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ABSTRACT: We examined the interactions between 3 hypothesized functional groups of heterotro-
phic bacteria: POC specialists, which use only particulate organic carbon (POC); free-living DOC
specialists, which use only dissolved organic carbon (DOC); and generalists, which use POC when
particle-associated and DOC when free-living. We focused on (1) competitive interactions for the use
of POC and DOC, and (2) commensal interactions, whereby DOC is supplied by the enzymatic
hydrolysis of POC by particle-associated cells. Using a simple model, we found that the quantity and
quality of POC and DOC, and the balance between the rate of POC hydrolysis and the release of
DOC determine the coexistence between generalists and the specialists in the bacterial community.
Surprisingly, a high level of POC hydrolysis, which is an apparently commensal process of general-
ists, was found to exclude free-living DOC specialists from the community. These factors also deter-
mine the community dynamics during a shift in the supply of POC, as may occur during a phyto-
plankton bloom. This model predicts 3 possible patterns for the order of succession in the community
composition, and 2 distinct directions in which the distribution of production within the free-living
community could change. These diverse patterns would affect both the biogeochemical processes
and the community dynamics at higher trophic levels.
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INTRODUCTION

Particles and ambient water represent 2 distinct,
extremely different habitats for bacteria in aquatic
environments. Particle-associated and free-living
bacteria often exhibit different physiological traits, as
indicated by differences in production and growth
(Unanue et al. 1992, Friedrich et al. 1999), ectoenzy-
matic activity (Karner & Herndl 1992, Smith et al. 1992,
Riemann et al. 2000), and kinetics of substrate uptake
(Ayo et al. 2001). These observations support the hypo-
thesis that some bacterial groups adapt to nutrient-
rich, particulate microhabitats (‘particle specialists’;
Riemann et al. 2000), whereas other groups adapt to
nutrient-poor, ambient water (‘free-living specialists’).
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Furthermore, it has been thought that these groups do
not interact with each other in terms of nutrient avail-
ability and usage, because they use distinct energy
sources, i.e. particulate organic carbon (POC) versus
dissolved organic carbon (DOC). Recently, the applica-
tion of new molecular methods has indicated that par-
ticle-associated and free-living bacteria belong to dis-
tinct phylogenetic groups (DelLong et al. 1993, Acinas
et al. 1997, Crump et al. 1999), supporting the above
hypothesis.

Other lines of evidence, however, indicate that
particle-associated and free-living communities some-
times show common features in terms of phylogenetic
composition (Hollibaugh et al. 2000, Riemann & Wind-
ing 2001) and metabolic functions (Worm et al. 2001).
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This suggests the existence of ‘generalists’ that
migrate between the particulate and water phases,
using both POC and DOC as organic resources. Rie-
mann & Winding (2001) examined denaturing gradient
gel electrophoresis (DGGE) profiles of bacterial com-
munities during a diatom bloom. They found that sev-
eral bands (species) were common to both the particle-
associated and free-living fractions, even during a
pre-bloom period in which low abundance of particle-
associated bacteria suggested a low concentration of
labile and available particles. It follows that these spe-
cies use DOC during the pre-bloom period, whereas
they use both DOC and POC after the bloom. This
observation strongly suggests the existence of general-
ists. Riemann & Winding (2001) also found that a
number of major bands in the free-living fraction
disappeared as the number of particles and particle-
associated bacteria increased. This disappearance of
some phylogenic types of free-living bacteria may be
due to competitive exclusion in the ambient water.
Furthermore, Kirchman (2002) has hypothesized that
species in the Cytophaga-Flavobacteria cluster are
possible members of such a generalist group (but see
Fandino et al. 2001); members of this cluster are abun-
dant in both particle-associated and free-living com-
munities, and are able to use the high molecular mass
fraction of dissolved organic matter (DOM) (Cottrell &
Kirchman 2000). If generalists do exist, they appear in
both the particle-associated and free-living communi-
ties, and compete with other particle-associated and
free-living bacteria for POC and DOC.

Studies of hydrolytic processes on particles do not
support the hypothesis that particle-associated and
free-living bacteria do not interact with each other for
POC and DOC. Because hydrolytic activity on particle
surfaces is high, but the rate of consumption of
hydrolysate by particle-associated cells is often low
(‘uncoupled’ hydrolysis), DOM is supplied from parti-
cles to the surrounding water (Smith et al. 1992,
Grossart & Simon 1998, Schweitzer et al. 2001,
Grossart et al. 2003), resulting in increased production
of the free-living assemblage (Friedrich et al. 1999,
Grossart et al. 2003). In other words, there are com-
mensal interactions, i.e. positive influences of particle-
associated cells on free-living cells.

Therefore, hydrolytic processes and the existence of
generalists are important factors determining the
interactions between the particle-associated and free-
living communities. In other words, these 2 factors
largely influence the composition and production dis-
tribution within both communities. However, the exis-
tence of generalists and their physiological traits
remain poorly documented. It is also difficult to exper-
imentally control parameters related to hydrolysis.
Therefore, at present, theoretical approaches are use-

ful for examining the potential roles of generalists
and hydrolysis on the interactions among particle-
associated and free-living bacteria, and for predicting
the outcome in the community dynamics.

