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We studied the dynamics of microbial communities attached to model aggregates (4-mm-diameter agar
spheres) and the component processes of colonization, detachment, growth, and grazing mortality. Agar
spheres incubated in raw seawater were rapidly colonized by bacteria, followed by flagellates and ciliates.
Colonization can be described as a diffusion process, and encounter volume rates were estimated at about 0.01
and 0.1 cm® h™' for bacteria and flagellates, respectively. After initial colonization, the abundances of
flagellates and ciliates remained approximately constant at 10° to 10* and ~10? cells sphere™, respectively,
whereas bacterial populations increased at a declining rate to >107 cells sphere™". Attached microorganisms
initially detached at high specific rates of ~107% min~', but the bacteria gradually became irreversibly
attached to the spheres. Bacterial growth (0 to 2 day™') was density dependent and declined hyperbolically
when cell density exceeded a threshold. Bacterivorous flagellates grazed on the sphere surface at an average
saturated rate of 15 bacteria flagellate™" h™'. At low bacterial densities, the flagellate surface clearance rate
was ~5 X 1077 ecm® min~', but it declined hyperbolically with increasing bacterial density. Using the
experimentally estimated process rates and integrating the component processes in a simple model reproduces
the main features of the observed microbial population dynamics. Differences between observed and predicted
population dynamics suggest, however, that other factors, e.g., antagonistic interactions between bacteria, are
of importance in shaping marine snow microbial communities.

Marine snow aggregates form and degrade in the water
column. The degradation is to a large extent due to the activity
of attached microbes (46), which typically occur on aggregates
in abundances that are orders of magnitude higher than in the
ambient water (4, 35, 45). These microbes form diverse and
complex biofilm communities on the aggregate surface (6, 28,
50), and their species compositions are different from those of
the microbial communities in the ambient water (15, 18, 20,
40). The extensive literature on biofilms tends to focus on only
bacteria (17, 19, 30), but the biofilms of marine particles in-
clude microscopic bacterivores that potentially play important
roles in population regulation. While the population dynamics
of free-living microbes in the water column is relatively well
studied (see, e.g., reference 22), processes governing the dy-
namics of microbial populations attached to marine snow par-
ticles are still poorly known. The population dynamics of ma-
rine snow microbes are complex and dependent on several
factors, i.e., the rates of attachment, detachment, growth, and
mortality of the microbial populations, which in turn depend
on the motility of the organisms, the fluid dynamic environ-
ment of the aggregate, and complex intra- and interspecific
interactions among the organisms (grazing, competition, and
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intra- and interspecific communication, e.g., through quorum
sensing).

We have earlier developed and tested simple encounter
models to characterize the initial colonization (minutes to
hours) of model aggregates by monospecific bacterial cultures
(36). The present study is an extension of our efforts, with the
objectives to (i) describe the short-term (minutes to hours) and
long-term (days) development of natural, mixed microbial
populations on model aggregates and (ii) examine and quantify
some of the key component processes governing the dynamics
of the microbial populations, i.e., colonization, detachment,
and growth of microbes (bacteria and protists) and grazing by
protists (flagellates) on attached bacteria.

MATERIALS AND METHODS

Basic encounter and predator-prey dynamics models. The encounter and
predator-prey dynamics on aggregates can be described by a modified Lotka-
Volterra model:
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where B and F are bacterial and flagellate densities on the aggregate (number
cm™?); B’ and B, are the encounter rate kernels for bacteria and flagellates
normalized to the surface area of the aggregate (centimeters minute™!) (see
below); B, and F, are the ambient bacterial and flagellate concentrations (num-
ber centimeter 3); p and 8 are the specific bacterial growth and detachment
rates (minute '), respectively; 8, is the specific flagellate detachment rate
(minute "); py is the flagellate grazing coefficient (surface clearance rate) (cen-



VoL. 69, 2003

MICROBIAL DYNAMICS ON MARINE SNOW 3037

TABLE 1. Bacterial strains used in the experiments®

% Homology to Size

Strain Identification (by GenBank alignment) (GenBank accession no.) GenBank Width X length B
sequence (um X pm) Vol (pm?)

