Vol. 13: 285-294, 1997

AQUATIC MICROBIAL ECOLOGY
Aquat Microb Ecol

Anoxic aggregates — an ephemeral phenomenon

in the pelagic environment?

Published September 11

Helle Ploug*, Michael Kiihl, Berit Buchholz-Cleven, Bo Barker Jergensen

Max Planck Institute for Marine Microbiology, Celsiusstr. 1, D-28359 Bremen, Germany

ABSTRACT: Radial microscale distributions of oxygen and pH were studied in ca 1.5 mm large
laboratory-made aggregates composed of phytoplankton detritus and fecal pellets, Microsensor
measurements were done at spatial increments down to 0.05 mm in a vertical flow system in which the
individual aggregates stabilized their posilion in the water phase according to the upward flow veloc-
ity. The aggregates were surrounded by a diffusive boundary layer with steep gradients of oxygen and
pH. They were highly helerotrophic communities both under natural light conditions and in darkness.
pH was lowered from 8.2 in the surrounding waler to 7.4 in the center of an anoxic aggregate. Sulfide
was not delectable by use of sulfide microelectrodes in anoxic aggregates, and methanogenic bacleria
could not be detected after PCR (polymerase chain reaction) amplification using archaebacterial-
specific primers. The oxygen respiration rale decreased expenentially over time with a Ty of 2.3 d.
Theoretical calculations of the volumetric oxygen respiration rate needed to deplete oxygen inside
aggregates was compared {o the density of organic matter in nalural marine aggregates. These cal-
culations showed that carbon limitation of heferctrophic processes would limit anoxic conditions to
occurring conly over a few hours, depending on the size of the aggregates. Therefore slow-growing
obligate anaerobic microorganisms such as sulfate reducing bacteria and methancgenic bacteria may

be limited by the relatively short persistence of anoxia in marine aggregates.
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INTRODUCTION

A significant portion of suspended matter in the sea
and in lakes exists in the form of rapidly sinking aggre-
gates comprised of phytoplankton and other micro-
organisms, of organic detritus, zooplankton fecal pel-
lets and inorganic particles {Alldredge & Silver 1988).
The degradation of phytoplankton detritus aggregates
is characterized by a microbial succession involving
heterotrophic hacteria and bacteriovorous protoroa
(Biddanda 1988, Biddanda & Pomeroy 1988}. Although
aggregates can reach sizes up to 75 mm in maximum
length (Alldredge & Golschalk 1988), it is not evident
from direct measurements by microelectrodes if anoxia
develeps during the concurrent decay and sedimenta-~
tion processes of marine snow comprised of diatoms
(Alldredge & Cohen 1987). Anoxia has, however, been
measured in a several miilimeter large crustacean
fecal peliet with an intact peritrophic membrane (All-
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dredge & Coehen 1987). Anoxic micreenvironments
harboring strictly anaerobic bacteria have been sug-
gested as a source for the observed methane produc-
tion in oxygenated waters {Lamontagne et al. 1973,
Sieburth 1993). Low redox potentials measured by the
use of tetrazolium salts and sulfide measured spectro-
photometrically have suggested that sulfate reduction
occurs in marine snow (Shanks & Reeder 1993). Iscla-
tion of strictly anaerobic bacteria from fresh zooplank-
ton fecal pellets and large aggregates with numerous
large fecal pellets from sediment traps {Bianchi et al.
1992) and measurements of methane fluxes associated
with sediment trap material (Karl & Tilbrook 1994)
have shown that anoxic microenvironmenis may he
present in zooplankton guis and/or sinking zooplank-
ton fecal peliets (Karl & Tilbrook 1994, Tilbrook & Karl
1993).

Here we present direct measurements of anoxic
conditions in freely sinking aggregates composed of
phytoplankton detritus and fecal pellets surrounded by
fully oxygenated seawater, The volumetric oxygen res-
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Tabie 1. List of symbols and their definitions

C (nmol cm )
C, (nmal cm™3)

Cy {(nmol em™¥)
.. (nmol co™)
D{em?sY

Concenlration

Concentraticn at the
radial distance, r

Concentration at the surface, g
Bulk waler concentration
Molecular diffusion coefficient

Effective diffusion coefficient
in an aggregate

Melecular diffusion coefficient
in seawater

Dagq, {em®s7%)

D, (em?s™)