In this study, we used a simple theoretical model to
analyze the dynamics of 3 hypothetical groups of bac-
teria in aquatic environments: POC specialists, DOC
specialists, and generalists. We defined these groups
based on the source of energy used by each group.
POC (or DOC) specialists use only POC (or DOC),
whereas the generalists use both POC and DOC. Sim-
plifying assumptions were made to clarify the environ-
mental conditions under which different groups of bac-
teria with different resource-use strategies would
dominate in aquatic bacterial communities. We exam-
ined the predicted community dynamics during a shift
in the supply of POC and DOC, such as may occur dur-
ing a phytoplankton bloom. We found that various pat-
terns were predicted for both the order of succession in
the community composition and the changes in the dis-
tribution of production among functionally different
groups. In particular, we demonstrate that the follow-
ing parameters, which reflect the nature and quality of
POC and DOC, influence these patterns through the
behavior of generalists: (1) bacterial growth efficiency
(BGE) using POC and DOC, (2) intensity of hydrolysis,
and (3) DOC release rate from hydrolyzed POC.

METHODS

Model description. Definition of variables: A flow
diagram of the model is shown in Fig. 1. We assumed
2 fractions as carbon sources: POC (Cp), and DOC (Cp).
In addition, we defined 3 bacterial strategies for the use
of energy sources: DOC specialists (D), occurring only
in the free-living fraction and consuming only DOC;
POC specialists (P), occurring in both the free-living
and particle-associated fractions; and generalists (G),
occurring in both the free-living and particle-associ-
ated fractions. By definition, POC specialists consume
only POC; their cells multiply on particle surfaces and
release their daughter cells to the surrounding water
(Jacobsen & Azam 1984, Friedrich et al. 1999, Kigrboe
et al. 2002). These newly produced, free-living cells ei-
ther quickly find and colonize fresh particles (Kierboe
et al. 2002) without consuming DOC or remain dormant
in a ‘seed-bank’ role (Pernthaler et al. 1998) until they
find new particles. We assumed that the particle-
associated cells of generalists consume only POC,
whereas the free-living cells consume only DOC. The
limitation of bacterial growth by inorganic nutrients
(Kirchman 2000) is not considered in this model system.

We defined ‘aggregates’ (Ap and Ag) as particles col-
onized by POC specialists or generalists, respectively.
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Fig. 1. Model flow diagram. Cp: POC, Cp: DOC, Ap: aggre-
gates inhabited by POC specialists, Fp: free-living POC spe-
cialist cells, Ag: aggregates inhabited by generalists, Fg: free-
living generalist cells, Fp: free-living DOC specialist cells, AF:
aggregate formation, HY: hydrolysis processes, UP: uptake of
DOC, L: loss processes, V: vertical sinking, TR: transformation
between POC and DOC, and SP: supply of organic carbon.
Recycling processes are not represented for simplicity

In other words, an aggregate consists of POC combined
with the particle-associated fraction of POC specialists
or generalists. We set Fp, Fp, Fg as free-living cells of
DOC specialists, POC specialists, and generalists, re-
spectively. Note that the units for POC and DOC are
carbon concentration (mgC 1!) and the units for Fp, Fp,
Fg, Ap, and Ag are densities of cells or aggregates (I7%).
Among these 7 components, we considered 3 main pro-
cesses: (1) colonization of particles by free-living POC
specialist and generalist cells, (2) hydrolysis of POC and
subsequent processes, (3) consumption of DOC by free-
living generalists and DOC specialists. We constructed
a simple box model that describes the interactions and
dynamics among these 7 compartments.

Colonization of particles by free-living cells: We ig-
nored heterogeneity among particles and assumed
that every particle contains the same amount of car-
bon. The concentration of particles can then be calcu-
lated by dividing the POC concentration by the carbon
content, i.e. Cp/a (see Table 2 for definitions of vari-
ables and parameters). We assumed that either POC
specialists or generalists, but not both, colonize each
particle; thus, we considered competition between
POC specialists and generalists for particles to colo-
nize, and did not consider competition within one ag-
gregate. For the free-living cells, we assumed that the
rate of colonization of particles, i.e. the loss rate of free-
living cells due to colonization, is in proportion to the
concentration of particles and the density of their free-
living cells. That is, we set the rate per cell to ap(Cp/a)
(d™1) and ag(Cp/a) (d7), respectively. We assumed that
sequential colonization stops and particles become an
‘aggregate’ after n free-living cells colonize 1 particle.
We assumed a fixed number of colonizers per particle

5P

(n), independent of bacterial density in the surrounding
water. The rate of aggregate formation was
ap(Cp/0)Fp/n and ag(Cp/a) Fg/n for POC specialists and
generalists, respectively. The carbon content of
bacteria per cell was B; therefore, the carbon content
per aggregate was o + nf3 under this assumption.