HP11 Microscilla furvescens (M58792) 90 1Xx35 2.7

HP15 Marinobacter PCOB-2 (AJ000647) 98 1X35 2.7

HP22 Uncultured Alpha proteobacterium (AJ18163) 94 05x2 0.4

HP33 Roseobacter sp. (Rhizobium sp. strain SDWO052 [AF345550] and/or Agrobacterium 99 0.8 x2 1.0

tumefaciens [AF388033])
TS5 Marine bacterium PP-154 (AJ296158) 99 0.8x2 1.0

“ All strains were isolated from marine snow collected in the German Wadden Sea.

timeters® minute " !); and a; = Y} X py, where Y. is the growth yield (number of
flagellate cell divisions per ingested bacterium). The model considers temporal
changes in abundances of bacteria and flagellates (left sides of the equations) as
a function of colonization (first terms on right sides of both equations), growth
(second terms), detachment (third terms), and grazing mortality of bacteria (last
term in equation 1). The encounter rate kernel between a spherical collector and
organisms with a random-walk type of motility pattern, such as many bacteria
(12) and flagellates (24), is given by (12)

B = 4mDr 3)

where D is the equivalent diffusion coefficient of the microorganisms in question
and r is the radius of the sphere. Hence, the encounter rate kernel normalized to
the surface area of the sphere is

4

We designed experiments to measure the changes in microbial populations on
model aggregates. By modifying the environmental and/or the attached microbial
communities, or by staining specific bacteria, we aim to isolate the different
component processes and estimate the various coefficients in the above equa-
tions.

Experiments. The basic experimental approach was to suspend model aggre-
gates (4-mm-diameter agar spheres [36]) on thin glass needles in seawater with
natural or manipulated microbial assemblages and then monitor over time the
changes in abundances of attached bacteria and protists (mainly heterotrophic
flagellates). We used 20-liter incubators with 100 spheres for the incubations for
long-term population dynamics (see below) and 2-liter incubators with up to 36
spheres for all other incubations. Long-term incubations with monospecific bac-
teria were conducted in a biosafety cabinet to minimize contamination. Other
experiments were conducted under nonsterile conditions. In some experiments
we added antibiotics to prevent bacterial growth (10 ml of Sigma cell culture
penicillin-streptomycin solution liter'). Duplicate to triplicate spheres were
sampled at specific time points, and the attached microbes were stained with
DAPI (4',6'-diamidino-2-phenylindole) or Sybr-Gold (Molecular Probes) and
quantified by epifluorescence microscopy (at magnifications of X1,000 for bac-
teria and X200 for protists). Free-living microorganisms were quantified by
filtering 1-ml aliquots of incubation water onto 0.2-pm-pore-size black Nucle-

pore filters and counting DAPI- or Sybr-Gold-stained cells under epifluores-
cence. In long-term incubations, the frequency of dividing cells (FDC) was
measured for both attached and free-living bacterial populations (~100 counts
per sample). Fluorescently labeled bacteria (FLB) were prepared by staining 15
ml of a dense culture (~10° cells ml~") of strain HP11 (Table 1) with 40 pl of
Sybr-Gold solution (10 pl ml™') for 2 h. The FLB were used to measure the
flagellate grazing rate (see below).

(i) Microbial populations. We used either monospecific strains of bacteria
isolated from marine particles (Table 1), natural bacterial assemblages, or nat-
ural microbial assemblages (including protists). The bacterial strains were grown
on Marine Broth (MB2216; Difco). Natural bacterial assemblages were obtained
by filtering raw seawater collected in the North Sea through glass fiber GF/F
filters; this water was subsequently stored at 4°C, and the bacteria were concen-
trated by reverse ultrafiltration immediately before use. Natural microbial as-
semblages were obtained as raw seawater samples collected off the island of
Helgoland in the North Sea. This water was collected the afternoon before use
and stored at either 8°C (in situ temperature) or 20°C. These assemblages were
used unless otherwise noted.

(ii) Incubations for long-term population dynamics. Clean agar spheres were
incubated for 2.5 to 7 days. Spheres were sampled every 3 to 8 h throughout the
experiment. In some experiments samples were collected at a higher frequency
(i.e., at 0, 10, 20, 40, 80, and 160 min) to characterize the initial colonization
process. The incubation water was changed one to four times per day to keep
ambient concentrations approximately constant. Ambient concentrations of bac-
teria, heterotrophic flagellates, and ciliates were measured immediately before
and after each water change. Experiments were conducted with monospecific
bacterial cultures (three experiments), a natural bacterial assemblage (one ex-
periment), and natural microbial assemblages (eight experiments [four at the in
situ temperature of 8°C and 4 at room temperature]).