Sopp (cm) Effective diffusive boundary layer
thickness

Ef{s™h Shear rate

¢ {cm? s7%) Energy dissipation rate

k. (cms™) Mass transport coefficient

K, (pM) IHali-saturation constant

Diffusive flux
Kinematic viscosily
Volumelric respiration rate

J{mmol em? s7Y)
n (cm? g7
R inraol crn? 57

rp {em) Surface radius

rdem) Radius at which the O,
concentration is zero

I {cm) Radius

Sh (dimensioniess) Sherwood number

Ucm sh) Sinking velocity

Q@ (nmol 57Y) Area-integrated diffusive flux

piration rates and carbon turnover times in anoxic
aggregates are analyzed with respect to the carbon
content in naturally occurring aggregates of marine
snow and fecal pellets.
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Fig. 1. A hypothetical {see text), radial oxygen distribulion

in the diffusive boundary layer (DBL) and within a 1 mm

spherical aggregate (shaded area), which is anoxic exactly at

the center under stagnant conditions. The effective DBL
thickness, 8., is shown

MATERIAL AND METHODS

Theoretical calculations. Diffusive houndary layers:
When mass transfer io a sphere proceeds only by mol-
ecular diffusion, e.g. in a diffusive boundary layer
(DBL) at the sphere-water interface, the concentration,
., at the radial distance, r, within the DBL can be
described by (Crank 1975}

Conpiny — )+ Cinlr - 1p)
r(n ~ 1)

Cr = (1)
where (4 is the concentration at the surface, 1y, C is
the concentration at the radial distance r, and p<r<r.
The radial flux of oxygen is expressed by Fick's
first law of diffusion:
J = AD\\VSIEA (2)
dr
where J is the flux of oxygen per surface area, D, is
the molecular diffusion ceefficient of oxygen in sea-
water. A list of symbols is shown in Tabie 1. The area-
integrated flux per unit time, @, through the DBL is
described by {Crank 1875):

@ = 4nD, 8

(G —C) (3)

nh—In

A hypothetical example of the radial oxygen distrib-
ution inside and around a 1 mm aggregate which is
anoxic at the very center under stagnant conditions {ry
tends te =) is shown in Fig. 1. Regarding the DBL as
an array of concentric shells, the surface area of each
sheli increases with r2. As the flux per surface area is
proportional to the radial gradient through each con-
centric shell, the radial gradient therefore decreases
with r® without & decrease in the (iotal) area-inte-
grated flux. The DBL thickness can thus be deter-
mined from the curvature of the oxygen profile as the
largest radial distance which yields the same total flux
in the water phase as the total flux at the sphere sur-
face, rp.

In mass transfer theory, DBLs have been replaced by
the mass transfer coefficient, k., which eguals the ratio
beiween the diffusion coefficient, D, and the effective
(or hiypothetical} IDBL thickness, 8. . The 8.y is defined
by extrapolating the radial oxygen gradient at the
sphere-water interface, ry, to the bulk water phase con-
centration. Thus,

Co = Cy

J = —Dw
69&.

= =K (C. - Co) (4)
where k. is the mass transport coeificient, which
equals D, /8.y . It should be noticed that this exirapola-
tion yields the same flux as Eq. (2). The mass transport
ceefficient increases with increasing flow, due to a
decrease in the DBL thickness.
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The Sherwood number, Sh, describes the increase in

mass transfer due to flow {Sherwood et al. 1975). In a
stagnant fluid:
k. 1y
D,
where I, is the radius of the sphere. However, as k.
equals the ratio of the diffusion coefficient and the
effective DBL thickness, 8, (Sherwood et al. 1975):

Sh o= =1 (5)

Sh = % =1 (6)
e,

Whereas the real DBL is infinite in a stagnant fluid, a
hypethetical DBL, 8.4, which yields an equivalent flux
of mass transfer to a sphere, thus extends to a distance
outside the sphere which is equal to the radius of the
sphere, as shown in Fig. 1. This hypothetical boundary
layer decreases inversely proportional to Sh for sinking
spheres or in a turbulent environment.

Concenlration gradients within a sphere: The flux
of oxygen and, thus, the radial gradient of oxygen
decreases towards the center of an aggregate, as oxy-
gen is consumed within the aggregate. At steady state,
the oxygen concentration inside a sphere with zero
order oxygen consumption and sphericai diffusion is
described by (Jergensen 1977):

R
BDqgq.

where Dy, is the effective diffusion coefficient of oxygen
inthe aggregate and R is the volumetric respiration rate.

The concentration at the surface, Gy, is dependent on
the volumetric oxygen respiration rate in the aggre-
gate, as the area-integrated fiux of oxygen through the
DBL at steady state is equal to the total oxygen being
consumed within the aggregate. Assuming an evenly
distributed oxygen consumption and that anoxia does
not occur, the volumetric oxyygen respiration rate is,
therefore, described by:

_dnr? Dy (C. - Cy) 3D,

h Iy Oas, (€=l 8

T

(7= 171+ Cy (%)

T a3
3 Ig Berr.

where 4nr and §nz’ are the surface area and vol-
ume, respectively, of a sphere.