Hydrolysis of POC and subsequent processes: For
simplicity, we did not consider the population dynam-
ics of bacteria on each aggregate, but took into account
only the dynamics of the density of aggregates. We
assumed that n bacterial cells colonize each particle
and consume it by hydrolysis at rate h (i.e. the loss rate
of aggregate [d™!]). Of the hydrolyzed carbon, the frac-
tion f (the 'uptake ratio') is consumed by the coloniz-
ing bacteria for reproduction, and the fraction fp (the
‘release ratio’) is released to the surrounding water as
DOC. Released DOC enters the DOC pool (Cp), where
it can be consumed by free-living cells of both general-
ists and DOC specialists. The remainder of the particu-
late carbon is converted to non-labile forms, so it
follows that 0 < fr + fp < 1 always holds. When each
aggregate is completely consumed, the original colo-
nizing cells and the newly reproduced cells are
released to the surrounding water and enter the com-
partment of the free-living fraction of POC specialists
(Fp) and generalists (Fg). The number of newly repro-
duced cells can be calculated as epo fr/B, where ep is
the growth efficiency of bacteria using POC. The un-
assimilated fraction of carbon (1 — ep)ofr is converted
to CO, by bacterial respiration. Thus, the total number
of cells released per aggregate is n + epafr/p.

Consumption of DOC: We assumed that the specific
growth rates of free-living generalist and DOC-
specialist cells were ugCp and upCp per cell (d7}),
respectively. Therefore, we can calculate the uptake
rates of DOC by free-living generalists and DOC spe-
cialists as ep lugCpBFg and ep lupCpPFp, respec-
tively, where ep is the growth efficiency of bacteria
using DOC. Unassimilated carbon is converted to CO,
by respiration. Note that free-living POC specialist
cells do not take up DOC.

Loss processes and other assumptions: We assumed
that bacterial mortality is caused by predation and
viral lysis, and that part of the lost bacterial biomass is
recycled to the POC and DOC compartments (Nagata
& Kirchman 1991, 1992, Middelboe et al. 1996, Noble
et al. 1999). The mortality rates per cell on aggregates
and in the free-living cell compartment were defined
as my and myp, respectively. Thus, the rate of carbon
recycling in particle-associated and free-living cells to
POC is rpnPmy and rpfmg, respectively, where 1p is the
common ratio of recycling to POC. Similarly, the rate of
carbon recycling to the DOC compartment following
the death of particle-associated and free-living cells is
rpnPmy and rpPmyg, respectively, where 1y is the com-
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mon ratio of recycling to DOC. In addition, aggregates
from which bacterial cells are removed return to the
fresh particle compartment at the rate am, (mgC d).
We also considered the loss of bacterial cells on aggre-
gates by vertical sinking, at the rate my. In this pro-
cess, carbon from particles and particle-associated
cells is completely lost from the system. We defined the
loss rate of POC and DOC as mp and myp, respectively.
Some part of the carbon loss from each compartment is
due to the conversion of POC to DOC and vice versa;
those respective turnover rates were defined as mptpp
and mplpp, respectively. The remainder of the carbon
loss is eliminated from the whole system, from either
the POC or DOC compartment, at rates defined as
mp(1 - tpp) and mp(1 - tpp), respectively. We assumed
that these processes are driven by physical (e.g. trans-
port, mechanical decomposition, aggregation) and
chemical (e.g. photochemical reactions by UV) reac-
tions. We set the additional loss of particles by vertical
sinking at the rate my, the same as the loss of aggre-
gates. Finally, we assumed that POC and DOC are
supplied by the autochthonous production of phyto-
plankton and/or allochthonous loads of suspended
organic matter and dissolved organic matter at the rate
sp and sp, respectively.

Trade-offs for competition among specialists and
generalists: In this model, we focused on competition
between POC specialists and generalists for particle
colonization, and between DOC specialists and gener-
alists for DOC uptake. Because generalists are able to
use both POC and DOC, there must be some trade-offs
between specialists and generalists, both in the real
world and in the model, to facilitate their coexistence.
We assumed 2 trade-offs: (1) a trade-off between POC
specialists and generalists, i.e. a higher colonization
rate of POC specialists than generalists (a, > ag; see
Barbara & Mitchell [2003] for colonization rates in dif-
ferent species), and (2) a trade-off between DOC spe-
cialists and generalists, i.e. higher uptake rate in DOC
specialists than generalists (up > ug).

Mathematical analysis. Taking the processes and
assumptions presented above into consideration, we
developed equations relating the dynamics of the POC
(Cp) and DOC (Cp) concentrations to the density of
aggregates (Ap, Ag) and of free-living cells (Fp, Fp, Fg;
see Tables 1 & 2). For these equations, by introducing
new symbols for the convenience of calculations (Table
3), and setting the right-hand side of all equations (Eqgs.
1 to 7) to zero, we calculated the POC and DOC con-
centrations, and the bacterial carbon concentration of
each fraction (i.e. the particle-associated POC special-
ists and generalists, and the free-living POC special-
ists, DOC specialists, and generalists) under steady-
state conditions. There were 7 possibilities for the
bacterial composition of the system at equilibrium: no
bacterial groups using the defined energy sources pre-
sent (Ey), POC specialists alone (Ep), generalists alone
(Ec), DOC specialists alone (Ep), and 3 states of 2
groups coexisting with different strategies (Egp, Ecp,
Epp). Note that 3 groups of bacteria using different
strategies cannot coexist, because only 2 resources are
available in the model system (generally, the number
of coexisting species at equilibrium is not larger than
the number of resources; Levin 1970). For all cases, the
carbon concentration in each compartment at steady
states is presented in Appendix 1.

