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A B S T R A C T

In planktonic ecosystems, algae and bacteria exhibit complex interrelationships, as algae provide an

important organic matter source for microbial growth while microbial metabolism recycles limiting

nutrients for algae in a loose commensalism. However, algae and bacteria can also compete for available

nutrients if supplies of organic matter are sufficient to satisfy bacterial demand. We developed a

stoichiometrically explicit model of bacteria–algae interactions that incorporated realistic assumptions

about algal light and nutrient utilization, algal exudation of organic matter, and bacterial processing of

organic matter and nutrients. The model makes specific predictions about how the relative balance of

algae and bacteria should change in response to varied nutrient and light availability seen in lakes and

oceans. The model successfully reproduces published empirical data and indicates that, under moderate

nutrient supply, the bacterial percentage of total respiration should be maximal at intermediate light

intensity.

� 2015 Elsevier B.V. All rights reserved.
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1. Introduction

The absolute and relative supplies of solar energy and key
nutrients, such as phosphorus and nitrogen, are critical in
determining the biomass and species composition of ecological
communities and in driving ecosystem processes such as trophic
transfer and nutrient sequestration (Sterner et al., 1997; Urabe and
Sterner, 1996). In pelagic ecosystems, algae and photosynthetic
cyanobacteria (collectively, ‘‘phytoplankton’’ in the following)
grow in open water by taking up inorganic nutrients such as
phosphorus (as phosphate) and nitrogen (as ammonia or nitrate)
from the water and capturing energy from sunlight. Phytoplankton
coexist in pelagic food webs with heterotrophic bacteria, whose
role in nutrient cycling has generally been thought to be that of
‘‘remineralizers’’, in which they return organically bound nutrients
for re-uptake by phytoplankton. However, it is increasingly
recognized that the interaction between bacteria and algae in
pelagic ecosystems is more complex (Cotner and Biddanda, 2002),
as bacteria are nutrient-rich organisms and often represent short-
term nutrient sinks in competition with phytoplankton for limiting
nutrients (Vadstein, 2000). This occurs especially when bacterial
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energetic demands are satisfied, a condition that interacts in
complex ways with the nutritional status of the phytoplankton
themselves. For example, it is well known that nutrient-limited
phytoplankton increase their exudation of excess fixed energy in
the form of dissolved organic carbon (DOC; Fig. 1) that is readily
available to bacteria. Thus, it is likely that bacteria and algae often
compete with each other for key limiting nutrients such as
phosphorus (Hessen et al., 1994).

In general, it has been observed that bacteria have high
relative abundances in planktonic communities in oligotrophic
waters while algae are more predominant in eutrophic waters, as
bacterial biomass appears to increase more slowly than algal
biomass with increasing nutrient levels (Cotner and Biddanda,
2002). However, the mechanisms behind such shifts are unclear.
To help understand the complex and changing relationships
between algae and bacteria, Sterner et al. (1997) proposed the
‘‘light:nutrient hypothesis’’. They proposed that, in ecosystems
with high light:nutrient ratios, phytoplankton fix and exude
relatively more labile organic carbon, thus increasing organic
carbon flux to the bacteria, relieving their C limitation and
inducing nutrient (P) limitation. In turn, this would increase the
bacteria:phytoplankton ratio. In contrast, at low light:nutrient
ratios, phytoplankton have more balanced C:P metabolism and
do not exude as much labile organic carbon. Thus, bacteria
remain energy-limited, readily recycle nutrients, and the
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Fig. 1. A scheme for the relation between bacteria and algae for an open system. The

mathematical model A1 (Wang et al., 2007) was constructed following this

network. (Dissolved) inorganic phosphorus is the nutrient to support algal growth.

Bacteria require inorganic phosphorus and organic carbon for their growth. Organic

carbon is exuded by algae through photosynthesis. The terms uB and QA represent

the amount of P in bacteria and algae biomasses, respectively.
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bacteria:phytoplankton ratio would be relatively low. This
hypothesis has been tested via various laboratory and field
studies.