(iii) Colonization and detachment. In long-term experiments the accumulation
of microorganisms on the agar spheres is initially dominated by colonization and
detachment, whereas growth and mortality can be ignored. For bacteria, for
example, equation 1 simplifies to dB/dt = BB, — 83B = B, = (B4'B4/35)[1 —
exp(—dpt)], and colonization and initial detachment rates can be estimated by
nonlinear regression analysis of observed changes in attached bacterial abun-
dances. A slight modification is necessary, however, because colonization cannot
be considered in steady state (see reference 36 for details). This approach is here
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FIG. 1. Examples of development of abundances of bacteria attached to model aggregates incubated in suspensions of a cultured bacterial
strain (HP15) (A) or a natural bacterial assemblage (B) in the absence of grazers. Error bars indicate standard deviations.
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FIG. 2. Changes in abundances of bacteria (A and B), flagellates (C and D), and ciliates (E and F) attached to model aggregates and in free
suspension, and FDC (G and H), at 8°C (experiment 3a) (A, C, E, and G) and 20°C (experiment 2a) (B, D, F, and H). Error bars indicate standard

deviations.

used to describe the colonization and detachment of both bacteria and flagel-
lates. Assuming that the motilities of both bacteria and flagellates can be de-
scribed as random walks and characterized by diffusion coefficients, estimates of
B’ can be translated to estimates of diffusion coefficients (equation 4).

(iv) Growth, grazing, and detachment. Three types of experiments were con-
ducted. To measure the detachment rate, agar spheres were first incubated with
monospecific bacterial suspensions for various lengths of time (60 min to several
days) and then moved to sterile seawater, and the decrease in attached bacteria
was monitored for 80 to 120 min. In sterile water and in the absence of grazers,

equation 1 simplifies to dB/dt = (n — 83)B = B, = Beexp[(n. — dp)t] =
Byexp(—3dzt), since over a short time p is negligible. Hence, the exponential
decline rate is a measure of the specific detachment rate.

In another type of experiment, we transferred agar spheres preincubated in
natural microbial assemblages for 1 to 4 days to parallel containers with either
sterile seawater or sterile seawater with antibiotics. We then monitored changes
in the abundance of attached microbes for 25 to 35 h, initially at a high sampling
frequency (minutes to hours) and later about every 8 h. In the absence of
ambient microbial populations, changes in bacterial abundance on the spheres
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FIG. 3. Initial colonization by bacteria (A to D) and flagellates (E to H) of model aggregates suspended in untreated seawater at 8°C (A
[experiment 2a], B [experiment 2b], E [experiment 2a], and F [experiment 2b]) and 20°C (C [experiment 3a], D [experiment 3b], G [experiment
3a], and H [experiment 3b]). Lines are model fits to the data. The model considers colonization and detachment of microbes and allows for
time-varying (non-steady-state) diffusive transport of microbes towards the aggregate (for details, see reference 36). Model parameters are given

in Table 2. Error bars indicate standard deviations.

are due to grazing mortality, detachment, and growth {equation 1 simplifies and
integrates to B, = Byexp[(n. —8 — pgF)t]}. Growth is prevented with the anti-
biotic treatment, and hence the decline in bacterial abundance with the antibiotic
treatment provides an estimate of the combined effect of grazing mortality and
detachment [exponential decline rate = (—3z — pgF)]. The bacterial growth rate
was estimated from the difference between the treatments with and without
antibiotics. Bacterial detachment becomes insignificant for spheres that have
been colonized by bacteria for a long time, and therefore the decline is assumed
to be governed mainly by grazing (—pzF). This maximum estimate of grazing

mortality can be combined with the observed abundance of flagellates (F) to
achieve an estimate of the flagellate grazing coefficient (py).

Additional experiments were conducted to measure the grazing mortality of
bacteria by using FLB. We first allowed agar spheres to be colonized by FLB for
3 h and then transferred the spheres to parallel containers with either sterile
seawater or seawater with natural microbial assemblages and monitored the
changes in microbial abundances (of flagellates and stained and unstained bac-
teria) for ~25 h. In one experiment we added antibiotics to prevent bacterial
growth. Flagellate grazing coefficients were estimated from the abundance of
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flagellates and the difference in the abundance of stained bacteria between the
sterile seawater and natural seawater treatments.

RESULTS

Long-term population dynamics. We first describe the over-
all long-term population dynamics of attached microorgan-
isms, and in subsequent sections we consider the component
processes. The development of attached microbial populations
was similar in all long-term experiment (Fig. 1 and 2). Bacteria
occurred in abundances of up to about 107 cells per sphere. In
experiments with natural microbial assemblages, the spheres
were colonized by large bacteria of about 1 wm in radius.
Flagellates increased to about 10 to 10* cells per sphere,
whereas ciliate abundances were at least an order of magni-
tude lower. In some cases, ciliates were too scarce to enumer-
ate. The colonizing flagellates were small (5 to 10 pm in di-
ameter).