Next, for each potential equilibrium, we analytically
determined the conditions for the local stability using
Ruith-Harbiz criteria (see Smith & Waltman 1995). We
then calculated numerically which equilibrium is
locally stable, depending on the parameters. We
showed numerically that only 1 of the 7 possible steady
states is stable for any given set of parameters. This
analysis permitted us to describe the composition of
the bacterial community that would result, depending
on the values of the parameters. In particular, we
focused on the following parameters that reflect the
nature and quality of POC and DOC: (1) BGE using
POC and DOC, (2) intensity of hydrolysis, and (3) DOC
release ratio from hydrolyzed POC.

Table 1. Model equations

dA, /dt = (ap / n)(Cp / o) F, — hAp —(m,+ my, ) Ap (1)
dAg/dt = (ag/ n)(Cp / o) Fg—hAg —(my+ my)Ag (2)
dF, /dt = (n+epaf, /B)hAy —ap (Cp / @) Fp — mpFy 3)
dF;/dt = (n+epoty /B)hAs—ag (Cp / o) Fg+ugCpFg —mgFg (4)
dF, /dt = u,CpF, —mpF, 5)
dCp/dt = sp—(0./n)(Cp / 0)(apFp +agFg) — (mp + my )Cp+ tppmpCp+(0+ InP) my (Ap + Ag) + mpP(Fp + Fg + Fp) (6)
dCp /dt = sp+afyh(Ap +Ag) +tppmpCp — mpCp — e~ uaCp (BFg) — ep ' upCp (BFp) + ipmpB(Fp + Fi + Fp) + ipm, n(Ap + Ag) (7
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Table 2. Definitions of variables and parameters used in the model. Default values are based on literature data and values
denoted by asterisk are hypothesized values

Symbol Definition Unit Default value
Variables

Ax Abundance of aggregate (X =P, G) particles 1!

Fx Abundance of free-living cells (X =P, G, D) cells 1!

Cp Concentration of POC mg 1!

Co Concentration of DOC mg 1!

Parameters

ax Colonization rate to particles (X = P, G) particle™ d*

ug Specific growth rate of free-living generalists d'/(mgC 1Y) 0.2¢
up Specific growth rate of free-living DOC specialists d/(mgC I 0.3%
h Hydrolysis rate of POC dat 0.5°
my Specific loss rate of particle-associated cell d! 0.2¢d
mg Specific loss rate of free-living cell da! 0.2¢d
mp Specific loss rate of POC at 0.1
mp Specific loss rate of DOC dat 0.1~
my Specific loss rate of aggregates and POC by vertical sinking d! 0.1*
fr Fraction of hydrolyzed POC consumed by bacteria - 0.3*
o Fraction of hydrolyzed POC released as DOC - 0.3*
ep Growth efficiency on particle - 0.2¢
ep Growth efficiency in ambient water - 0.2¢
tpp Conversion ratio of POC to DOC - 0.1*
top Conversion ratio of DOC to POC - 0.1*
Ip Recycled ratio of bacterial biomass to POC - 0.1*
Ip Recycled ratio of bacterial biomass to DOC - 0.1~
o Carbon content per particle mgC particle™?

B Carbon content of bacteria mgC cell™?

n Number of bacterial cells per particle -

Sp Supply rate of POC mgC 1"t d! 0.4
Sp Supply rate of DOC mgC 1"t d! 0.1
aDucklow (2000), *Grossart & Simon (1998), “Strom (2000), “Grossart et al. (2003), ¢del Giorgio & Cole (2000), f Williams (2000)

Table 3. Model simplifications. Default values are hypothetical

New symbol Definition Unit Default value
P Gp mgC 1! -

D Cp mgC 1! -

Ay BnA, (X=P,G) mgCIl"! -

F, BF, (X=P,G,D) mgCl! -

k of ot 100

a'p a, Bt ot 2.5

a's ag B tnt 1.0

Furthermore, we examined the dependence of com-
munity composition at equilibrium on POC and DOC,
which are among the most important factors influenc-
ing the composition of the bacterial community
(Riemann et al. 2000, Riemann & Winding 2001, Selje &
Simon 2003). This permitted us to predict successional
changes along the spatio-temporal variations in the
supplies of POC and DOC, for example, under condi-
tions of heterogeneous distribution of organic carbon
in estuarine ecosystems, or with changes in carbon dis-
tributions during a phytoplankton bloom. In addition to
changes in community composition, we also examined

changes in the distribution of production of each bacte-
rial group with changes in the supply rate of POC.
Production rate was calculated by the concentrations
of carbon and the density of bacteria at equilibrium.
These analyses are based on the assumption that the
composition and production are changing with the
steady states of the system, during relatively slow
changes in POC and DOC supply. This assumption is
partly justified by the observation that the changes in
the phylogenetic composition occurred rapidly, on
a scale of 1 to 2 d, during phytoplankton blooms
(Pinhassi et al. 1999, Riemann et al. 2000, Fandino et
al. 2001).

