ine the effects o f  the pseudom onad A. atlantica 
because it is a  com m on m em ber o f  natural m icrobial com m unities in shal­
low m arine sedim ents and a  prolific producer o f  exopolym er that contains 
uronic acids, the glue-like com ponent o f the exopolym er (Fazio et al. 1982; 
D ade e t al. 1991).

W e observed that bacterial activities can m easurably enhance the yield 
stress and the viscosity o f  clay-seaw ater suspensions. The yield stress de­
fines the stress required to m obilize a  cohesive suspension under shear, and 
can be related directly to  the erosion resistance o f  clay-rich, seafloor m uds 
(D ade et al. 1992). O nce a suspension is m obilized, its viscosity  reflects a 
resistance to  further deform ation under shear. Both properties are o f  interest 
to sedim entologists and engineers alike.

M E T H O D S

W e inoculated mixtures o f  tw ice-autoclaved kaolinite clay and 0.2 pim- 
filtered artificial seaw ater with Alteromonas atlantica (ATCC 19262). Each
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suspension com prised clay solids at 14% o f  its initial volum e (corresponding 
approxim ately to 370 kg o f  clay per m3), and was m aintained by vigorous 
daily m ixing until sampled. Low nutrient suspensions were generated by the 
introduction o f  bacteria alone (resulting in an overall organic content char­
acterized by 0.2  m g N and 1.2 mg C per g o f dry sediment). H igh nutrient 
suspensions were generated by the addition o f bacteria plus growth media 
(yielding 0.8 m g N and 12 mg C per g o f dry sediment). Control inocula 
were prepared identically to those for the respective treatm ents but without 
the bacterial com ponent. Once inoculated, treatm ent and control suspensions 
were adjusted to pH 8.0—8.3 w ith 0 .2  pim-filtered NaO H  and kept at 25°C.

The clay-seaw ater suspensions consisted o f kaolinite ( “ G oldart” , Cedar 
H eights C lay C o., O ak Hill, O hio) and artificial seaw ater (S igm a C hem ical 
C om pany, St. Louis, M issouri). The kaolinite clay  has a m edian diam eter 
o f  1.5 p.m, a specific surface area o f  19.8 m2 per g  o f dry sedim ent, and 
loss upon ignition am ounting to  9.3%  o f  its dry w eight (D ade 1992).

Bacterial inoculations were prepared  as follows. C ells o f  Alteromonas 
atlantica from  stock culture were grow n overnight in 6 ml o f  m arine broth 
(D1FCO, D etroit, M ichigan) at 25-30°C . O ne ml aliquots o f  the inoculated 
broth  were then added to  200 ml o f  grow th m edia (described in Dade et 
al. 1991) and incubated for an additional 4 -6  d  at 25°C w hile agitated at 
130 rpm  on a shaker table. B acteria were harvested for in troduction into 
c lay-seaw ater suspensions by centrifugation at 17,000 g for 10 min. High- 
nutrien t inocula consisted o f  concentrates o f  Alteromonas cells resuspended 
in 15 m l o f  the harvest supernatant, which contained dissolved exopolym er 
and unspent grow th m edia. L ow -nutrient inocula w ere prepared from  har­
vest concentrates by tw ice w ashing them  in 0 .2  pim -tiltered artificial sea­
w ater follow ed by reharvest and addition to  15 ml o f  filtered seaw ater.

W ithin  12 hours and then again on days 9, 30, and 51 follow ing inoc­
ulation, selected suspensions and their controls were sam pled in true rep­
licates and  subjected to  m easurem ents o f bacterial abundance (3 replicates 
from  each o f the treatm ent and control suspensions), uronic acids content 
(2 -3  replicates) and rheology (3 -4  replicates). U ronic acids w ere assayed 
with a standard m ethod (M ontreuil e t al. 1986) m odified as follow s to 
accom m odate the clay-bearing sam ples. A pellet o f  clay  plus adsorbed 
polym er generated by centrifugation was rinsed three tim es in deionized 
H 20 ,  dried overnight, ground finely, and subdivided into trip licate portions 
o f  0.5 g each. The m aterial resulting from  this procedure was rehydrated 
w ith  deionized H 20  and then hydrolyzed in  sodium  tetraborate-su lfuric  
acid . Clay was rem oved by centrifugation before addition o f a color reagent 
for polym er-com ponent uronic acids, and the acids were assayed by m eans 
o f  spectrophotom etric absorbances at 520 nm . All absorbances w ere cor­
rected fo r residual turbidity. W e report concentrations o f  exopolym er ad­
sorbed on to  m ineral particles only. T he concentrations o f  supernatant ex ­
opolym er observed in  all treatm ents and their controls were negligible,