The accumulation of bacteria on the spheres was broadly
characterized by two or three phases: an initial rapid coloni-
zation phase during the first 1 to 2 h (evident only in experi-
ments with an initially high sampling frequency; see below)
followed by a phase of approximately exponential accumula-
tion (Fig. 2A and B) and high FDC (Fig. 2G and H). When the
density reached ~107 cells sphere™!, the accumulation rate
declined (Fig. 2A), accompanied by a decrease in the FDC of
the attached bacteria (Fig. 2G and H). Thus, the changes in the
net bacteria accumulation rate were partly due to changes in
the bacterial growth rate.

Protist populations followed patterns that mostly resembled
the bacterial population developments, i.e., an initial rapid
colonization phase followed by a period of slower, near-expo-
nential accumulation. Net accumulation rates during the sub-
sequent growth phase were low for both flagellates (0.18 *
0.30 day—1) and ciliates (0.10 = 0.20 day '). In some cases the
abundance of attached protists declined towards the end of an
experiment.

Colonization and detachment rates. Colonization by mono-
specific bacterial strains is considered in detail elsewhere (36),
and we here focus only on colonization by natural microbial
assemblages. Initial colonization was monitored with suffi-
ciently high time resolutions in four experiments, but only the
bacterial and flagellate data were of sufficient quality to allow
further analysis. The initial colonization patterns were similar
for bacteria and flagellates (Fig. 3). Initial accumulation was
rapid but then leveled off due to detachment of cells. A tem-
porary quasi-steady state between colonization and detach-
ment was achieved within 1 to 2 h for bacteria and within 8 to
15 h for flagellates. Bacterial diffusion coefficients estimated
from colonization rates were similar in all treatments, i.e., 1 X
1073 to 2 X 1073 cm? min~!; diffusion coefficients for flagel-
lates were of the same order at 8°C but about 5 times higher at
20°C (Table 2). The fractional detachment rates of bacteria
varied between 1 X 1072 and 3 X 10~2 min~'; they were of
similar magnitude for flagellates at 20°C but about an order of
magnitude lower for flagellates at the lower temperature (Ta-
ble 2).

The flagellates did not physically attach to the spheres, and
their detachment rates were therefore assumed to be constant
throughout the experiments. In contrast, the bacteria may

APPL. ENVIRON. MICROBIOL.

TABLE 2. Estimates of bacterial and flagellate diffusion coefficients
(D) and specific detachment rates () in four colonization
experiments with untreated seawater as the incubation medium*

Bt Temp Dy (107 Dp(107? 3 (102 3y (102
(°C)  em’min™')  cm? min~') min~') min ")

2a 8 0.84*+018 132*0.18 1.08*=042 0.14 = 0.024

2b 8 0.72%=0.18 0.90=0.42 0.90 =0.42 0.096 = 0.036

3a 20 1.74*=036 3.90=*1.08 2.76=*0.66 0.84*0.24

3b 20 1.08=030 7.92=324 192=x=0.72 0.50 = 0.66

“ For the bacteria, the detachment rates only apply to the initial colonization
process. All results are means and standard deviations.

gradually become embedded in mucus, and the fraction of
attached cells that detach may decline with time. This can be
demonstrated with bacterial cultures: while some strains
(HP11 and T5) appeared to detach at almost constant rates
(Fig. 4A and B), other strains (e.g., HP22, HP33, and all
natural assemblages) remained permanently attached after less
than 1 day, and only recently colonized cells detached (Fig. 4C
and D). Hence, we modified the equation fitted to the obser-
vations to B, = B; + B, ,exp(—3zt), where B; and B, are
irreversibly and reversibly attached cells, respectively.

Bacterial growth rate. Bacterial growth rates were estimated
as the difference between bacterial development on precolo-
nized spheres incubated in sterile seawater with and without
antibiotics. In all six experiments, bacteria decreased nearly
exponentially on spheres incubated in antibiotic-treated water
and increased nearly exponentially on spheres incubated in
sterile water (Fig. 5). The differences in the slopes are esti-
mates of bacterial specific growth rates corrected for detach-
ment and grazing. Growth rates varied between 0.1 and 1.2
day~' among the experiments, were linearly correlated with
the FDC (Fig. 6A), and declined hyperbolically with the den-
sity of attached bacteria (Fig. 6B).