RESULTS

Community composition at steady states and
community succession

A distinct community composition emerged, de-
pending on various parameters reflecting the quality
and quantity of carbon (Fig. 2). There were 5 patterns
in composition, depending on the growth efficiency of
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bacteria (del Giorgio & Cole 2000) using POC and
DOC (Fig. 2a: D, P, G, GD, GP). Note that no bacteria
could maintain populations in region N, where the
quality of carbon was too low. This figure shows that
high BGE for POC leads to the dominance of POC
users (POC specialists and generalists; Regions P and
GP), whereas high BGE for DOC results in the domi-
nance of DOC users (DOC specialists and generalists;
Regions D and GD). Fig. 2a also shows that generalists
are members of a community with a broad range of
BGE values, but that a monoculture of generalists is
realized over a smaller range (Region G in Fig. 2a),
while coexistence with other specialists is realized over
larger ranges (Regions GD and GP).

We next examined the effect of POC hydrolysis,
which also reflects the quality of POC. Fig. 2b shows
the dependence of the bacterial community composi-
tion on the rate of POC hydrolysis (h) and the rate of
POC supply (sp). Theoretically, increases in the rate of
hydrolysis would have both positive and negative
influences on DOC specialists: the supply of DOC
released from aggregates increases with the rate of
hydrolysis, enhancing the growth of DOC specialists

Fig. 2. Composition of the bacterial community as a conse-
quence of variations in key parameters. The composition of
species is denoted as follows: N: extinction of all 3 groups,
D: dominance of DOC specialists, P: dominance of POC
specialists, G: dominance of generalists, GD: coexistence of
generalists and DOC specialists, GP: coexistence of gene-
ralists and POC specialists. Dashed arrows in (d) represent
temporal changes in POC supply rate. Parameters were set as
default values from Tables 1 & 2

(the positive effect), but at the same time, increased
hydrolysis leads to increased production of free-living
generalists, resulting in more intense competition for
DOC between free-living cells of DOC specialists and
generalists (the negative effect). Therefore, the net
effect on DOC specialists is intuitively unclear. This
model revealed that it was negative (Fig. 2b); when the
rate of hydrolysis is very high (Regions G and GP),
DOC specialists are progressively excluded. In con-
trast, when the rate of hydrolysis is low (Region D),
which reflects the low quality of particles, DOC spe-
cialists, which take up DOC more rapidly than gener-
alists, have a better strategy than generalists that use
both DOC and POC, resulting in the competitive ex-
clusion of generalists. Therefore, the coexistence
between DOC specialists and generalists is realized
only at intermediate levels of the hydrolysis rate
(Region GD).

Furthermore, Fig. 2c shows that a different commu-
nity composition emerges, even when the total hydrol-
ysis rate (h) is constant, depending on the variable par-
titioning of hydrolyzed POC, i.e. the fraction of the
hydrolyzed carbon taken up by particle-associated
cells (uptake ratio: fr) and the fraction released to the
surrounding water as DOC (DOC release ratio: fp). In
particular, the uptake ratio by particle-associated cells
strongly influences community composition. The
increase in the uptake ratio leads to the exclusion of
DOC specialists because of increased competition for
DOC by increased production of free-living general-
ists. In contrast, the release ratio to DOC has less of an
influence on composition. An increased DOC release
ratio does not exclude generalists, because increased
DOC supply is used by both DOC specialists and gen-
eralist free-living cells, and does not change the com-
petitive relationship between them.

Finally, we examined the dependence of the com-
munity composition on the rates of supply of POC and
DOC in order to predict successional patterns when
there is a shift in the organic carbon supply rate
(Fig. 2d). We made the simplifying assumption that
the rate of supply of POC (sp) increases during phyto-
plankton blooms, while the rate of supply of DOC (sp)
remains fixed. The results show 3 successional pat-
terns with an increasing POC supply rate, depending
on the supply rate of DOC. When the DOC supply
rate is not limiting (dashed arrow [1] in Fig. 2d), the
basic order of succession is (1) DOC specialists only
(Region D), (2) the emergence of generalists and their
coexistence with DOC specialists (Region GD), (3) the
disappearance of DOC specialists (Region G), and
(4) the emergence of POC specialists and their coexis-
tence with generalists (Region GP). When the rate of
supply of DOC is limiting, DOC specialists cannot
maintain their population and 2 patterns of succession



Miki & Yamamura: Model for bacterial interactions 41

Low release rate of DOC

()
0.12
A 0.08
©
i
O 0.04
(@]
£
o 000
] 0 0.5 1 1.5 2
&
= High release rate of DOC
(&)
S 0.3
g (b)
S 025
o F-D
3 02
3
0.15
(3
m -
0.1 F-G
0.05
P-G
0
0 0.5 1 1.5 2

Low hydrolysis rate

ar
03 F-D

0.2 F-G
o P-G
0

0 2 4 6 8 10

High hydrolysis rate

0.16 (d)
0.12
0.08
0.04 P-P
PG\ |
° 0 0.5 1 1.5 2

Particle supply rate (mgC -1 d'1)

Fig. 3. Changes in the distribution of bacterial production with increasing POC supply, showing the production of the groups

using each strategy. F-D: production of free-living DOC specialists, F-G: production of the free-living fraction of generalists, P-P:

production of the particle-associated fraction of POC specialists. Parameter values: (a) fr = 0.3, fp = 0.2, (b) fr = 0.3, fp = 0.7,
(c) h=0.08, (d) h=0.45. Other parameters were set as default values from Tables 1 & 2

develop. When the DOC supply rate is intermediate
(dashed arrow [2] in Fig. 2d), generalists emerge
earlier than POC specialists. However, when the DOC
supply rate is very low (dashed arrow [3] in Fig. 2d),
POC specialists emerge earlier than generalists. Simi-
larly, the order of succession with increasing rates of
supply of DOC depends on the rate of supply of POC.
Furthermore, even in the more realistic case, in which
both POC and DOC supplies change during the
bloom, we can predict the successional order if the
temporal patterns of POC and DOC supply are
known.