Cp decreases linearly with an increase in the oxygen
uplake, I: )

Cy = —R-’f‘ﬁ%’hrcm {9)
3D,

By substitution of Eq. (9) into Eq. (7), the concentration
at the radial distance, r, inside & sphere, which is sur-
rounded by a DBL, is described by:

3 2
Cr e _E(L{‘_.{__{‘QWSEL).}.CM (10)
3\ 2D, = Dy

where the concentration exactly at the center is

-2 -
Crop = —ﬁ(miL+i‘l~§9-'&)+cm (11)
3\2D,4. Dy
which shows that the exygen concentration at the cen-
ter decreases proportionally to the volumetric respira-
lion rate, to the product of the radius of the sphere and
its DBL thickness, and to the square of the radius of the
sphere, whereas it decreases inversely proportionally
to the diffusion ceefficients in the surrounding water

and inside the aggregate.

Anoxic aggregafes: When an anoxic central part is
present in a sphere and thus all the oxygen is con-
sumed close to the surface of the sphere, R can be
described by:

dnry Dy (C.—Ch)

R = 12
%n(ﬁ}s‘l'cs] B, (12)

where r. is the radial distance from the center at which
the conceniration of oxygen is zero, and

Besr (10 — 13/ 1)
30,

Assuming zero order oxygen consumption, i.e. ignoring
the small volume of the aggregate which follows first
order kinetics (see 'Discussion’), C; is described by:

R [ w=1? ety S td/n’

Cr o=~
3 2Daqg D\\' Dw

Co = ~R +C., (13)

]+ C.  {14)

where the respiration rate needed fo create anoxia at
the radial distance r, within a sphere is described by:

i
R = 3Cm(l'02'" I " 8ot T B, I'CB/I'QZJ (15)
2Dﬂgg. Dw Dw

Aggregates. Aggregates of detritus from a zoo-
planktion cuiture, Acartia tonsa, which had been grown
on Rhodomonas baliica, were made in rolier tanks
{Shanks & Edmonson 1989). The deiritus included
phytoplankton debris, fecal pellets and carcasses. The
detritus was suspended in artificial seawater (hw Meer-
salz} of 30%, with & pH of 8.2 in the roller tanks at 23°C.,
Eight aggregates were examined per day by the use of
microelectrodes over a time period of 5 d.

Microelectrode measurements. Oxygen distributions
were measured by a Clark-type oxygen microelec-
trode with a guard cathede (Revsbech 1989) mounted
in a micromanipulator and calibrated in air-saturated
and Nj-flushed seawater. The electrode current was
measured by a picoammeter and read on a strip chart
recorder. The tip diamater was 6 pumn, the stirring sensi-
tivity was <1 %, and the 90% response time was 0.2 s,
Sulfide was measured by a ~20 um wide Ag/Ag,S
micreelectrode, as described in Revsbech & Jergensen
(1986), connected to a mV-meter, The lower detection
limit of sulfide was ~1 pM at pH 7.4 (Kihl & Jergensen
1992). The pH microelectrodes were constructed ac-
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diffusion coefficient, £ is the energy dissipation rate
and v is the Kinematic viscosity of sea water; «\':% is the
turbulent shear rate, F (57'). Pe is the Peclet number.
The equation is valid for Pe 2 1. In the surface waters of
the ocean the shear rate normally ranges from 0.1 to
1.0 57! (MacKenzie & Leggett 1991). In the presence of
turbulence with a shear rate of 1.0 57!, Sh ranges from
2.77 at neutral buoyancy to 4.59 for a 1 mm sinking
sphere (170 m d7') {cf. Eq. 14). These Sherwood num-
bers correspond to a d.q of 0.18 to 0.11 nun {cf. Eq. 6},
which is close {o the measured 8, of 0.17 mm.

The measured profiies in the aggregates of the pre-
sent study could be well described by the theoretical
distributions of oxygen in a sphere assuming a diffu-
sionr coefficient of O, inside the aggregates similar to
that in seawater and an evenly distributed respiration
of zero order (Fig. 4). The molecular diffusion coeffi-
cient of O, in mucus produced by the coleny forming
microalgae Phaeocystis sp. has recently been ex-
perimentally shown to be similar te that in seawater
(H. Ploug, W. Stolte, E. H. G. Epping & B. B. Jargensen
unpubl.). A diffusion coefficient of O, inside marine
aggregates similar to that in seawater may therefore
bhe expected as well. A lower diffusion coefficient in
the aggregates would imply steeper gradients of oxy-
gen inside the aggregates. As the spatial resolution of
oxygen measurements by microelectrodes is the same
as the tip diameter, e.g. 6 pm, and the 90% response
time was 0.2 5, anoxic ‘microzones’ with dimensions
<100 pm, e.g. formed due to a locally lower diffusion
coefficient in marine aggregates, would in principle be
detectable with the microelectrode technigue unless
surrounded by a protecling wall. We did not detect
such microzones in the present study.