For example, Gurung et al. (1999) cultured bacteria and
phytoplankton under different combination of light levels and
total P concentrations. At low light intensities <25 mE/m2 s, the
density of algae in the semi-batch cultures was relatively low
regardless of supply of P because of low photosynthetic activity. At
high light intensities >25 mE/m2 s, P supply was the primary factor
affecting algal growth. In parallel with algae density, increasing
light intensity and P supply rate increased bacterial density. At low
light intensities, bacterial density was low regardless of P supply
rate due to low production of organic C by algae. Thus, at low light
intensities both algae and bacteria were energy-limited and their
relationship was commensalism because bacterial growth rate
depended on DOC produced and released from algae but algae
were themselves not dependent on microbial P mineralization.
When P supply rate was very low relative to light intensity,
bacterial growth was more limited by C than P. Although bacterial
growth was C-limited, the very low P supply indirectly limited
bacterial density via a decrease in the supply of DOC from algae. At
high light intensity, a slight shift from low P supply rate favored
algae. Thus, increased algal biomass was accompanied by increase
in DOC which relieved bacteria from C limitation while P limitation
was most intense at moderate P supply rate (P = 0.25 mMP) which
resulted in a competitive interaction between bacteria and algae.
Further increase in P supply rate weakened the competition for P
between algae and bacteria. Overall these results demonstrate that
there is shift between a C-based commensalism to competition for
P depending on nutrient supply and light intensity. Similarly,
Grover (2000) considered two microbial communities grown in
chemostats receiving a low supply of phosphorus and different
supplies of organic carbon. One community was a natural
assemblage of lake plankton and the other was a model
community composed of cultured organisms. The experiments
tested theoretical predictions of how organic carbon:inorganic
nutrient supply ratios affect bacterial and algal densities (Bratbak
and Thingstad, 1985; Thingstad and Pengerud, 1985). The
experiments supported the predictions that, as organic carbon:i-
norganic phosphorus supply ratio increases, (i) concentration of
DOC increases; (ii) concentration of inorganic P decreases; (iii)
algae decrease in abundance; and (iv) bacteria increase in
abundance. Taken all together, these results support hypotheses
that a high light:nutrient supply ratio will relieve C-limitation of
bacterial growth, allowing them to deplete inorganic P to levels at
which algae cannot replace themselves. Thus, algae and bacteria
become simultaneously P-limited and compete. With P-limitation
of bacterial growth, unconsumed DOC accumulates. Hence, at high
light:nutrient supply ratios, bacteria switch from C- to P-limitation
and become superior competitors for inorganic P.

Overall, a large amount of empirical work (Cotner and
Biddanda, 2002; Cotner and Wetzel, 1992; Del Giorgio et al.,
1997; Elser et al., 2002, 2003; Grover, 2000; Gurung et al., 1999;
Roberts and Howarth, 2006) has documented the relative
abundances of bacteria and phytoplankton as a function of light
and/or nutrients. Thus, it is feasible to construct a mathematical
model to examine this issue comprehensively. We report here the
results of simulation experiments involving a stoichiometric
model of phytoplankton-bacteria interactions derived in Wang
et al. (2007).

In this paper we use this model to examine the joint roles of
nutrient inputs and light intensity in regulating the structure and
function of phytoplankton–bacteria systems, considering two
models describing open systems (e.g. lakes or ponds) and closed
(closed nutrient) systems (e.g. microcosms) and comparing these
to published empirical data of Roberts and Howarth (2006). Given
a fixed ratio of bacteria:algae respiration loss per unit biomass, the
relative contribution to planktonic community respiration is
proportional to the relative abundance of planktonic community.

Understanding the changes in the planktonic community
composition will allow us to improve projections of the impacts
of climate change in aquatic ecosystems. Global climate change
includes rising CO2 and global warming. Human activities
significantly change the global cycles of several essential elements
(Sterner, 2002; Vitousek, 1994). Fertilizing soil disproportionately
with nitrogen (N), phosphorus (P), and potassium (K) to get more
agricultural yields and burning fossil-fuel which adds N and
sulphur (S) through atmospheric deposition all together cause
increases in CO2. This increase generally stimulates photosynthesis
and enhances plant growth. Furthermore, increased photosynthe-
sis can put increased demand on plants for P but decreased
demand for N. In addition, at higher concentration of CO2, this gas
diffuses into leaves more easily which enables plants to narrow
stomatal apertures, thus consequently to lose less water, that
means to decrease respiration (Loladze, 2002). Projected increases
in water temperature enhance permafrost thawing and it is very
likely to affect the structural and functional dynamics of the
microbial food web and are likely to increase rates of carbon
processing. The principal role of microbial food web is degradation
of organic matter. Hence, the microbial food web is a significant
source of energy to plankton, being mainly responsible for
recycling nutrients. Thus, nutrient and carbon enrichment will
enhance productivity and nutrient cycling in the water column
(Wrona et al., 2006). More general climate change can include
other factors such as light intensity shift over seasons and change
of nutrient contents in rainfall, thus our theoretical study on the
structure of planktonic community can also be directly relevant to
climate change.