Effects of particle abundance on the distribution of
bacterial production

Next, we examined the effects of particle abundance
on the distribution of bacterial production, i.e. the pro-
duction rate of each bacterial group. We can qualita-
tively predict the changes in bacterial production that
occur in response to spatio-temporal variations in the
POC supply rate. The effects of DOC abundance on
the structure of bacterial production are relatively sim-
ple and, therefore, are not shown here.

The production of particle-associated cells is ex-
pected to increase with increasing POC supply rates,

and this proved to be true in the model (Fig. 3). Simi-
larly, the total production of the free-living fraction
(F-D + F-G, Fig. 3) was shown to always increase with
increasing POC supply rates, regardless of the values
set for the other parameters (Fig. 3). This is probably
because increases in POC lead to increases in the DOC
released from aggregates, resulting in the increased
production of free-living cells, regardless of whether
the DOC is used by generalist or by DOC specialist
cells.

However, increasing the rate of POC supply changes
the distribution of production in the free-living fraction
of the community in different ways, depending on
other factors (Fig. 3). For example, the production of
DOC specialists (F-D) decreases with increasing POC
supply when the fraction of hydrolysate released to the
water (fp) is low (Fig. 3a), whereas the production of
DOC specialists increases when the DOC release rate
is high (Fig. 3b). In contrast, the production of DOC
specialists (F-D) increases with increasing POC supply
when the rate of hydrolysis (h) is low (Fig. 3c), but
decreases with increasing POC supply when the
hydrolysis rate is high (Fig. 3d). In all cases, the pro-
duction of generalists (F-G) increases with the POC
supply.

Note that increasing POC supply rates always have
both positive and negative effects on the production of
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DOC specialists through interactions with generalists.
By hydrolyzing POC, the generalists increase the sup-
ply of DOC to DOC specialists; however, the concomi-
tant increase in the production of free-living generalist
cells results in increased competition. Our model sug-
gests that the net effect on DOC specialists shifts from
negative to positive when the DOC release rate
increases (compare Fig. 3a with 3b) or when the rate of
hydrolysis decreases (compare Fig. 3d with 3c). Simi-
larly, numerical calculations with equilibrium values of
organic carbon and bacterial biomass demonstrated
that the net effect of increased POC supply on DOC
specialists shifts to positive when the BGE for DOC
(ep), recycling ratio to DOC (rp), or mortality rate on
aggregates (m,) increase. In contrast, the net effect
becomes negative when the uptake ratio of hydrolyzed
POC (fF), the BGE for POC (ep), or carbon content per
particle per bacterial carbon (o./nf) increase. More-
over, some factors are neutral, i.e. the net effect of
changes in the POC supply remains the same, despite
changes in the ratio of recycling to POC (rp) or in the
rates of physical and chemical conversion between
POC and DOC (tpp and tpp).

DISCUSSION

Interactions among generalists and specialists
through hydrolysis

Similarities between the phylogenetic composition
of particle-associated and free-living bacterial com-
munities have recently been shown, drawing
increased attention from microbial ecologists to the
existence of generalists; their ecological roles, how-
ever, remain unclear. Moreover, although the hydrol-
ysis processes on aggregates have been intensely
studied in recent years, the effects on the total bacter-
ial community, including both free-living and particle-
associated fractions, remain unclear. In the present
study, we defined POC specialists, DOC specialists,
and generalists, and used a theoretical model to
examine how interactions among bacterial groups
with these 3 strategies determine the composition of
the bacterial community and the distribution of sec-
ondary production by bacteria. Our model demon-
strated that the outcome of interactions depends on
the supply and the quality (BGE, hydrolysis rate, and
DOC release ratio from aggregates) of POC and DOC.
When the supply or quality of the common resource
increases, generalists are able to coexist with their
competitors; large supplies and high quality of DOC
tend to allow coexistence with DOC specialists, and
large supplies and high quality of POC tend to allow
coexistence with POC specialists (Fig. 2). In contrast,

when the supply and quality of the resource used only
by generalists increase, coexistence with the competi-
tor is not favored; larger supplies and higher quality
of DOC, for example, lead to the exclusion of POC
specialists (Fig. 2). However, for the interactions
between generalists and DOC specialists, this is not
always true, because the effects of POC hydrolysis by
generalists on DOC specialists are not straight-
forward.