The calculations of the oxygen consumptlion rates
were done assuming zero order kinetics. The hall-
saturation constant, K, for oxygen respiration is ap-
proximately 1 nM in heterotrophic microorganisms
(Focht & Verstraete 1977). An anoxic center in an ag-
gregate being immersed in oxygenated water implies
very steep oxygen gradients within the DBL and inside
the aggregate. The fraction of the aggregate (Fig. 2} in
which respiration presumably was oxygen limited was
very small, L.e. the anoxic zone of the aggregate com-
prised ca 8% of the total aggregate volume. The zone
in which O, was present at concentrations <10 pM (10-
fold K,,) and, thus, presumably followed first order
kinetics was found af the radial distance 0.225 < r <
0.350 mm, which comprised <9% of the total aggre-
gate volume, assuming spherical geometry, The error
in the calculated respiration rates introduced by as-
suming zero order kinetics was accordingly <9%.

The mass transfer resistance in the DBL surrounding
the aggregates with a mean size of 1 mm lowered the
oxygen respiration required to create anoxic condi-

tions by 33 %. The lower limit for the oxygen respira-
tion rate needed to create anoxia al the center of 1 mum
large aggregates was found at 28 nmol O, mm™ h!
(Fig. 5). Anoxia was only detected in the largest aggre-
gates, and a 0.4 mm wide zone with anoxic conditions
was measured early in the degradation process of a
1.4 mm aggregate with a volumetric oxygen respira-
tion rate of 22.1 nmol Oy mm™* h™! (Fig. 2). With a res-
piratory quotient of 1, carbon must be degraded at the
same rate, and such anexic microenvironments may
therefore rapidly become carbon limited.

Hansen & Bech (1996) found that fecal pelleis of the
copepod Acartia tonsa are mainly colonized by bacte-
rioplankton from the surrounding waters, and the bac-
terial numbers associated with fecal pellets were stable
after 150 h (ITansen et al. 1996). The exponential decay
of oxygen respiration rate in the aggregates of the pre-
sent study (Fig. 3) with a Ty, of 2.3 d indicates that the
oxygen respiration rates in these aggregates were
carbon limited and not limited by e.g. sub-optimal col-
onization by microorganisms. Studies of the bacterial
colonization and carbon degradation of fecal pellets
from A. tonsa cultures have also shown an immediale
exponential decay of fecal pellets with Ty, ranging
between 0.09 and 17.2 d at 18°C (Lee & Fisher 1992a,
Hansen et al. 1996). The observed half-time of respira-
tion in the present study was, thus, within the same
range as chserved for decomposition of zooplankton
debris at similar temperature. Ty, for phyto- and zoo-
plankten debris is up to 100-fold longer at 2 to 4°C,
which may be due io lower bacterial respiration and
growth rates (Lee & Fisher 1992, 1993). Anoxic aggre-
gates harboring methanogenic bacleria may therefore
not be expected during algal blooms at low tempera-
ture. A previous study on the micrebial pepulation
structure of marine phytodetrital macroaggregates
comprised of diatoms and Phaeocystis colonies, being
typical during algal blooms, showed that archaeal
DINA and RNA were not associated with such aggre-
gates (Delong et al. 1993). Microelectrode studies in
Phaeocystis colonies have also shown 50-fold lower
respiration rates as compared o the present study,
whereby such colonies very unlikely become anoxic
(Pleug et al. unpubl.).