2. Model background

Our model is based on recent efforts in the field of ecological
stoichiometry, the study of the balance of energy and multiple
chemical elements in ecological systems (Sterner, 2002). In this
approach, it is recognized that the biomass growth is a process of
selectively transferring certain chemical elements from resource
pools to form the stoichiometrically constrained biomass of the



Fig. 2. A scheme for the relation between bacteria and algae in a closed system. The

mathematical model A2 was constructed following this network.
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consumer. Mathematical models readily capture these ubiquitous
stoichiometric constraints for modeling species growth and
interactions (Grover, 2002; Klausmeier et al., 2004; Loladze
et al., 2000, 2004). In this paper we develop a stoichiometrically
explicit model of phytoplankton–bacteria interaction to capture
key interrelations that might be seen in a temperate lake in which
the water column is seasonally separated by a thermocline into
two parts, the epilimnion and the hypolimnion. The epilimnion is
the well-mixed and well-illuminated but often nutrient-deficient
warmer layer overlying the colder, darker, and more nutrient-rich
hypolimnion.

Algal dynamics in such systems have been modeled by many
researchers (Berger et al., 2006; Diehl, 2002; Diehl et al., 2005;
Huisman and Weissing, 1994, 1995; Klausmeier and Litchman,
2001), however, fewer studies have directly modeled bacteria and
algae interaction in a common framework (but see an early
attempt from Bratbak and Thingstad, 1985). The bacteria–algae
interaction in the epilimnion was modeled in Wang et al. (2007)
under a ‘‘well-mixed’’ assumption (Berger et al., 2006; Huisman
and Weissing, 1994, 1995). This model, motivated by the ‘‘light:-
nutrient hypothesis’’ (Sterner et al., 1997) and by the experiments
and hypotheses of Nishimura et al. (2005), can be viewed as an
extension as well as a variation of the work of Diehl et al. (2005),
who also modeled algal growth experiments subject to varying
light and nutrient availability but without bacteria. A unique
aspect of our model is that it explicitly includes nutrient-
dependent exudation of DOC by phytoplankton.

Here we extend the analysis of the model in Wang et al. (2007),
model A1, which consists of five interconnected nonlinear
differential equations (see Fig. 1), tracking the rates of change
for algal abundance, algal cell quota, (dissolved) inorganic
phosphorus concentration, heterotrophic bacterial abundance,
and dissolved organic carbon concentration. Phytoplankton
growth was assumed to depend on both light intensity and
phosphorus availability via the Lambert–Beer law (Huisman and
Weissing, 1994) and the Droop equation (Droop, 1974, 1983). The
algal carbon uptake function takes the Monod form (Diehl et al.,
2005). Algal sinking and water exchange between the epilimnion
and the hypolimnion were also included in the model (Horne,
1994). Algal sinking takes place at the interface between
epilimnion and hypolimnion, and its rate is negatively related to
the volume of epilimnion, because with a larger volume there is
relatively less proportion of total species abundances or element
concentrations for sinking. For convenience, It has been assumed
that the algal sinking rate is inversely proportional to the mixing
layer depth zm. D is the water exchange rate across the interface
between epilimnion and hypolimnion and between the epilimnion
and the inflow and outflow. We assume that there is a constant
phosphorus concentration, Pin, in the hypolimnion and in the
inflow. Using the same reasoning as for algal sinking, we assume
the water exchange is inversely proportional to zm (Wang et al.,
2007). Importantly, since algal organic carbon exudation is often a
prime energy source for bacterial growth (Cole et al., 1982) and is
known to depend on algal nutritional status (Elser et al., 2002),
algal exudation of excess DOC as a function of nutrient limitation
was explicitly modeled. To simplify the study of algal exudation on
bacterial growth, in our model we assumed that algal DOC
exudation is the only source of organic C for bacterial subsistence.
We also assume that bacteria have a fixed stoichiometry (Makino
et al., 2003), called ‘‘strict homeostasis’’ (Sterner, 2002). In
addition, we assume that bacterial growth functions for carbon
and phosphorus take the Monod form. Furthermore, we assume
that bacteria take up the DOC and dissolved inorganic phosphorus
(DIP) that they need.

Our comparison of the model with empirical results will focus
on microcosm experiments conducted by Roberts and Howarth
(2006) to address two main predictions based on hypotheses of
bacterial and phytoplankton resource limitation: (1) Bacteria
contribute less than autotrophs to ecosystem respiration as trophic
status increases. (2) If either light or nutrients are limiting, the
percentage of ecosystem respiration accounted for by phytoplank-
ton will decrease. The first prediction was tested through nutrient-
fertilization of two microcosms and the second was examined in a
factorial experiment involving three light levels and two nutrient
levels in three microcosm experiments. To be able to compare our
theoretical results with the microcosm data, we first need to derive
an appropriate model incorporating the experimental conditions.
To fulfill this, we modified model A1 in the following ways: (1)
water exchange rate is negligible; (2) recycling is not negligible for
a closed system, so algal recycling and bacterial recycling are
added to the phosphorus concentration equation; (3) algal sinking
velocity is negligible; (4) there is no grazing mortality rate for
bacteria. We call the new model for a closed system A2 as an
extension of the model A1 for an open system (see Fig. 2).

