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ABSTRACT

Many theoretical models have been proposed to study the effect of space on population dynamics
and interactions, but most of them are difficult to translate into experimental setups due to their abstract
nature. Here we defend the gradostat as a valuable experimental tool for testing such theories. The
gradostat is a culture system with bi-directional flow that forms nutrient gradients at steady state.
In this study, we use a 3-vessel gradostat with a phosphate gradient to study the effect of spatial hetero-
geneity on the spatial distribution of Pseudomonas sp., an heterotrophic aquatic bacterium. The
observed distributions partially agree with theoretical predictions, obtained from a mathematical model.
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RESUMO

Dinâmica Populacional de uma bactéria (Pseudomonas sp.) ao longo de gradiente
espacial de fósforo: uma abordagem experimental para a ecologia do espaço

Vários modelos teóricos têm sido propostos para estudar o efeito do espaço em questões de dinâmica
populacional e de interação entre espécies. Em geral, porém, os resultados teóricos obtidos são difíceis
de serem validados devido à natureza abstrata da formulação destes modelos. Aqui, defendemos o
uso do gradostato como modelo experimental para o teste destas teorias. O gradostato é um sistema
de cultura de microorganismos com fluxo bidirecional que forma gradientes de nutrientes no equilíbrio.
Neste estudo, usamos um gradostato de 3 vasos, com um gradiente de fósforo, para estudar o efeito
da heterogeneidade espacial deste recurso na distribuição espacial de Pseudomonas sp., uma bactéria
heterotrófica aquática. As distribuições espaciais obtidas corroboram parcialmente esperados teóricos
de modelos matemáticos propostos na literatura.

Palavras-chave: gradostato, ecologia do espaço, ecologia experimental, modelo matemático.

INTRODUCTION

In the last decades, interest in space has in-
creased substantially, since spatial heterogeneity
may be a key for explaining patterns of population
distribution, biodiversity, and stability of ecological
communities (Tilman & Kareiva, 1997). Many
theoretical models have been proposed to deal with

the effect of space on population dynamics and
interactions, but most of them are difficult to trans-
late into experimental setups, due to their abstract
nature. Kareiva (1990) stressed out the existence
of a large gap between theory and experimentation
in spatial ecology and suggests stepping-stone
models as the best candidates to close in these two
disciplines.
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Here, we use the gradostat as an experimen-
tal model for testing ecological theories of population
dynamics along spatial gradients of resources. The
gradostat (Lovitt & Wimpenny, 1979) is an array of
interconnected culture vessels were medium and
organisms flow in both directions (Fig. 1). Solutes

that are fed only into one end of the array are distri-
buted, at steady state, as a linear concentration gradient
decreasing towards the other end. In the absence of
organisms, a 3-vessel gradostat has concentrations
in the first, second and third vessels equal to ¾, ½,
and ¼ of the supplied concentration, respectively.
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Fig. 1 — Schematic representation of a 3-vessel gradostat. Three culture vessels are arranged linearly (V1-V2-V3). End
vessels receive sterile medium from reservoirs (R1 and R2) and this medium is transferred in both directions from vessel
to vessel and is removed from the end vessels. R1 contains sterile medium with phosphate while R2 contain the same medium
without phosphate. “S” is the amount of phosphate present in R1. A peristaltic pump drives the flow from V3 to V1 while
the opposite movement is driven by overflow. At steady state P is distributed through the vessels as a linear gradient.

Some rough analogies may be found between
the gradostat and natural systems. By supplying
seawater to one end and freshwater to the other
end, a gradostat can be used to simulate an estuary.
Flow in both directions can be regulated to repre-
sent tides. Cooper & Copeland (1973) uses an
experimental model very similar to the gradostat
to study the effect of pollution on the structure of
an estuarine planktonic community.

In the gradostat, steady-state population den-
sity in each vessel is a result of the balance between
immigration, emigration, and reproduction. Theo-
retical conditions for growth and persistence along
the gradostat spatial gradients have been studied
by many authors (El-Owaidy & El-Leithy, 1990;

Smith, 1991b; Tang, 1986; Jager et al., 1987;
Smith, 1991a; Smith & Tang, 1989; Smith, 1991a;
Smith & Waltman, 1991b; Zaghrout, 1992). This
theory, briefly introduced in the appendix, for-
mulates a set of differential equations that describe
the dynamics of populations and limiting resources
within each vessel of the gradostat.