The interactions between the 2 groups are commen-
sal as well as competitive, and hydrolysis and the sub-
sequent processes are involved in both competitive
and commensal interactions. The production of new,
free-living, generalist cells by using hydrolyzed POC
has a negative, competitive effect on DOC specialists;
thus, a high ratio of hydrolyzed POC used for produc-
tion of new cells (ff) favors the generalists. In con-
trast, the release of hydrolyzed POC as DOC has a
positive, commensal effect on DOC specialists. Thus,
when the DOC release ratio (fp) is high, the commen-
sal interaction prevents the exclusion of DOC special-
ists. This also enables the coexistence of the 2 groups,
even when the supply of POC, which is used directly
only by generalists, increases (Fig. 3b), implying that
DOC specialists are not out-competed by generalists.
Zissi & Lyberatos (2001), using a mathematical model
and a chemostat experiment, obtained similar results,
showing that interactions with both competitive and
commensal components enable the coexistence of 2
bacteria that cannot coexist in an exclusively competi-
tive relationship. Note that a commensal interaction
also exists between generalists and POC specialists:
POC specialists supply DOC to free-living generalists.
However, the increased supply of DOC indirectly
intensifies the competitive interactions for POC, so
that the commensal interaction does not facilitate
coexistence.

In addition, increases in the total hydrolysis rate (h)
lead to increases in both the DOC release (fph; com-
mensal) and the production of free-living generalist
cells (fph; competitive). Our analysis showed that the
net effect of increased hydrolysis on DOC specialists is
negative and results in the exclusion of DOC special-
ists (Fig. 2b). Increases in the hydrolysis rate lead to
increases in both resource availability (DOC) and
reproduction rate (of free-living cells) for generalists
(by direct uptake of hydrolysate). However, increases
in the hydrolysis rate result only in increases in
resource availability (DOC) for DOC specialists, with-
out affecting their reproduction directly. The net nega-
tive effect of increased hydrolysis on DOC specialists
can probably be attributed to competition between
DOC specialists and increasing numbers of free-living
POC-DOC generalists for the fraction of hydrolysate
released as DOC.
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Simplicity of our model

We made several assumptions to justify the simplifi-
cation of our model formulations. (1) We assumed that
aggregate formation rate was in proportion to the den-
sities of particles and free-living bacterial cells (i.e.
simple mass reaction). Although encounter rates are
influenced by particle size or by swimming strategies
of bacteria (Kigrboe & Jackson 2001), we did not focus
on the heterogeneity in the morphologies of particles
or species-specific differences in chemotoxis. There-
fore, a simple encounter rate is suitable for the predic-
tions we made. (2) A simple linear, non-saturating
uptake function of DOC was assumed. The introduc-
tion of a saturating function would not change the
competitive interactions among specialists and gener-
alists at steady states. (3) Trade-offs among specialists
and generalists were assumed. There are actually var-
ious types of trade-offs and differences among special-
ists and generalists, e.g. the differences in hydrolysis
rate or in growth efficiency using POC and DOC. How-
ever, the essential point is that of the existence of
trade-offs between specialists and generalists, and
additional numerical calculations showed that qualita-
tive predictions were not changed under the different
types of trade-offs. (4) Another critical assumption was
the first order approximation for POC and DOC loss
rate due to physical or chemical processes. One of our
results showed that loss processes of POC and DOC
did not change the patterns of production distribution.
This indirectly suggested that these processes do not
critically influence the interactions among specialists
and generalists, and that the assumed simple loss rate
is sufficient for our theoretical investigation.

Testable predictions from this model

Consideration of the interactions among DOC spe-
cialists, generalists, and POC specialists provides
testable predictions regarding (1) the successional
order of functional composition, and (2) changes in the
distribution of bacterial production concurrent with the
spatio-temporal variation in POC supply rate.

This is the first theoretical work predicting the suc-
cessional order of bacterial community composition.
When particle abundance increases, e.g. during a
phytoplankton bloom, the successional order depends
on the DOC supply rate. In the basic pattern, produced
when the DOC supply rate is not limiting, the order of
emergence of each group is: (1) DOC specialists,
(2) generalists, and (3) POC specialists. We predicted
that the emergence of POC specialists follows the
emergence of generalists, which is consistent with the
later emergence of ‘particle specialists’ in studies by

Riemann & Winding (2001) of community dynamics
during an induced phytoplankton bloom. However,
our model also predicted that when the DOC supply
rate is very low, POC specialists emerge before gener-
alists. In fact, because the POC and DOC supply rates
change simultaneously during phytoplankton blooms,
the successional order may differ from the above pre-
dictions, which are based on an assumption of a fixed
DOC supply rate. However, even in that case, we can
predict the successional order from the composition
patterns produced by changes in the POC and DOC
supply rates.