3. Methods and results

The first qualitative analysis of model A1 proves that all feasible
solutions of the bacteria–algae system are bounded in a region
where the algal cell quota is between its minimum and maximum
(Wang et al., 2007). Furthermore, analysis of model A1 on a
forward invariant set (solutions starting from this set stay in it for
any forward time) shows that the system has three types of steady
states: (1) extinction of both bacteria and algae, (2) bacteria
extinction only, (3) coexistence. The basic reproductive number for
bacteria, denoted by R1, has been obtained by standard computa-
tion in Wang et al. (2007). It involves the average biomass of new
bacteria produced by one unit of bacterial biomass during the
bacterial life span in the epilimnion. To have a comprehensive
understanding of model A1, a study of algae-only dynamics
without bacteria (B = 0) was completed (Wang et al., 2007),
reducing the system of five equations in A1 to three equations for
algal density, algal cell quota and phosphorus concentration. This
analysis shows that there can be two types of solutions for the
corresponding system: (1) algal extinction (E0), and (2) positive
steady state (E*). In addition, the basic reproductive number for
algae, denoted by R0, was found by standard computation in Wang
et al. (2007). It accounts for the average amount of new algae
produced by one unit of algae (measured in carbon content) during



Table 1
Variables and parameters in model A1.

Var./Par. Meaning Value Unit Reference

A Algal carbon density – mgC/m3 Wang et al. (2007)

Q Algal cell quota (P:C) – mgP/mgC Wang et al. (2007)

P Dissolved mineral phosphorus concentration – mgP/m3 Wang et al. (2007)

B Heterotrophic bacterial abundance – mgC/m3 Wang et al. (2007)

C DOC concentration – mgC/m3 Wang et al. (2007)

Iin Light intensity at surface 300 mmol (photons)/m2 s Diehl et al. (2005)

k Specific light attenuation coefficient of algal biomass 0.0003–0.0004 m2/mgC Berger et al. (2006), Diehl et al. (2005)

Kbg Background light attenuation coefficient 0.3–0.9 1/m Berger et al. (2006), Diehl et al. (2005)

H Half-saturation constant for light-dependent algal

production

120 mmol (photons)/m2 s Diehl et al. (2005)

zm Depth of epilimnion >0 m Wang et al. (2007)

Qm Algal cell quota at which growth ceases 0.004 gP/gC Diehl et al. (2005)

QM Algal cell quota at which nutrient uptake ceases 0.04 gP/gC Diehl et al. (2005)

rm Maximum specific algal nutrient uptake rate 0.2–1 gP/gC/day Berger et al. (2006), Diehl et al. (2005)

M Half-saturation constant for algal nutrient uptake 1.5 mgP/m3 Diehl et al. (2005)

mA Maximum algal specific production rate 1 1/day Diehl et al. (2005)

lm Algal specific maintenance respiration loss 0.05–0.13 1/day Berger et al. (2006), Diehl et al. (2005)

n Algal sinking velocity 0.05–0.25 m/day Berger et al. (2006), Diehl et al. (2005)

D Water exchange rate 0.02 m/day Berger et al. (2006)

Pin Phosphorus input 0–150 mgP/m3 Berger et al. (2006)

KP P-dependent half-saturation constant for bacterial growth 0.06–0.4 mgP/m3 Codeço and Grover (2001)

KC C-dependent half-saturation constant for bacterial growth 100–400 mgC/m3 Connolly et al. (1992)

mB Maximum bacterial growth rate 1.5–4 1/day Codeço and Grover (2001), Connolly et al. (1992)

u Bacterial fixed cell quota 0.0063–0.1585 mgP/mgC Wang et al. (2007)

mr Bacterial respiration loss 0.1–2.5 1/day Connolly et al. (1992), Del Giorgio et al. (1997)

mg Grazing mortality rate of bacteria 0.06–0.36 1/day Nishimura et al. (2005)

r C-dependent yield constant for bacterial growth 0.31–0.75 – Wang et al. (2007)
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the algal life span in the epilimnion and serves as an indicator of
algal viability. One of the main mathematical results regarding the
algae-only system is the statement that, if R0<1, then E0 is locally
and globally stable which is equivalent to saying that algae will die
out but, if R0 > 1, there exists a unique positive steady state E* such
that algae uniformly persist. In fact, R1 is an indicator for the
bacterial viability when R0 > 1. In addition, simulations were
performed in (Wang et al., 2007, Fig. 4.2) for model A1 as light
intensity varied from 0 to 1200 mmol (photons)/(m2 s) and
nutrient (phosphorus) availability changes from 0 to 150 mgP/
m3. These confirmed that there are three types of dynamics: (1)
R0 > 1, R1 > 1, indicating the persistence of both species, (2) R0 > 1,
R1 < 1, meaning the persistence of algae but the extinction of
bacteria (in agreement with what we obtained; lower right corner
of Fig. 7), and (3) R0 < 1, leading to the extinction of all species (also
Table 2
Variables and parameters in model A2.