One of the most interesting predictions of
the gradostat theory is the large impact of flow
rate on population distribution. At low flow rates,
population distribution is expected to follow the
concentration of the limiting nutrient, i.e., orga-
nisms should concentrate in the vessel receiving
more P (V1, according to Fig. 1) and population
density should correlate with resource concen-
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tration. As one increases the flow rate, however,
population distribution should become uncorrelated
with resource concentration. At high flow rates,
vessels at the ends of the array become sinks for
the population because dilution rate exceeds growth
rate. Organisms would then concentrate in the
middle vessel where dilution rate is lower, gene-
rating a triangular distribution.

The theory presented above was tested by
recording the spatial distribution of a heterotrophic
aquatic bacterium, Pseudomonas sp. in a 3-vessel
gradostat with a gradient of P, under various flow
rates. The observed distributions were compared
to those predicted by the mathematical model,
calibrated for this organism (appendix).

MATERIAL AND METHODS

Gradostat experiment
A 3-vessel gradostat was assembled using

250 ml Erlenmeyer flasks as culture vessels. Sili-
cone stoppers with five holes sealed the tops.
Teflon tubes fitted to the holes provided 2 input
and 3 output ports. Culture volumes were 280 ml.
Five liter bottles with sterile medium (reservoirs)
were connected to the end vessels. WC medium
(Guillard, 1973), enriched with 1 mM C (as
glucose) was used. A gradient of phosphate was
generated by supplying reservoir 1 with 2.2 µM
P (as Na2HPO4) and by not adding any phosphorus
to reservoir 2. A multi-channel peristaltic pump
drove flow from vessel 1 to 3, while overflow
controlled flow from 3 to 1. All three culture-
vessels were bubbled with filtered air (0.22 µm)
and kept in a 25°C water bath. The whole system
was sterilized by autoclaving for 1 hour. After
cooling down, medium was pumped through
vessels until the steady state distribution of the
limiting nutrient was reached. Then, organisms
from a pure laboratory culture of Pseudomonas
sp., were inoculated. These bacteria were kept, for
5 to 7 days before each experiment, in liquid WC
with glucose, at 25°C, for acclimatization.

To minimize wall growth, experimental runs
were limited to ca. 15 days and two runs are repor-
ted here. In the first run, cell densities were mea-
sured at flow rates 1.8 and 2.9 day–1. In the second
run, flow rates were set at 3.7 and 0.77 day–1. The
experiments were allowed to run at each flow rate
until steady state conditions were achieved for at

least three days, before changing to the next flow
rate. Cell counts were performed every two days
(Hobbie et al., 1977). Total phosphorus was mea-
sured in the last day (Strickland & Parsons, 1972)
to check for the presence of the chemical gradient.

Estimation of model parameters
 Pseudomonas maximum growth rate (µmax)

and half saturation constant (K
P
) were estimated

according to method proposed by Kilham (1978).
Pseudomonas, after growing until stationary phase
in WC medium with no supply of phosphate, was
delivered into 100 ml batch cultures with glucose-
enriched WC medium plus 0, 0.01, 0.05, 0.1, 0.5,
1 or 4 µM PO

4
. Triplicates of each treatment (total

of 21 flasks) were kept at 25°C. Eight samples were
taken from each culture, in intervals of 2 hours,
starting at 8 hours from the inoculation. Growth
rate (µ) was calculated for each experimental
culture by fitting a regression line to the natural
log of cell density against time. Growth function
(Table 1) was fitted to these growth rates against
initial P using nonlinear regression.

Cell Yield was estimated as the inverse of
cell quota, the amount of P per cell (Kilham, 1978).
Cells were initially grown in batch culture until
stationary phase, and delivered into 280 ml che-
mostats, receiving sterile WC medium (with 1 mM
C as glucose and 0.2 µM PO

4
), at various turnover

rates. Cell counts were performed daily and when
cultures reached steady state, soluble reactive phos-
phate (SRP) was analyzed (Strickland & Parsons,
1972). In cultures with sufficient medium left in
the reservoir, a new dilution rate was set, covering
a range of 0.5 to 3.5 volumes/day. Cell yield was
calculated for each flow rate as (total number of
cells)/(SRP

reservoir
 – SRP

culture
).

