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Abstract

Various measurements of microbial productivity in
streambed pebble biofilms were analyzed almost monthly
for 1 year to quantify the importance of primary
production as an autochthonous source of organic
matter utilized to support heterotrophic bacterial pro-
duction in the dynamic food web within this natural
microbial habitat. Bacterial density varied from 0.3 � 108

to 1.4 � 108 cells cm–2, and chlorophyll a concentration
ranged from 0.7 to 25.9 mg cm–2, with no coupled
oscillation between seasonal changes in these two
parameters. In bottle incubation experiments, the instan-
taneous bacterial growth rate of bacteria was significantly
correlated with their production rate [measured by
frequency of dividing cells (FDC)] as follows: ln m =
0.138FDC – 3.003 (n = 15, r2 = 0.445, p G 0.001). FDC
values in the pebble biofilms increased with fluctuations
during the study period, ranging from 3.6% to 9.2%.
Bacterial production rates largely fluctuated between 0.15
to 0.92 mg C cm–2 h–1, and its seasonal pattern was
similar to that of bacterial density. Net primary produc-
tion measured between May 2002 to November 2002
attained minimum level (0.5 mg C cm–2 h–1) in June and
maximum level (1.9 mg C cm–2 h–1) in August.
Percentages of bacterial production to net primary
production ranged between 21% and 120%. Because this
ratio extends both below and above 100% for these
parameters, it is likely that both autochthonous and
allochthonous supplies of organic matter are important

for production of bacteria in the pebble biofilms that
develop in rapidly flowing fresh water streams.

Introduction

Streams are zones in aquatic environments where a rapid
flow of shallow water produces a shearing stress on the
streambed. Perhaps for this reason, stream environments
are generally considered to be inadequate habitats for
plankton and weakly attached organisms. However,
current velocity decreases with distance from the upper
surface of the flowing water and is significantly reduced
around the surface of bottom substrata [2, 52]. Further-
more, the flow velocity is negligible or zero at the
substratum surface, hence this layer is called the viscous
sublayer [2, 52]. Recently, we have confirmed the
presence of the viscous sublayer on a natural cobble
placed in an artificial stream in our laboratory, by using a
current velocity microsensor (FS-20, Unisense, Aahus,
Denmark) (Nakano et al., unpublished data). Because of
the reduced shearing stress, planktonic and weakly at-
tached microorganisms are able to grow and develop
dense biofilms in this aquatic habitat [43]. These
biofilms, plus the great abundance of planktonic and/or
weakly attached protists on pebble biofilms in streams,
make it likely that active microbial food webs exist there
[13]. Thus, microbial food webs in benthic communities
of streams should be considered as an important
component of biological carbon cycling in aquatic
environments.

Bacterial production supported by dissolved organic
matter (DOM) is quantitatively one of the most
important components in microbial food webs. Numer-
ous studies have reported on bacterial production rates
in lakes and oceans [39]. In pelagic areas of these
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systems, significant positive relationships exist between
rates of bacterial production and primary production [7,
55], likely as a result of bacterial dependence on and
utilization of organic matter derived directly from
primary production. High bacterial production rates
have been detected during periods of active photosyn-
thesis [37, 48, 49, 51] and/or senescence of phytoplank-
ton blooms [8, 51]. Thus, many studies have focused on
bacterial production supported by autochthonous or-
ganic matter in pelagic systems, because organic matter
of allochthonous origins may be negligible relative to that
of autochthonous sources in this environment.

By contrast, streams have two substantial supplies of
organic matter that support bacterial production: au-
tochthonous sources derived from primary production
by periphyton and macrophytes, and allochthonous
sources from terrestrial plants and leaching from adja-
cent soil. In hyporheic environments, allochthonous
supplies of organic matter serve as an important growth
substrate for bacterial production [27, 29]. Allochtho-

nous organic matter is also an important growth
substrate for production of epilithic bacteria in forested
streams [19] and bacteria from within 1 cm depth in
blackwater river sediments [11]. In contrast to the
numerous studies on the role of allochthonous organic
matter to bacterial production, little information is
available on the role of autochthonous organic matter
to bacterial production in streams. Based on electron
microscopical examination, Lock et al. [26] proposed a
structure–function model of river epilithon, which is also
found in biofilms on submerged objects in streams. In
this model, the microbial exopolysaccharide matrix binds
together the bacteria, microalgae, and fungi, producing a
complex microbial biofilm community with a tight
internal cycling of nutrients between chemoorganotrophs
and photoautotrophs. This prevailing model suggests
tight coupling between bacterial and primary production
in this stream environment. There are previous simul-
taneous examinations between bacterial and primary
productions [41], DOM concentration and bacterial