Var./Par. Meaning Value 

A Algal carbon density – 

Q Algal cell quota (P:C) – 

P Dissolved mineral phosphorus concentration – 

B Heterotrophic bacterial abundance – 

C DOC concentration – 

Iin Light intensity at surface 325 

k Specific light attenuation coefficient of algal biomass 0.0003–0.00

Kbg Background light attenuation coefficient 0.3–0.9 

H Half-saturation constant for light-dependent algal

production

120 

zm Depth of epilimnion 0.5 

Qm Algal cell quota at which growth ceases 0.004 

QM Algal cell quota at which nutrient uptake ceases 0.04 

rm Maximum specific algal nutrient uptake rate 0.2–1 

M Half-saturation constant for algal nutrient uptake 1.5 

mA Maximum algal specific production rate 1 

lm Algal specific maintenance respiration loss 0.05–0.13 

KP P-dependent half-saturation constant for bacterial growth 0.06–0.4 

KC C-dependent half-saturation constant for bacterial growth 100–400 

mB Maximum bacterial growth rate 1.5–4 

u Bacterial fixed cell quota 0.0063–0.15

mr Bacterial respiration loss 0.1–2.5 

r C-dependent yield constant for bacterial growth 0.31–0.75 
in consistent with left region of Fig. 7). As this outcome suggests,
high light intensity can negatively affect bacteria, even driving
them to extinction due to competition with algae. Hence, these
dynamical outcomes provide formal support for the view that the
balance of light and nutrients is significant for aquatic ecosystem
structure and process, in agreement with the ‘‘light:nutrient
hypothesis’’ (Sterner et al., 1997).

We start our comparisons for a closed system using model A2.
We ran a MATLAB code simulating model A2 with the initial
condition: B(0) = 5, A(0) = 20, C(0) = 100, Q(0) = 0.004, and
P(0) =TP�A(0)Q(0) � uB(0) (with units given in Table 2) (Wang
et al., 2007) in which different values of TP (total phosphorus) were
obtained from the experiments of Roberts and Howarth (2006). We
also assumed the following parameter values (with units and
sources given in Table 2 where the medians have been chosen for
Unit Reference

mgC/m3 Wang et al. (2007)

mgP/mgC Wang et al. (2007)

mgP/m3 Wang et al. (2007)

mgC/m3 Wang et al. (2007)

mgC/m3 Wang et al. (2007)

mmol (photons)/m2 s Roberts and Howarth (2006)

04 m2/mgC Berger et al. (2006), Diehl et al. (2005)

1/m Berger et al. (2006), Diehl et al. (2005)

mmol (photons)/m2 s Diehl et al. (2005)

m Roberts and Howarth (2006)

gP/gC Diehl et al. (2005)

gP/gC Diehl et al. (2005)

gP/gC/day Berger et al. (2006), Diehl et al. (2005)

mgP/m3 Diehl et al. (2005)

1/day Diehl et al. (2005)

1/day Berger et al. (2006), Diehl et al. (2005)

mgP/m3 Codeço and Grover (2001)

mgC/m3 Connolly et al. (1992)

1/day Codeço and Grover (2001), Connolly et al. (1992)

85 mgP/mgC Wang et al. (2007)

1/day Connolly et al. (1992), Del Giorgio et al. (1997)

– Wang et al. (2007)
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Fig. 3. Relation between bacterial percentage of total respiration and total

phosphorus concentration (TP) in 2000 microcosm experiment for a fixed ratio of

bacterial:algal respiration loss per unit biomass, a = 10, using model A2 with Iin =

325 mmol (photons)/(m2 s) and TP = 0.93, 3.09, 15.48, 30.97, 61.94, and

154.85 mgP/m3 for 11 days with initial condition: B(0) = 5, A(0) = 20, C(0) = 100,