The flow behavior o f each suspension (adjusted to  pH  8.0—8.3) w as eval­
uated with a Brookfield v iscom eter adapted for sm all sam ple volum es and 
low  shear rates o f  betw een 0,6  s - ' and 121.9 s “ 1 (see Barnes et al. 1988 
fo r an exposition  o f  the principles o f  viscom etry). T he device w as cali­
brated  before the experim ent w ith standard fluids with know n rheological 
properties (D ade 1992). N o significant flow hysteresis was detected in our 
m easurem ents o f  suspension properties. V arious m easures o f  the yield 
stress and the viscosity o f  each suspension w ere derived by analyzing the 
relationship  betw een shear stress and  shear rate in term s o f  constitutive 
m odels com m only used to  relate the  total stress in and  rate o f  strain of
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Fig. 1.— Presence  and rheological effects  o f 
the benthic  m arine bacterium , Alterom onas  
atlantica, in kao lin ite -seaw ater suspensions as 
functions o f  nu trien t loading and tim e. Solid 
sym bols indicate  observations o f  treatm ents. 
O pen sym bols indicate  contro l values in C  and 
D. V ertical bars indicate ±  1 standard  e rro r o f 
2 ^ t  true replicates recovered  from  the 
c o rrespond ing  A N O V A s. The B ingham  yield 
stresses o f  the initia l contro l suspensions fo r  the 
low -nutrient and h igh-nutrient treatm ents w ere 
0 .46  P a  and 0.25 Pa, respectively . T he  v iscosity  
o f  the contro l suspensions for bo th  treatm ents 
w as 5 cen tipo ise . A , B ) B acterial abundance per 
g o f  d ry  clay. C , D ) C oncentration  o f  adsorbed 
exopo lym er p e r g o f  d ry  clay. E , F ) R elative 
change [ =  (trea tm en t -  con tro l)lcon tro l X  
100%] in B ingham  yield stress o f  suspensions 
fo r treatm ent e ffec t and control values m easured  
a t each  tim e. G , H ) R elative change in B ingham  
viscosity  o f  suspensions delineated  at each time.

cohesive m aterials. These included B ingham , H erschel-B ulkley, and Cas- 
son flow m odels (e.g., Barnes et al. 1988; D ade and N ow ell 1991).

RESU LTS

Initial bacterial populations in both treatm ents were approxim ately  IO9 
cells per g o f dry sedim ent. T his level persisted for over 30 days, and then 
began to  dim inish at tim es approaching 2 m onths (Fig. 1). Bacteria were 
undetected in the sterile controls at all tim es. Sources o f  exopolym er in­
clude m aterial initially p resent on the clays, m aterial in troduced w ith  the 
inocula, and m aterial produced by m icrobial activities in the respective 
treatm ents. A pproxim ate balances betw een m icrobial population grow th 
and exudate production and the inevitable processes o f  decay o f  organic 
m aterials, presum ably due to enzym atic activities, can  result in standing 
stocks o f  bacterial cells and adsorbed exopolym er w hich are relatively  con ­
stant. For the first 30 d  in low -nutrient treatm ents, adsorbed exopolym er 
was apparently m aintained by ju st such a balance at approxim ately 100 p,g 
or m ore per g o f dry sedim ent in excess o f the controls. In nutrient-rich 
suspensions, how ever, the exopolym er introduced w ith  the inocula or ini­
tially present on clay particles was not m aintained by ongoing m icrobial 
production but instead system atically  decayed  over a period o f several 
weeks. O ther interpretations o f  the data sum m arized in Figure 1A -D  are 
possible, o f  course, but the key point is that these observations are consis­
ten t w ith established notions o f bacterial grow th and decay in batch culture, 
and w ith the effects o f  nutrient stress on exopolym er production by A.

atlantica in particu lar (Fazio et al. 1982; U hlinger and W hite 1983; Dade 
e t al. 1991).