Figure 1. Map showing the Komenono and
Fujinono sampling stations (closed square) at the
Ishite Stream, Japan.
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production [20, 38], primary production and extracel-
lular enzymatic activity [40], and between primary
production and microbial respiration [40]. Measure-
ments of primary and bacterial productions have been
made in streams during summer months [41], but
simultaneous quantitative assessment of these dynamic
food web parameters for all seasons throughout the year is
lacking.

In the present study, we examined the dynamics of
seasonal chlorophyll a concentration and bacterial
abundance in a stream to determine if coupled oscil-
lations occur between these two parameters of stream
ecology. Also, simultaneous measurements of primary
and bacterial production rates were conducted to
measure the importance of primary production by
periphyton in supporting bacterial production.

Methods

The present study was conducted almost monthly for 1
year, starting in November 2001 at the Komenono
Station located at the upstream site of Ishite Stream that
travels through Matsuyama City, Ehime Prefecture,
Japan (Fig. 1). BOD values in the stream are low [16,
17], indicating low organic loading. Water depth of the
stream at this sampling location ranged between 7 and 18
cm [13]. Both the water temperature and the current
velocity near the pebble samples were simultaneously
measured at 1 cm from the bottom using a thermometer
and a current meter (VP-201, Kenek Co. Ltd), respec-
tively. Granite pebbles derived from local bedrock [23]
were collected quickly from the streambed by the
submerged method using a polyethylene bottle filled
with stream water [13]. Overlying, flowing stream water
was simultaneously sampled and fixed with glutaralde-
hyde (1% v/v). Samples thus fixed were used for
enumeration and sizing of bacterial cells. Triplicate
nonfixed samples were also taken from solid (pebble
biofilm) and liquid fractions, plus flowing water for
determination of chlorophyll a concentration. Chloro-
phyll a concentration was measured on triplicate samples
of solid (pebble biofilm) and liquid fractions, plus
flowing water. Chlorophyll a was extracted from pebbles
in 20–100 mL N,N-dimethylformamide (DMF) [30, 45].
We filtered 1–10 mL of the liquid fraction and 10–50 mL
of the flowing water sample through a 0.2-mm Nucleo-
pore membrane. The filter and retained particles were
transferred to glass test tubes containing 6 mL DMF.
Chlorophyll a content extracted from the three different
samples was then measured and compared in triplicate
by the fluorometric method [13, 30]. Chlorophyll a
concentrations were calculated as amount per unit
surface area. The surface area of the pebbles was
estimated by first measuring their volume by displace-
ment of water when submerged in a graduated cylinder,

followed by calculation of the surface area of a sphere
having the equivalent volume [13].

For enumeration of bacteria, periphyton samples of
the biofilm were removed from the surface of sampled
pebbles by using a toothbrush, resuspended in the water
from the same sample bottle and sonicated at 38 kHz for
10 min. Dispersed bacteria (0.1 mL) were collected by
filtration on 0.2-mm Nucleopore filters, stained with
ethidium bromide [44], and enumerated via epifluor-
escence microscopy with at least 300 bacterial cells
counted per filter. Bacterioplankton were also enumer-
ated in samples of the overlying, flowing stream water.
Bacterial density was calculated according to the proce-
dure described by Fukuda et al. [13].

Primary production was determined from May to
November 2002 by the light–dark bottle method (light-
dependent O2 evolution) with some modifications [53].
Small cobbles were collected with care in transparent 1-L
Whirl-Pak bags and positioned with minimal distur-
bance so that their upper surface persisted as they were in
the stream. The bag was filled with 800 mL of stream
water and sealed airtight after removal of air bubbles.
Eight bags were prepared per sample; half were covered
with aluminum foil and the other half left uncovered.
The light and dark bags thus prepared were incubated in
the streambed (sample same side up) for 30 min between
10:30 and 11:00 hours. After 0, 15, and 30 min of
incubation, samples were transferred to duplicate 100 mL
oxygen bottles, fixed by the Winkler method, and titrated
to measure dissolved oxygen concentration [46]. The
surface area of a cobble was determined as described
above [13], and primary production was calculated as
rate per unit surface area. Oxygen generation was
converted to carbon fixation assuming a photosynthetic
quotient of 1.2 [5].