The prediction that bacterial production in both the
particle-associated community and the free-living
community is enhanced by increased POC supply is
very intuitive. Increased supplies of DOC from the
hydrolysis of aggregates supports increased produc-
tion in the free-living community. In the particle-
associated community, the model predicted that both
POC specialists and generalists would increase pro-
duction. The patterns of change in the production dis-
tribution within the free-living community are differ-
ent; both generalists and DOC specialists increase
production, or DOC specialists decrease production
while generalists increase production. In our model,
we clarified the factors that can explain these opposite
effects of increased POC on production in the free-
living fraction. The balance of competitive and com-
mensal interactions between generalists and DOC spe-
cialists is important for determining the pattern of
changes in production. When the quality of POC is
high, as reflected by a high hydrolysis rate (h), high
growth efficiency (ep), and high carbon content of par-
ticles (a/nf), the net interaction is competitive, and the
production of DOC specialists will decrease with
increasing particle supply. Selectively low mortality in
particle-associated cells (m,) also leads to decreases in
the production of DOC specialists with increasing
particle supply. In contrast, when hydrolysis is highly
uncoupled with bacterial growth (high fp and low fg),
and when the quality of DOC (ep) is high, the net inter-
action is commensal, and the production of DOC spe-
cialists increases with increasing particle supply. The
prediction that bacterial production in the free-living
community is enhanced by increased POC supply is
supported by earlier observations (Friedrich et al.
1999, Grossart et al. 2003). Furthermore, the predicted
net negative effect on DOC specialists is one of the
possible explanations for the observation that disap-
pearance of some free-living species occurred during
the bloom (Riemann & Winding 2001).

Chlorophyll a content and turbidity are often used as
indices of particle abundance, which influences the
interaction between particle-associated and free-living
bacteria. However, it is also necessary to examine the
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origin and composition of the particulate (Grossart et
al. 2003) and dissolved (Crump et al. 2003) organic
matter, as suggested by the prediction that the quali-
ties of POC and DOC are important factors in deter-
mining the population dynamics of free-living bacte-
ria. Additionally, because selective mortality rates
would also mediate the interactions between particle-
associated and free-living bacteria, interactions with
protozoan grazers and viruses must also be taken into
consideration (Jurgens & Sala 2000, Riemann et al.
2000, Artolozaga et al. 2002). We considered the pro-
duction by each group separately because, if the free-
living cells of DOC specialists and generalists were to
be attacked by different predators or viruses, the pro-
duction of each group, not the whole free-living com-
munity, would influence the higher trophic levels.
Thus, different patterns of changes in production
within the free-living community would lead to differ-
ent changes in community structure at higher trophic
levels. In addition, the question of how each fraction of
bacterial production, of 3 different functional groups,
influences the whole biochemical cycle in aquatic
ecosystems warrants further empirical and theoretical
investigation.
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Appendix 1. There are 7 equilibria in regard to bacterial composition. In this appendix, we calculated the carbon concentrations
of each compartment for each equilibrium

. -1
Pn* = (Sp+tppsp) [(1—tpptpp)myp + my |

. -1
Dn® = [(L~ toptpp)myp + my | my™ [tppsp + (mp + my)sp |
Fpn* = Fpn® = Fgn™ =0

AP,N‘ = AG,N' =0

(2) For the equilibrium where only DOC specialists exist (Ep):

FP,D‘ = FG,D' =0

PP,D‘ = PG,D' =0
(3) For the equilibrium where only generalists exist (Eg):

Dyt = uG‘l{k‘la'GPG‘[l—h(h+mA+ mv)“(1+kePfF)]+mF}

Foo® = {a'GPG‘[l—(h+mA + 111\,)’1111A(1+k‘1rp)]—mprp}_1

FP,G‘ = FD,G' =0

A ' = kla'g(h+my+ my) Pg*xFg g

Apv G‘ = 0

where Pg* is the plausible solution of the following equation:
ox?+Bx+y =0

where (see next page)

(1) For the equilibrium where all 3 groups of bacteria are absent (Ey):

Pp* = (mp +my) ' (sp +up tppmpme + rpmeFy, *)

Dp* = mgpup™,

Fop' = my[ep —1p— 1ot HR sy —uy ! [1-topt ]
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Appendix 1 (continued)
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(4) For the equilibrium where only POC specialists exist (E}):
Pp* = a'plkmg[h(h+m,+ my) 1+ kep fr)—1]
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(5) For the equilibrium where DOC specialists and POC specialists coexist (Exp) (X = G):
Pyp® = a'y ' kmyg[(h+my + my) Bl +key )~ 1] (1—upluy)
Dxp* = up 'mp
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(6) For the equilibrium where DOC specialists and POC specialists coexist (Exp) (X = P):

we can calculate the equilibrium using the same equations as those for Egp (Eq. 5), noting that we set u, = 0.
(7) For the equilibrium where generalists and POC specialists coexist (Egp):

Pop* = ap lkmg[(h+my +my) h(l+ key fr)—1]"

Dap' = ug'{a'ck[1-(h+my +my) " h(l+ kep f5)|Pep *+ mg }
1::D,GP‘ =0

Fpap” D -B\(X
()= o-aer (5 21
Fy op -c ANy
where
= a'p[1-(h+m, + my) 1+ kr)m, |Pgp * - fpmy

= a'g[1- (h+m, + my) ' (1+ k'r,)my |Pgp * — rpmg

= a'p(fph+ k™ rpm, )Pep ™ + rpymy

A
B
C
D = a's(fph+k 'rpmy)Pep " + Iy —ucDep *
X = sp—(mp + my)Pgp "+ tppmpDep *

Y

— * *
= —5p — tppmpPp * + mpDep

1 =
Apgp® = kTap(h+my+my) Pop*XFpgp”

1 -1
Ag gp® = kTla'g(h+my + my) Pgp*xFg gp*

Editorial responsibility: Frede Thingstad, Submitted: May 10, 2004; Accepted: January 10, 2005
Bergen, Norway Proofs received from author(s): April 12, 2005