T reatm ent effects on the flow behavior o f  the clay-seaw ater suspensions 
are  show n in F igure 1E-H . W e report the  relative m agnitude o f these e f­
fects, because absolute m easures o f  flow properties depend on the choice 
o f  the constitu tive model used to  describe suspension behavior. The results 
show n in F igure 1 are for B ingham  flow properties, but virtually identical 
patterns em erge, in relative term s, for any o f  the m easures o f yield stress 
and  viscosity from  the various flow m odels considered. Relative values, 
m oreover, provide the relevant m easure o f bacterial effects given that there 
was a  drift in the rheological properties o f  the control suspensions over the 
course  o f  the experim ent, ow ing in part to  the natural decay o f  any glue­
like  exopolym er initially  present in the suspension. O verall, changes in the 
flow  param eters o f  suspensions attributable to both treatm ent and tim e were 
statistically  significant (p <  0 .001, W eighted M eans M odel A N O V A  on 
yield  stress and viscosity data  rendered hom oscedastic  by, respectively, 
logarithm ic and pow er transform ations).

In particular, both the yield stress and the viscosity  o f  the low  nutrient 
treatm ents were significantly d ifferent, overall, from  the properties o f  the 
corresponding  controls (p <S 0.001, adjusted for m ultiple com parisons). 
T he yield stress o f  the inoculated suspensions increased by up to 60%  ( ±  
25% ) over that o f  the controls, w hile the v iscosity  o f  the inoculated sus­
pensions increased by up to  30% ( ±  10%). These d ifferences m anifested 
them selves in tim e betw een day 0  and day 9 (p =  0.002 in the case o f
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yield stress, and p  =  0.05 in the case o f  viscosity: both adjusted for m ul­
tiple com parisons). Tem poral changes in flow behaviors o f the treatm ents 
relative to  their controls were statistically undetectable thereafter.

In contrast, the y ield  stress o f  the nutrient-rich suspensions hosting A. 
atlantica was not significantly different, overall, from  the corresponding 
controls. At least qualitatively , however, y ield  stress o f the high-nutrient 
suspensions decreased im m ediately follow ing inoculation relative to  the 
high nutrient controls. This initial d ifference w as m irrored in the viscosity 
o f  the inoculated suspensions to a statistically significant degree (p =  0.05, 
adjusted for m ultiple com parisons).

In short, the null hypotheses— that the bacterium  Alteromonas atlantica 
has no effect on the flow behavior o f  the suspensions, and that m icrobial 
effects are independent o f tim e and nutrient availability— must be rejected. 
A  discern ib le increase in the flow resistance of nutrient-poor, clay-seaw ater 
suspensions occurs w ith tim e when the suspensions host the m icrobe A. 
atlantica in batch culture. There is, in contrast, a suggestion o f a short­
lived decrease in the flow resistance o f h igh-nutrient suspensions im m e­
diately  follow ing inoculation with A. atlantica, but these effects are only 
m arginally  significant if  at all.

D ISC U SSIO N  AND C O N C L U SIO N

W hen m otile bacteria first gain access to  attachm ent sites, settlem ent is 
reversible (M arshall et al. 1971). W hen stressed, cells com m only lose their 
m otility in tim e and attach to surfaces by way o f exopolym er secretions, 
although this behavior is by no m eans universal am ong pseudom onads (cf. 
W illiam s and W im penny 1977; U hlinger and W hite 1983; M arqués e t al. 
1986). The 0 .5 -9  d  required in our experim ents for the developm ent of 
significant increases in the flow resistance o f the inoculated, low -nutrient 
suspensions apparently corresponds to the tim e for A. atlantica to  achieve 
a  phase o f  grow th accom panied by attachm ent and exudate production. The 
attachm ent o f  bacteria and the secretion o f exopolym er are accom panied, 
in turn, by the form ation o f extensive m acrom olecular bridges betw een clay 
dom ains (B ennett et al. 1991). E xopolym er bridges sim ultaneously rein­
force and increase the volum e o f  the existing netw ork o f  cohesive particles. 
A s a result, the resistance o f a suspension to transport under shear is m eas­
urably enhanced. The sustained m icrobial effects seen qualitatively in the 
flow behavior of the nutrient-poor suspensions at day 51, even after the 
m icrobial population and exopolym er am ounts began to dim inish, m ay re­
flect the influence o f residual exopolym er.