RESULTS AND DISCUSSION

The Fig. 2 shows the spatial distribution of
cells, observed at four flow rates (f). At the lowest
flow rate (f = 0.77 day–1), density was maximum
near the source of phosphate (V1) and decreased
almost linearly towards V3. When flow was in-
creased to 1.8 day–1, the middle vessel became the
place of highest density. This triangular pattern
was maintained as flow was increased to 2.9 and
3.7 day–1. The highest dilution rate used is close
to the Pseudomonas maximum growth rate.
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The observed shift in the spatial distribution
of Pseudomonas suggests that factors controlling
population density may change as flow rate in-
creases. At low flow rates, most nutrient uptake
(and growth) takes place in the first vessel and
densities in the other vessels result only from immi-
gration. Competition is strong in V1, the source
of organisms. The other vessels are sinks, and
populations are maintained by dispersal. With
increasing flow, organisms in V1 cannot consu-
me as much resource, and more nutrients reach
V2 and V3. The importance of V1 as source of
organisms is reduced. Eventually, dispersal and
not growth dictates the spatial pattern of species
distribution. Vessels at the end of the gradostat
only receive migrants from one contiguous vessel
while middle vessels receive from two contiguous
vessels. As immigration dominates over growth,
cells will tend to concentrate in the middle vessel
(center of migration), generating the triangular
pattern observed. Similar shifts from growth-depen-
dent to migration-dependent dynamics have been
observed in streams. In these ecosystems, a shift

from density dependent to density independent
mechanisms of population control is postulated
when flow rate is increased (Shiozawa, 1981).

Equations A1-A4 were parameterized for
Pseudomonas, with values estimated from batch
culture experiments (Table 1).

To choose an appropriate value for Y (cell
yield) was tricky. Cell yield varied with growth
rate (Fig. 3). This phenomenon is well described
in the literature (Vadstein & Olsen, 1989; Chen,
1974). In the gradostat, growth rate depends on
the balance between immigration and emigration,
and cannot be assessed a priori, although it is less
than 2f (Tang, 1986). Since equation A1 asks for
a single value of Y, we opted for an intermediary
value, between the range of expected growth rates.
Other values were also used in the analyses without
qualitative changes on model predictions.

The parameterized model was numerically
solved using the Runge-Kutta method of integration
with variable step size (software MatLab). Simu-
lations were carried out at different flow rates and
the results are shown in Fig. 4.
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Fig. 2 — Spatial distribution of cells (mean ± SE) in the gradostat, at four dilution rates (f = 0.77, 1.9, 2.8 and 3.7 day–1,
n = 4, 7, 7, 5, respectively).
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The expected shift in cell distribution is obtai-
ned. The model, however, predicts that the shift to
a migration-dependent pattern should occur at a much
higher flow rate than that observed in the experiments

(Fig. 2). One possible explanation for this disagree-
ment is the assumption of constant cell yield. In the
gradostat, organisms experience different growth rates
in each vessel, and cell yield should vary too.
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Fig. 3 — Dependence of cell yield (measured as the inverse of cell quota) on growth rate.

TABLE 1

Notation for the mathematical model and values used in simulations (values estimated
from the experiments).

State variables: Values

Ri Resource concentration in vessel i (µM)

Ni Population density in vessel i (cells/liter)

Operational parameters:

S Concentration of R in Reservoir 1 (µM) 2.2 µM P

f Rate of transport between contiguous vessels, between reservoirs and
vessels and, between vessels and receivers (day–1)

0.77, 1.8, 2.9, or 3.7

n Total number of vessels 3 vessels

Biological parameters and functions

µ Growth rate (day–1)

µmax Maximum growth rate (day–1) 3.67 day–1

K Half-saturation constant (µM) 0.012 µM

Y Yield of cells per unit of resource (cells/µmol) 1 x 109 cells/µmol P
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If this is the case, a more complex model that
considers a variable Y, such as a Droop model
(Droop, 1974; Grover, 1991), could solve the pro-
blem.