Density-dependent growth of the bacteria was also evident
from the relationship between FDC and bacterial density on
the spheres in the long-term experiments: at above a threshold
density (B*), the FDC declined with increasing cell density
(Fig. 7). Growth rates were estimated from the calibrated FDC
(Fig. 6A) and fitted to the following model (see Discussion):

B = Momax for B = B* 5)
HmaxB* *
W= B for B> B (6)

Flagellate grazing on bacteria. The exponential decay rate
for bacteria on the precolonized and antibiotic-treated spheres
in Fig. 5 provides an (upper) estimate of bacterial mortality
due to grazing. Normalizing this estimated mortality rate by
the observed density of flagellates (number centimeter ?)
yields a flagellate grazing coefficient (centimeter” flagellate ~*
min~'). The estimated grazing coefficients varied between
10~ % and 10~ 7 cm? flagellate ' min ' (Fig. 8). Flagellate graz-
ing coefficients were independently estimated as the difference
in attached FLB abundances between sterile and natural sea-
water treatments (Fig. 9A and B) divided by the number of
“flagellate-minutes” (integral of the curve in Fig. 9C). The
FLB approach yielded somewhat higher grazing coefficients
(1.5 X 1077 to 5 X 10”7 cm? flagellate ' min™").
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FIG. 4. Detachment of bacteria from precolonized model aggre-
gates following transfer of the aggregates to sterile seawater at time
zero. The aggregates had been precolonized by various bacterial
strains for different lengths of time as shown. The lines describe fits to
B, = B; + B, jexp(—3dt), where B, and B,  are irreversibly and revers-
ibly attached cells, respectively, B, is the number of attached cells at
time ¢, and d is the bacterial detachment rate. Error bars indicate
standard deviations. (A to D) Data for strains HP11, T5, HP22, and
HP33, respectively.

The large variation in the estimated flagellate grazing coef-
ficient was explained by variation in bacterial density: the graz-
ing coefficient declined with increasing bacterial density as the
flagellates became saturated (Fig. 8). As a result, the ingestion

MICROBIAL DYNAMICS ON MARINE SNOW 3041

rate (grazing coefficient X bacterial density) was almost con-
stant (15 = 4 flagellate ' h™'). We fitted an expression derived
from Holling’s disk equation to the grazing coefficient-bacte-
rial density relation:

pr=al(l1 + abB) (7)

where a is the instantaneous rate of prey discovery (i.e., grazing
coefficient at very low prey density) and b the handling time.
Estimates are ¢ = 5.0 X 1077 cm® min~ ! and » = 1.93 min.

DISCUSSION

Marine snow aggregates harbor high densities of bacteria,
whose activities modify and degrade the marine snow (4, 8, 9,
43). The buildup of bacterial biomass on marine snow also
provides a food source for bacterivores (7, 14), and dissolved
organic matter liberated from snow particles due to the activity
of attached bacteria may become important substrates even for
free-living bacteria (37). Thus, marine snow aggregates are not
only vehicles for sinking fluxes but also unique microcosms in
the water column, within which material and energy flows are
regulated by complex biological and physical processes (9, 45).
The interplay of physical, chemical, and biological factors
greatly complicates in situ studies of microbial dynamics on
marine snow aggregates. We used model aggregates to exam-
ine the component processes of attachment, detachment,
growth, and grazing mortality in a controlled laboratory setting
to achieve quantitative and mechanistic insights into the pro-
cesses governing microbial dynamics on marine aggregates.
Below we discuss the component processes as they apply to our
model aggregates and extrapolate the results to natural marine
snow aggregates.

Colonization. The observed bacterial colonization for natu-
ral bacterial assemblages agrees well with previous observa-
tions for cultivated (36) and wild (23) bacteria, and the esti-
mated bacterial diffusion coefficients are similar (D ~ 10° cm?
min~'. These estimates assume that all bacteria in suspension
are motile and will attach to encountered surfaces. In reality,
only a fraction of the free bacteria are motile, and hence our
estimates of Dy are conservative. Recent observations suggest,
however, that a dominant fraction of pelagic bacteria are in
fact motile (23, 27).

The flagellates that colonized our agar spheres were small,
5- to 10-pm-diameter heterotrophic flagellates that are appar-
ently adapted to moving and feeding on surfaces (e.g., Bodonid
flagellates), as has been reported by other investigators (16,
40). To our knowledge ours is the first study that considers
flagellate colonization of suspended particles with a high (min-
utes to hours) time resolution. The estimated diffusion coeffi-
cients for flagellates are again conservative because only a
subset of the naturally occurring flagellates are adapted to
feeding on surfaces (14), but they are consistent with diffusivi-
ties of surface-colonizing flagellates for which motility analyses
are available, e.g., Cafeteria roenbergensis (D,. estimated to be
2 X 1072 cm? min~ ' [24]).