The contrasting reduction in the flow resistance o f  c lay-seaw ater sus­
pensions im m ediately follow ing the introduction o f a relatively  high con­
centration o f nutrients and m icrobial m aterial is due to  in teractions betw een 
particles and abundant organic m aterial that suppress physicochem ical co­
hesion betw een clay grains (D ade and Now ell 1991). Clay dom ains with 
relatively thick coatings o f organic m aterial derived  from  high nutrient 
loads (and not m icrobial exopolym er), for exam ple, m ay not achieve close 
contact to  produce a strongly cohesive netw ork. W hen nutrient levels are 
high, m oreover, bacterial cells are unstressed and rem ain unbound to par­
ticle surfaces, and so produce little or no new binding exopolym er. The 
eventual breakdow n o f  in troduced or native organic m aterial ultim ately 
results in flow behavior that is com parable w ith the uninoculated, organic- 
rich controls. This interpretation is supported by our observations (not 
show n) o f the final volum etric fraction o f solids o f suspensions allow ed to 
settle  undisturbed. The presence o f A. atlantica and its exudates produced 
under low -nutrient conditions results in a space-filling netw ork o f  clay and 
exopolym er that is significantly m ore extensive, and also less dense, than 
the cohesive netw orks generated in the o ther suspensions.

O ur results should give pause to rheologists w ho pursue accurate de­
scriptions o f particle-w ater m ixtures used in industrial, engineering, and 
sedim entological settings. U nintentional but unavoidable in troduction o f 
bacteria to  such suspensions can result in significant, tim e-dependent 
changes in  suspension properties due to the low availability  o f  nutrients.

This problem  is especially acute when polyvalent cations, which enhance 
the gel-like, cohesive properties o f  m icrobial exudates (Sutherland 1983), 
a re  present, as in seaw ater. C onversely , our findings are consistent with 
long-established practices that result in m icrobial contam ination and the 
enhancem ent w ith tim e o f desirable properties o f clay slurries used in ce­
ram ic applications (Spurrier 1921).

The m ineralogy and the concentrations o f solids, organic m aterial, bac­
teria, and m icrobial exopolym er in our low -nutrient suspensions are com ­
parable to  conditions seen at the sedim ent-w ater in terface o f m any m arine 
m uds. So, although the effects we describe here are m ore subtle than those 
attributed  to  the thick m icrobial m ats that carpet sands in som e shallow  
m arine settings (N eum ann et al. 1970; Grant and G ust 1987), they are 
alm ost certainly m ore characteristic  o f typical fine-grained sedim ents in the 
sea.

Interestingly, the relative m agnitude o f cohesion enhancem ent due to A. 
atlantica in our kaolinite-seaw ater suspensions is also less than that pre­
viously reported for otherw ise noncohesive sand subjected to sim ilar treat­
m ents (Dade e t al. 1991). This difference is presum ably due to a  sim ilar 
am ount o f exopolym er distributed over a  specific surface area o f clay one 
to two orders o f  m agnitude greater than that o f  sand. In both sand and clay 
subjected  to these treatm ents the m axim al cohesive force im parted by m i­
crobial exopolym er w as about IO7 tim es the exopolym er weight. But 
w hereas bacterial exopolym er only augm ents ex isting interactions between 
cohesive particles in clay suspensions, the presence o f m icrobial exopoly­
m er in sand results in a  new, adhesive force that can contribute significantly 
to the ability o f  individual, larger and o therw ise noncohesive particles to 
resist entrainm ent by an overlying flow.

B acterial enhancem ent o f the yield  stress of the nutrient-poor clay sus­
pensions studied here is com parable to  previously reported m icrobial e f­
fects on the erosion resistance o f kaolinite  beds in laboratory flumes (Par- 
chure  and M ehta 1985). These effects are striking if  one considers that they 
can  result, as in our experim ents, from  (approxim ately) only 100 pig of 
bacterial exopolym er per g o f  dry sedim ent. This am ount is equivalen t to 
a  uniform  distribution o f 1 ng o f  exopolym er per cm 2 o f  sedim ent surface, 
o r an am ount o f  exopolym er per typical particle o f clay that is o f  the order 
o f 0.01%  o f the particle weight. The corresponding approxim ately 60%  
increase in the shear stress required to erode a  seabed com posed o f  such 
m icrobially bound clays can be significant for sedim entologists and engi­
neers w ho wish to  know  the total tim e that a threshold for sedim ent trans­
port is exceeded during diurnal or m onthly tidal cycles.

W hile natural sedim ents are m ore com plex than the sim ple system s we 
have studied so far, ou r experim ents dem onstrate that bacteria m easurably 
a ffect the flow behavior o f m arine m uds in a way that depends on nutrient 
availability  and on the history o f m icrobe-sedim ent interactions leading to 
exudate secretion. These m icrobe-sedim ent relationships, in turn, can influ­
ence geophysical and biochem ical interactions on m uch larger scales.
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