Q(0) = 0.004, and P(0) =TP�A(0)Q(0) � uB(0) compared with Fig. 2 in Roberts and

Howarth (2006).
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the values from the given ranges) for numerical simulations:
mA = 1, H = 120, Qm = 0.004, lm = 0.1, rm = 0.2, QM = 0.04, M = 1.5,
mB = 3, mr = 0.2, k = 0.0004, Kbg = 0.3, KC = 100, KP = 0.06, u = 0.1,
z = 0.5, r = 0.5, with all parameter values from Wang et al. (2007)
except z which is from Roberts and Howarth (2006). To obtain the
bacterial percentage of total respiration from our model, we used
the following formula (aB/(aB + A))100, where the parameter a

denotes the ratio of bacterial:algal respiration loss per unit
biomass and the possible range for a is computed by the ratio of
mr to lm. Note that the parameter a is not a parameter in the model;
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Fig. 4. Relation between bacterial percentage of total respiration and total

phosphorus concentration (TP) in 2001 microcosm experiment for a fixed ratio of

bacterial:algal respiration loss per unit biomass, a = 10, using model A2 with Iin =

325 mmol (photons)/(m2 s) and TP = 0.93, 3.09, 15.5, 30.97, 62, and 154.85 mgP/m3

for 8 days with initial condition: B(0) = 5, A(0) = 20, C(0) = 100, Q(0) = 0.004, and

P(0) =TP�A(0)Q(0) � uB(0) compared with Fig. 2 in Roberts and Howarth (2006).
a is still a free parameter in data fitting, that is, a may be different in
our fitting to different data sets. We fix all the parameters of the
model to run the simulations.

We compared the bacterial percentage of total respiration as a
function of TP for a fixed value a = 10 with the data from two
experiments reported by Roberts and Howarth (2006) in Figs. 3 and
4 by setting Iin = 325 mmol (photons)/(m2 s) (average light
intensity input) and running our code for 11 d and 8 d,
corresponding to their 2000 and 2001 microcosm experiments.
Our model was successfully fit, with good match for a = 10,
according to least square error. These two microcosm experiments
were part of nutrient enrichment gradient experiments to examine
relative contribution of bacteria and algae in ecosystem respiration
as nutrient availability changes. The experiments were conducted
in a growth chamber on the Cornell University campus during
August 2000 and September 2001. Water was collected in 25 5-gal
carboys from 0.5 m below the surface in the middle of Skaneateles
Lake, New York, U.S.A. (mean summer [TP] � 3.09 mgP/m3, mean
summer [Chl a] � 0.3–0.6 mg Chl a L�1; UFI 2003) on August 2000
and September 2001. Eight hundred milliliters of water from each
of the 25 carboys was added to a total of 18 different 20-l
microcosm tanks (20 l total added to each tank). After returning to
the laboratory, microcosm tanks were covered (polycarbonate lids)
and exposed to 14:10 h light:dark cycle in a growth chamber at
constant T = 22 8C for 10 d (in 2000) or 8 d (in 2001). Growth
chamber irradiance levels were set at a saturating level of
650 mmol (photons)/(m2 s). Final nutrient levels were obtained
via 10 (in 2000) or 7 (in 2001) day of daily liquid fertilizer additions
of N (NaNO3) and P (H3PO4) at N:P molar ratio of 5:1 (in 2000) or
25:1 (in 2001). Triplicate microcosm tanks were exposed to one of
six levels of nutrient addition over the duration of the experi-
ments: 0.93, 3.09, 15.5, 30.97, 62, or 154.85 mgP/m3. On day 11 (in
2000) and day 8 (in 2001) of each nutrient manipulation, water
was collected to perform linearity test experiments of O2

consumption. In order to perform linearity test experiments to
determine duration of dark incubations, water was collected from
several of the experimental treatments 1 day prior to respiration
incubations being performed. As a result of this test, microcosm
tank samples were incubated between 12 h (154.85 mgP/m3

treatments) and 36 h (0.93 mgP/m3 in Skaneateles Lake water)
(Roberts and Howarth, 2006).
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3 in Roberts and Howarth (2006).
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In Fig. 5, we explore this outcome by examining a time series for
bacterial percentage of total respiration for a = 10 for different
values of TP. As the plot shows, bacterial percentage of total
respiration does not decrease monotonically with TP when TP is
elevated to 154.85 mgP/m3.