In the Droop model, Y is a dynamic variable
that varies inversely with growth rate. A potential
drawback of this approach, however, is that each
gradostat vessel is composed by a mixed population
of resident organisms and migrants from different
origins. Each one of these groups has its own nu-
trient content as they come from different growth
conditions. If a set of equations is used to model
the population dynamics and yield dynamics of
each one of these groups in each vessel of the
gradostat, it would increase enormously the com-
plexity of the model!

Our results suggest that, in aquatic environ-
ments subjected to bi-direction water flow, increase
in circulation alone should shift population distri-
bution from growth dependent to migration de-
pendent. As a result, peak of abundance should shift
from nutrient-rich habitats to regions away from
the borders. In estuaries, the importance of water
circulation on the spatial distribution of planktonic
populations has been long recognized (Ketchum,
1954; Pace et al., 1992). This effect, however, is
dependent on the relative scales of population growth
and water turnover (Ketchum, 1954). Bacteria have
generation times of the order of hours, phytoplankton
of a few days, and zooplankton of a few days to
months. Water turnover in estuaries may be too fast
to cause bacterial distribution to be migration
dependent. Thus, if other factors like predation and

differential mortality are not considered, spatial
distribution of bacteria should follow the distribution
of the most limiting resource. Zooplankton, on the
other hand, should be affected by the circulation
dynamics of estuaries (flow dependent distribution).
Pace et al. (1992) detected flow dependent source-
sink patterns on the distribution of Bosmina along
six stations on the Hudson River estuary, with a 30 x
higher abundance in station 1 (up river) and a li-
near decrease seawards.

There is an urgent need for experiments in
spatial ecology (Kareiva, 1990). The advantages
of using the gradostat for this task include the
existence of analytical theory and similarities with
chemostats, which can be used as “null models” for
the effect of spatial heterogeneity. Many applications
have been suggested for the gradostat, from physio-
logical to ecological to genetic studies. There is an
open field waiting to be pursued.

APPENDIX

The gradostat has a well developed mathe-
matical theory, with an approach similar to that
of chemostat theory (El-Owaidy & El-Leithy, 1990;
Lovitt & Wimpenny, 1981; Smith, 1991b; Tang,
1986). For each vessel i of the gradostat, a set of
two differential equations describe the dynamics
of a population (N) and a limiting nutrient (R) (see
Table 1 for notation).

dN

dt
f N N fN R Ni

i i i i i= + − +− +( ) ( )1 1 2 µ (A1)
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Fig. 4 — Expected effect of flow rate on the spatial distribution of cells. Simulation performed using equations A1-A4 with
parameters listed in Table 1.
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dR

dt
f R R fR R Ni

i i i Y i i= + − −

=

− +( ) ( )1 1
12 µ    

                                            for i  1 to n
(A2)

      R S R N Nn n0 1 0 1 0= = = =+ +, (A3)

Equation A1 describes the dynamics of popu-
lation N in vessel i. The first term indicates that
population density increases as migrants come in
from its left (N

i-1
) and right (N

i+1
) vessels. The

second term shows that organisms are lost to each
one of the two neighbor vessels at a rate fN

i
. The

last term indicates population growth due to repro-
duction. Growth rate dependence on the local
resource concentration is conventionally modeled
by a Monod function (Monod, 1950):

µ µ( ) maxR
R

K Ri
i

i

=
+ (A4)

Equation A2 models the dynamics of the
limiting resource (in our case, phosphorus). The
amount of resource in each vessel increases with
inflow from neighbor vessels (first term), and de-
creases by outflow (second term) and consumption
(third term). The parameter Y (cell yield) indicates
how much resource is removed when a cell is for-
med. In the absence of organisms (N = 0), R dis-
tributes itself along the vessels as a linear gradient
with concentration:

R S
i

ni = −
+

F
H

I
K1

1
(A5)

The set of equations (A3) defines the boun-
dary conditions applying to vessels 1 and n: vessel
1 receives C from its reservoir but not P, while
vessel n receives P but not C. Neither end vessel
receives organisms from the reservoirs.

The model presented above assumes no phy-
siological death, instantaneous conversion of con-
sumed resources into growth (no internal storage)
and constant yield (Grover, 1997). To parameterize
it, one only needs to estimate, for each population,
the Monod parameters (maximum growth rate and
half saturation constant) and cell yields.
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