DBLs and anoxia have been measured in a several
millimeter large crustacean fecal pellet attached to a
particle of marine snow (Alldredge & Cohen 1987%).
Copepod fecal pellets are, however, significantly
smaller with a long axis ranging from 88 to 168 pm,
while the short axis is approximately 40 um (Hansen et
al. 1996). Depending on the DBEL thickness, anoxic
conditions in a ‘spherical’ fecal pellet with a diameter
of 70 nm would require an oxygen respiration rate of
3.210 9.8 x 10* nmol G, mm~ h™!, assuming a diffusion
coefficient of G5 similar to that in seawater, The carbon
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content of fecal pellets pioduced by copepods is
approximately 0.060 pg C pm™, equal to 5.0 umol
C mm~* (Gonzales & Smetacek 1994). Anoxic condi-
tions occurring only at the very center would accord-
ingly predict & carbon turnover time of 0.06 d assuming
spherical geometry, maximal DBL thickness, and a
diffusion coefficient similar to that in seawater, and
require a 100% remineralization to CO,. With an ob-
served Tyn of 0.09 to 17.2 d (Lee & Fisher 1992a,
Hansen et gl, 1996} for fecal peliets which also release
DOC, such small fecal pellets would not be anoxic.
Anoxic conditions in such fecal pellets with a volu-
metric oxygen respiration rate of 22.1 nmol O, mm™>
h™l, ie. the highest measured in the present study,
would require a diffusion coefficient 100-fold less
than that ol seawater or alternatively that pQ, of the
surrounding water is reduced down to 1% of air satu-
ration.

The diffusion distance of oxygen and the accumula-
tion of organic maiter are both highly increased when
fecal pellets are trapped in marine snow. Thereby
anoxic conditions are more likely to occur as the oxy-
gen respiration rate necessary to create anoxic con-
ditions decreases 100-fold as the radius increases 10-
feld {Fig. 6}. The calculated turnover times of carbon
required to generale an anoxic center in marine
aggregates with sizes ranging from 100 pm to 1 ¢cm
were in the order of 1.5 to 34 h (Fig. 7}. As the degra-
dation process becomes carbon limited, the oxygen
consumption rate will decrease as the carbon is con-
sumed and remineralized or released as DOC. Be-
cause anoxia will prevail only until the respiration
becomes carbon limited, the calculated lime range
represents a maximum esiimate of the furnover time
of anoxic aggregates. Advective transport of oxygen
inside large porous aggregates will enhance the avail-
ability of oxygen and, thus, decrease the carbon turn-
over time of large anoxic aggregates as here calcu-
lated, assuming molecular diffusion as the only mass
transier process. The sinking velocity and the porosity
of the aggregates increase with size (Alldredge &
Gotschalk 1988), and advective transpori oxygen may
therefore be more important for mass transfer in sev-
eral mm to cm large aggregates (Logan & Alldredge
1989). Carbon turnover times in marine snow have
carlier been estimated from bacterial produciion rates
{Simon et al. 1990, Smith et al. 1992). These studies
showed carbon turnover times ranging from 20 to
1429 d. These degradation rates were, thus, 10- to
1000-foid lower than the respiratory rates necessary
to create anoxic conditions. Intense hydrolysis of par-
ticulate amino acids by bacterial ecloenzymes have
shown turnover times of 0.2 to 2.1 d for such pools
with very liltle of the hydrolysate being taken up by
the attached bacteria in marine aggregates, whereby

the nutritional value of marine aggregates rapidly
decreases {Smith et al. 1992).

I situ measurements of methane fluxes from sedi-
ment trap material have suggested that methanogenic
bacteria are associated with sinking particulate matter
(Karl & Titbrook 1984), The exact source of methane
accumulating in the traps could, however, not be
determined (Tibrook & Karl 1995). Nitrification and
methanogenesis have earlier been measured in sedi-
ment trap material composed of detrifus and fecal pel-
lets in the size range of 43 to 150 pm (Bianchi et al.
1992). Methanogenic activity associated with sediment
trap material including such fecal pellets was, how-
ever, only detectable after long incubation times of 30
to 40 d under anaerolyic conditions {Bianchi et al. 1992,
Marty 1993). By the use of archaeal-specific primers
we did not detect any methanogenic bacteria in the
anoxic aggregaies. The ephemeral anoxic state and
the very dynamic change of the oxygen microenvi-
ronment in the aggregates suggest that such micro-
environments are too unstable for the relatively slow
growth of obligatory anaerobic bacteria such as me-
thanogenic and sulfate-reducing bacteria, and it may
explain why neither archea nor sulfide was detected
inside the aggregates. Only bacteria and other micro-
organisms that can grow over a wide range of oxygen
concentration and pH may effliciently exploit such a
microenvironment rich in carbon and nutrients.

As shown in the present study, stable anoxic condi-
tions require a high and continuous carbon supply to
support the oxygen consumption rates, The methane
and sulfide production observed in oxygenated waters
may be due lo zooplankion grazing as previously sug-
gested by De Angelis & Lee (1894) and it is most likely
produced in meso- and/or macrozooplankton guts. A
continuocus passage and degradation of organic matter
and/or a strong diffusive harrier for Q5 is required to
provide stable anoxic conditions, where methanogenic
bacteria can grow.
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