While colonization rates are independent of the convoluted
surface and larger attachment area of natural compared to
model aggregates, sinking aggregates may be colonized up to
20 times faster than the stationary spheres considered here
because advection facilitates the transport of microbes towards
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FIG. 5. Changes in bacterial abundances on precolonized model aggregates in sterile seawater. The aggregates were transferred from long-term
incubations to sterile seawater (closed symbols) or sterile seawater plus antibiotics (open symbols) at time zero. The lines are fitted exponential
regressions. Error bars indicate standard deviations. (A to F) Data from experiments 4, 6, 11, 9, 15, and 18, respectively.

the aggregate (36, 38). In addition, dissolved organic sub-
stances released from natural aggregates may further enhance
the colonization rate of chemosensing bacteria by a factor of 2

Detachment. Both bacteria and flagellates might detach af-
ter initial attachment. Initial detachment rates for naturally
occurring bacteria are similar to those estimated for cultivated

15x10°

to 5 (37). strains (11, 36). The high detachment rates of newly attached
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FIG. 6. Growth rates of attached bacteria as a function of FDC (A) and bacterial density (B). Data are from the experiments described in Fig.
5. The fitted lines are p. = 5.63 X FDC — 1.05, where p is the bacterial growth rate (day ') (A) and a fit to equations 5 and 6 (B).
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bacteria suggest that there is a rapid exchange between at-
tached and free-living bacteria, as also reported by other in-
vestigators (25). The flagellates detached at rates that are sim-
ilar to (20°C) or lower than (8°C) the initial detachment rates
for bacteria. However, unlike the bacteria, the flagellates re-
mained freely motile on the surface and thus retained the
possibility of leaving the aggregate. This again suggests an
intense exchange between attached and free-living flagellates.

Growth of attached bacteria. Earlier studies show that the
growth rates of attached bacteria are similar to (2, 41) or
higher than (25, 26) those of free-living bacteria. In our exper-
iments, the consistently higher FDC of attached bacteria (0.1
to 0.5) relative to that of the free-living bacteria (0.05 to 0.2)
(Fig. 2) would suggest that attached cells grew at a higher rates.
There is, however, a caveat to such an interpretation: attached
cells may appear to be in division for a long time because the
separation of daughter cells is slowed by their limited motility,
whereas free-living cells can separate immediately upon cell
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FIG. 8. Flagellate grazing coefficients as a function of bacterial
density on the model aggregates. Circles, grazing coefficient derived
from rate of decline of bacteria attached to spheres transferred to
sterile seawater with antibiotics added (data from Fig. 5); squares,
grazing coefficient derived from differences between the abundance of
FLB on spheres incubated in sterile seawater and that in untreated
seawater (see Fig. 9). The line shows a fit of equation 7 to the data: p,
=5x1077/(1 + 107°B) cm? flagellate ! min~".

division. This also explains why our observed FDC for attached
cells exceeds all previously reported FDCs for bacteria,
whereas that for free-living cells conforms to earlier observa-
tions (13, 29). The highest growth rates of attached bacteria in
our experiments computed from calibrated FDC observations
were about 2 day ' (Fig. 7), which is similar to the growth rate
of free-living bacteria (average 2.3 day '). Thus, at low den-
sities, attached bacteria apparently had growth rates similar to
those of the free-living bacteria.

Our direct measurements of bacterial growth rate are con-
servative, however, since a certain fraction of daughter cells
may detach upon cell division and are not included in our
growth estimates. Batty et al. (11) found that 75 to 97% of the
progeny of attached cells emigrate, and Jacobsen and Azam
(33) found a similarly high detachment of daughter cells from
bacteria attached to copepod fecal pellets. Thus, our estimated
growth rates must be considered net rates.

The observed density dependence of bacterial growth may
be due to competition for limiting resources, such as oxygen.
The diffusive supply of oxygen to a stationary sphere implies a
maximum aerobic cell production rate of 1.65 X 10* cells
min~ ' if a growth efficiency of 0.5 is assumed (25a). Therefore,
the maximum abundance of bacteria growing at a maximum
rate of 1.4 X 107 min~'is 1.2 X 107 cells sphere !, which is
similar to that observed (Fig. 7). These considerations are
consistent with the model fitted to the growth observations
(equations 5 and 6).

For a sinking aggregate, the oxygen supply is increased due
to advection, e.g., by a factor of ca. 10 in a 0.4-cm aggregate
that sinks at a typical velocity (38). Thus, the threshold density
will be an order of magnitude higher, ca. 10% bacteria per
aggregate, before the bacteria will experience oxygen limita-
tion. Typical bacterial abundances on 0.4-cm aggregates are
about 10° bacteria (35); thus, on natural aggregates the bacte-
ria are less likely to experience oxygen limitation (42) but more
likely to experience substrate limitation or growth inhibition
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FIG. 9. (A) Changes in abundances of Sybr-Green-stained bacteria
attached to model aggregates suspended in sterile seawater or un-
treated seawater. Agar spheres were precolonized by stained bacteria
(strain HP11) for 3 h and then transferred to the incubation medium
at time zero. (B) Cumulative number of grazed stained bacteria ob-
tained as the difference in numbers of stained bacteria on spheres in
sterile and untreated seawater. (C) Changes in abundance of attached
flagellates on spheres in untreated seawater. Error bars indicate stan-
dard deviations.

due to antagonistic substances produced by neighboring cells
(39).