Fig. 6 compares the model A2 predictions for bacterial percentage
of total respiration with the three microcosm experimental data. We
run our code when Iin changes from 100 to 200 to 625 mmol
(photons)/(m2 s), and when nutrient level varies from high nutrient
level (TP = 62 mgP/m3) to low nutrient level (TP = 15.5 mgP/m3) for
10 d. Using least square error in our simulation, the best value for a in
the Skaneateles Lake experiments 1 and 2 was 2 and was 0.77 for the
Cayuga Lake experiment. The experiments were conducted using the
same growth chamber setup mentioned above reported by Roberts
and Howarth (2006) in two environments differing in phosphorus
availability (high nutrient and low nutrient). The experiments used
three levels of light availability (achieved by differential layering
with 30 shade cloth) and two levels of nutrient fertilization (by daily
additions of liquid fertilizer with N:P molar ratio of 25:1). The two
levels of nutrient fertilization were based on target final TP
concentrations corresponding to mesotrophic (TP = 15.5 mgP/m3)
and eutrophic (TP = 62 mgP/m3) status. The three light levels
corresponded to saturating conditions (625 mmol (photons)/(m2 s))
and two degrees of light limitation (Iin = 100 and Iin = 200 mmol
(photons)/(m2 s)). The first two experiments (beginning on June and
August 2001) were again conducted using Skaneateles Lake as a
source water, while the third (beginning on September 2001) used
water collected from mesotrophic Cayuga Lake (mean summer [TP]
� 15.5 mgP/m3, mean summer [Chl a] � 5 mg L�1; UFI 2003). For all
three experiments, water was collected from 0.5 m below the surface
in carboys at a station in each lake (middle for Skaneateles Lake and at
the Remote Underwater Sampling Station [RUSS] at the south end of
Cayuga Lake). When water was brought back to the laboratory, three
additional tanks were filled according to the procedure above. Water
from these carboys was used to determine the initial respiration rates
of bacteria, phytoplankton, and total plankton in Skaneateles and
Cayuga Lake. Water was collected on day 8 of each experiment to
perform linearity test experiments and on day 9 to determine
bacterial, phytoplankton, and total plankton community respiration
rates.



Fig. 7. Bacteria:algae ratio predictions with fixed ratio of bacteria:algae respiration loss per unit biomass (a = 20) controlled by light and nutrient availability in steady state

using model A1 with initial condition: B(0) = 5, A(0) = 20, C(0) = 100, Q(0) = 0.004, and P(0) = 0.1.
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Our main findings are shown in Fig. 7, which shows the
prediction of the bacteria:algae ratio as light intensity input
changes from 0 to 1200 mmol (photons)/(m2 s) and phosphorus
input changes from 0 to 1200 mgP/m3 given a fixed ratio of
bacteria:algae respiration loss per unit biomass (a = 20) in steady
state in open system (ponds) using model A1. In addition to the
initial parameter value settings used in the first type of the data
fitting (closed system), we assigned parameter values of z = 30,
D = 0.02, n = 0.25, mg = 0.1 (with units given in Table 1) (Wang et al.,
2007) to run our simulation.

At a given level of P input, as light availability increases, the
bacterial share of respiration of total respiration increases to a
maximum value, after which it decreases. In oligotrophic waters
(low P), the increasing region is small; hence, the percentage
generally decreases as light increases.

These analyses indicate that bacteria need a larger nutrient
supply to survive as light intensity increases from intermediate to
high intensity conditions. At extra high light and low nutrient
supply, bacteria have sufficient DOC to grow but they go extinct
due to the nutrient limitation as the algal bloom caused by extra
high light depletes nutrient. The high nutrient supply will relieve
the nutrient limitation to bacterial growth. The maximum of
relative bacterial biomass occurs at intermediate light supplies
because there is a trade-off between carbon availability and
phosphorus availability. Low light leads to the carbon limitation of
bacterial growth (due to low algal abundance) while high light
leads to the phosphorus limitation of bacterial growth (due to algal
bloom). Thus, the relationship between bacteria and algae is
commensalism when light input is low but shifts to competition
when light input is high. However, when light availability is
extremely low, both bacteria and algae go extinct (see the left
extinction region of Fig. 7).

4. Discussion

Great progress in understanding and modeling ecological
systems has been attained within last decade as a result of
application of the theory of ecological stoichiometry (Sterner,
2002) and taking into consideration of interactions between
light and nutrient availability (Diehl, 2002; Diehl et al., 2005;
Huisman and Weissing, 1994, 1995; Klausmeier and Litchman,
2001). We employed a newly developed mathematical model
(Wang et al., 2007), a hybrid of mechanistic and phenomeno-
logical derivations, to examine how light and nutrient availabil-
ity regulate heterotrophic bacterial and algal abundances and
the relative contributions of each to ecosystem respiration. The
relative contribution to planktonic community respiration is
proportional to the relative abundance of planktonic community
given a fixed ratio of bacteria:algae respiration loss per unit
biomass.

It is well known that bacterial percentage of total respiration
changes with light as a function of trophic status (Biddanda et al.,
2001; Pace and Cole, 2000; Roberts and Howarth, 2006). In
oligotrophic lakes, when light availability increases, we would
expect to see a short stage of monotonic increase of the bacterial
share of respiration of total respiration, after which the bacterial
share will generally decrease. In eutrophic lakes, at a given level of
P input we would expect to see a unimodal (hump-shaped) relation
of bacteria:algae ratio as light intensity increases, as suggested in
Fig. 7. Gurung et al.’s (1999) experiment also indicates that algae
are relatively more dominant at higher light levels, which is also
the oligotrophic case.