Flagellate grazing on attached bacteria. We used two meth-
ods to estimate flagellate grazing rates on attached bacteria,
both of which had limitations because the estimates were de-
rived from relatively small differences in bacterial abundances
between treatments with and without grazers. One of the
methods provides maximum estimates because it ignores other
loss factors (detachment and grazing by ciliates) and may be
biased due to the addition of antibiotics that may influence
flagellate grazing rates. However, the two methods yield con-
sistent estimates that are comparable with previous estimates
of grazing rates on attached bacteria (7, 31, 47). In the only
other study of flagellate grazing on marine snow bacteria, Ar-
tolozaga et al. (7) found that the unsaturated grazing rates for
5- to 10-wm-diameter flagellates (Bodo, Jakoba, and Rhyn-
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chomonas) were 1 to 10 bacteria flagellate” ' h™' and that the
grazing rates increased with bacterial density. Several investi-
gators have estimated the grazing mortality of bacteria
attached to sediments. Thus, Hammels et al. (31) found that 5-
to 9-wm-diameter flagellates consume 5 to 25 bacteria flagel-
late ™! h™*, and Starink et al. (47) derived an empirical model
that predicts that a 5-pm-diameter flagellate would ingest 24
bacteria h™'. Overall, these estimates are consistent with our
estimate of a saturated grazing rate of ca. 15 bacteria flagel-
late ' h™'.

Flagellate growth rate and growth yield. The flagellate graz-
ers had a biovolume that was 27 to 64 times that of the bac-
teria. Assuming a gross growth efficiency of 0.4 based on bio-
volume (21, 44, 49), the flagellates would divide once per 70 to
160 bacteria eaten and have a growth yield, Y., of 0.6 X 1072
to 1.4 X 1072, consistent with observed growth yields for de-
posit-feeding flagellates (51). Combining the estimated growth
yield and the observed average saturated ingestion rate of 15
bacteria flagellate ' h™"' yields an estimated maximum flagel-
late growth rate of 0.06 to 0.15 h™', which is similar to or
slightly less than the maximum growth rates for pelagic flagel-
lates (21).

Dynamics of attached microbial communities. Above we
have considered separately each of the component processes
that govern the dynamics of attached microbial populations.
We now reassemble the pieces by modifying equations 1 and 2
with the insights achieved above. These insights are (i) that
bacterial growth and flagellate grazing are dependent on bac-
terial density on the aggregates and (ii) that bacteria gradually
become irreversibly attached. Changing equations 1 and 2 ac-
cordingly gives

dB,
dr =B'uBs+ (0 — 8 — v)B, — piB,F (8)
dBl'
dr = YB, + wB; — peBiF )
dF
dar B'pF4 + ap(B, + B)F — 8;F (10)

where vy is the specific rate at which reversibly attached bacte-
ria become irreversibly attached. Using equations 8 to 10 and
the above estimates of the various coefficients and relations
(Table 3), we can now simulate the dynamics of the attached
bacteria and flagellate populations (Fig. 10). Since we do not
know the rate at which attached bacteria become irreversibly
attached, we arbitrarily assume a specific rate of 1/10 of the
initial detachment rate (y = 0.1 X §). With this assumption,
the attached population is entirely dominated by irreversibly
attached bacteria after 1 day, which is consistent with obser-
vations (Fig. 4). The simulation reproduces the key features of
the temporal development of attached bacterial and flagellate
populations. For the bacteria, both observations and simula-
tions show an initial rapid colonization followed by a period of
near-exponential increase and a final extended period of de-
clining accumulation rate. For the flagellates, the initial rapid
colonization is followed by a period of declining accumulation
rate. The close correspondence between the observations and
the simulation suggests that our model includes the main pro-
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TABLE 3. Definition of parameters and input values for the models as they apply to experiment 3a“

Symbol(s) Definition Units Input value
B,, B; Density of reversibly (B,) or irreversibly (B;) attached bacteria No. cm ™2 0
B Density of all attached bacteria (= B, + B;) No. cm ™2 0
F Density of attached flagellates No. cm ™2 0
B, Ambient concentration of bacteria No. cm ™ 1.5 X 10°
F, Ambient concentration of flagellates No. cm™? 500
Bs's Br' Dy D cm min !

r’r
Dy Diffusion coefficient for bacteria cm? min~! 1.4 %1073
Dy Diffusion coefficient for flagellates cm? min™~! 5.9x 1073
r Aggregate radius cm 0.2
W p'maxB* 8 min71

B = Mmax fOT B = B*; p = TforB > B*
Pmax Maximum bacterial growth rate min 1.4 %1073
B* Threshold bacterial density for density-dependent growth regulation No. cm ™2 1.2 X 107
Sp Specific detachment rate of reversibly attached bacteria min~! 23 %1072
S Specific detachment rate of flagellates min~! 0.7 X 1072
0 Specific rate at which reversibly attached bacteria become irreversibly attached min~! 0.1 X 85
Pr 5x1077 cm? min~!

1+5%x107 X193 X B
ap pr XY cm?s !
Y Flagellate growth yield Cell cell ! 1072

¢ Simulation results are shown in Fig. 10.

cesses governing microbial population dynamics on the model
aggregates.

The population dynamics of attached marine snow microbes
differ markedly from the population dynamics of free-living
pelagic bacteria and flagellates. The population dynamics of
free-living microbes are characterized by coupled predator-
prey oscillations, as demonstrated theoretically, experimen-
tally, and in field observations (5, 22, 48). Such predator-prey
oscillations are not observed for attached microbial popula-
tions (41; this study), and they are not predicted by our model.
This lack of oscillations is mainly due to the continuous colo-
nization of the aggregates from the ambient water. The at-
tached microbial communities thus are not isolated entities,

L] Bacteria - observed
¢} Flagellates - observed
Bacteria - simulated
Flagellates - simulated

10°
108

®
5}
=
[
w
o
) 107 90000000 000 4
(&)
5 10°
5
g 10°
q
fe) ]04
< 0.0
—_ O 00000 O
B
=
S 107
p

0 20 40 60 80 100 120 140 160

Time, h

FIG. 10. Observed and simulated dynamics of bacterial and flagel-
late population dynamics on model aggregates. The observations are
from experiment 3a at 20°C (Fig. 2). Model parameters for simulation
are summarized in Table 3.

but there is a continuous exchange of organisms between the
aggregate and the ambient water due to colonization, detach-
ment, and possibly emigration.

Although the simulation reproduces the main features of the
population dynamics of the attached microbes, the fit is not
perfect (we deliberately did not try to adjust the parameters to
obtain a better fit). In particular, while the observed abun-
dance of attached bacteria seems to stabilize after a long in-
cubation time, the simulation predicts a continuous increase.
The possible reasons for such discrepancy are that the density-
dependent growth regulation is stronger than assumed here or
that an increasing fraction of bacterial progeny leaves the ag-
gregate as the density of resident bacteria increases (10). Both
of these possibilities are consistent with the data in Fig. 7.
Another likely reason is that the probability of attachment of a
newly arriving bacterium decreases when the resident popula-
tion becomes more diverse. Bacteria, particularly those that
attach to particles, are known to display antagonistic activities
(39), and the presence of one species on the aggregate may
significantly reduce the colonization rate of another species
(25a). Thus, interactions among bacteria may play a significant
role in population control.

Field-collected aggregates that are similar in size to our
model aggregates have typical bacterial abundances about 1
order of magnitude lower than what we observed (~10° cells
aggregate '), while protist abundances are similar (35). The
predicted abundance of bacteria is, however, strongly depen-
dent on grazing mortality. With our estimated grazing coeffi-
cients, bacterial populations on the aggregates are not con-
trolled by grazers. Increasing the grazing pressure just slightly
(for example, by doubling the saturated ingested rate) allows
the flagellates to maintain the bacterial population at a steady-
state level of about 10° aggregate . The grazing pressure on
natural aggregates is likely even higher because typical marine
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snow bacteria are considerably smaller (0.6 to 1.2 wm in diam-
eter [2, 3]) than the bacteria in our experiments (~2 wm).
Thus, grazing is likely to play a significant role in controlling
bacterial populations on natural aggregates.

The dynamics of microbial communities on real aggregates
may differ from what we have observed on model aggregates
due to differences in, e.g., architecture (34), flow environment
(38), substrate availability (1) and persistence (43), and aggre-
gation dynamics (32) between model and real aggregates, but
the component processes of microbial attachment, detach-
ment, growth, and grazing are identical. Studying these pro-
cesses simultaneously in natural, complex aggregates is diffi-
cult, if not impossible. However, a fruitful approach may be to
integrate the mechanistic understanding achieved in this study
with existing descriptions of the above-described properties for
natural aggregates into coherent models. This will allow a
mechanistic understanding of the processes governing the mi-
crobial dynamics on complex marine snow aggregates.
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