Our model indicates that bacteria need a greater nutrient
supply to survive in very high light conditions: bacterial extinction
region appears only in the lower right corner of Fig. 7. This result
explains Gurung et al.’s (1999) finding that bacteria are limited
mostly by P at intermediate P and at high light where the
stoichiometric imbalance of C:P is greatest. Similarly, Cotner and
Biddanda (2002) also suggested that algae become better
competitors for nutrients with increased light availability while
bacteria may become more strongly nutrient-limited than under
lower light conditions. In addition, Chrzanowski and Grover’s
(2001) experiments provide evidence supporting the model result
that bacterial growth was more often P-limited when light:-
nutrient ratio was high. All of these experimental findings are
consistent with Fig. 7, supporting the ‘‘light:nutrient hypothesis’’
in which Sterner et al. (1997) hypothesized that the balance of
energy (as light) and nutrient (as total phosphorus) shapes aquatic
ecosystem structure and process, including the relative abun-
dances of bacteria and algae.
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To compare our model predictions with experiments in
Roberts and Howarth (2006), we assumed that mass-specific
respiration rates for bacteria and algae are constant. Neverthe-
less, mass-specific respiration rates likely increase as the severity
of nutrient limitation increases (Roberts and Howarth, 2006).
Regardless, this assumption may be sufficiently reasonable and
simple enough to be used as a first approach. It would be worth
allowing bacterial and algal respiration to be dependent on
P-limitation in future models. The model may help in under-
standing planktonic dynamics during seasonal changes that alter
light intensity. For example, the model implies that, as the
epilimnion becomes shallower and thus increases the average
light availability, algae may come to dominate the planktonic
community, sequestering available nutrients in epilimnion, as
has been suggested by Cotner and Wetzel (1992). However, our
model indicates that this familiar observation is only true in
oligotrophic waters (Fig. 7).

Light intensity plays an important role in regulating biochem-
ical and ecological processes in living organisms. Light intensity
and subsequently temperature is a master variable controlling
biochemical processes in organisms and its effects are exhibited
on many organizational level in organisms and ecosystems. It has
fundamental impact on chemical and biological reaction rates.
Even though there has been substantial interest in the effect of
light level on organismal and ecosystem metabolic processes,
light intensity and thus temperature can also have key indirect
effects on organisms mediated through impacts on biological
stoichiometry. In addition to light level, nutrient availability also
contributes to changes in the composition of planktonic ecosys-
tems. We were able to mathematically demonstrate how a
changing thermal environment and nutrient supply could result
in shifts in planktonic community composition. Understanding
the changes in community composition will allow us better
predictions of annual ecosystem level processes and improve
projections of the impacts of climate change in aquatic
ecosystems.
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Appendix A. Appendix

A.1. Mathematical model for lakes or ponds
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A.2. Mathematical model for microcosms

dA

dt
¼ mAA 1 � Q m

Q

� �
1

zm

Z zm

0

Iðs; AÞ
Iðs; AÞ þ H

ds|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
algal growth rate

� lmA;|ffl{zffl}
respiration

dQ

dt
¼ rðQ ; PÞ|fflfflfflffl{zfflfflfflffl}

replenishment

� mAQ 1 � Qm

Q

� �
1

zm

Z zm

0

Iðs; AÞ
Iðs; AÞ þ H

ds;|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
dilution due to growth

dP

dt
¼ lmAQ|fflffl{zfflffl}

algal recycling

þ mruB|fflffl{zfflffl}
bacterial recycling

� rðQ ; PÞA|fflfflfflfflffl{zfflfflfflfflffl}
algae P consumption

� umBB f ðPÞgðCÞ;|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}
bacteria P consumption

dB

dt
¼ mBB f ðPÞgðCÞ|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}

bacterial growth

� mrB;|ffl{zffl}
respiration

dC

dt
¼ mAA

Q m

Q

1

zm

Z zm

0

Iðs; AÞ
Iðs; AÞ þ H

ds|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
DOC exudation from algae

� 1

r
mBB f ðPÞgðCÞ:|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}

DOC consumption by bacteria

Here, f(P) = P/(KP + P) is the bacterial growth function for phospho-
rus, g(C) = C/(KC + C) is the bacterial growth function for carbon, I(S,
A) = Iin exp [� (kA + Kbg)s] is the light intensity at the depth s of a
water column with algal abundance A, r(Q, P) = rm((QM � Q)/
(QM � Qm))P/(M + P) is the algal phosphorus uptake rate.
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