Bacterial production rates were estimated by the
frequency of dividing cells (FDC) method [14]. Incuba-
tion experiments were conducted to determine the
relationship between FDC and the instantaneous growth
rate (m, h–1) of bacteria. The surface biofilm on a pebble
was removed with a toothbrush and resuspended in 300
mL of stream water, and cyclohexamide was added to a
final concentration of 500 mg l–1 to minimize loss due to
grazing by protists. These samples were incubated in
duplicate glass flasks at in situ temperature, and
subsamples were taken from each flask at 2-h intervals.
The time course of changes in bacterial density and FDC
were followed over 20–24 h. The instantaneous growth
rate was calculated from the slope of the regression for
ln(cell number) vs time. For each experiment, a mean
FDC value was plotted against an instantaneous growth
rate to mathematically model the relationship between
FDC and instantaneous growth rate. In situ bacterial
growth rate was determined from the relationship as the
m value for a given FDC value.
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Experiments to determine the relationship between
FDC and instantaneous growth rate were conducted not
only at Komenono Station but also at Fujinono Station
located 5 km downstream from Komenono Station

(Fig. 1). Water temperature, periphyton chlorophyll a
concentration, and periphyton microbial density (bacte-
ria, flagellates, and ciliates) at Fujinono Station were at
similar levels to those in Komenono Station [13].
Unfortunately, Fujinono Station was destroyed as a result
of the stream improvement construction from February
2002 onward. However, we considered that the relation-
ship between FDC and instantaneous growth rate was
similar at the Fujinono and Komenono Station, and
continued the study at that alternate site to provide an
entire annual analysis.

Bacterial cell volume was determined by the
CMEIAS image analysis system [9, 25]. At least 500 cells
of bacteria were examined for each sample. Bacterial
production (BP; mg C cm–2 h–1), was calculated as
follows:

BP ¼ Nb e� � 1ð Þ � Vb � F

where Nb is the bacterial density (cells cm–2), Vb is the
mean bacterial cell volume in each sampling occasion
(mm–3), and F is the C/V ratio (200 fg C mm–3). This
latter conversion factor is the mean value for this
parameter measured for microbes in a variety of
ecosystems [36].

Results

Water temperature ranged between 4.4-C (January 2002)
and 21.8-C (August 2002) (Fig. 2A) and the bottom
current velocity ranged between 4.7 cm s–1 (February
2002) to 22.9 cm s–1 (April 2002) (Fig. 2B). Water
temperature (but not the current velocity) showed a clear
seasonal trend during the period of this study.

Chlorophyll a concentration (Fig. 2C) was high in
December 2001 (25.9 mg cm–2) and January 2002 (19.9
mg cm–2), and decreased to a minimum in June 2002 (0.7
mg cm–2). We predict that these changes were likely
influenced by the combination of biofilm detachment in
response to shearing stress and grazing of the biofilm by
aquatic insects. A slight increase in chlorophyll a
concentration occurred after July 2002. Although there
were large fluctuations in chlorophyll a concentration,
the dominant attached algae, e.g., Navicula spp. and

Figure 2. Seasonal changes in (A) water temperature, (B) bottom
current velocity, (C) chlorophyll a concentration on pebble
biofilms at Komenono Station in Ishite Stream, Japan, from
November 2001 to November 2002. Vertical bars in (C) indicate
standard deviations that exceed the size of the symbol.

Table 1. Chlorophyll a concentration, net primary production (NPP), bacterial production rate (BPR), and ratio of BPR to NPP
on pebble biofilms at Komenono Station in Ishite Stream, Japan

Sample date (2002)
Chlorophyll

a concentration (2g cm–2)
Net primary production

rate (mg C cm–2 h–1)
Bacterial production
rate (mg C cm–2 h–1) BPR to NPP (%)

June 19 0.7 0.5 0.60 120
July 15 1.1 0.9 0.50 56
August 7 1.7 1.9 0.42 22
October 16 2.1 1.3 0.27 21
November 13 1.7 1.0 0.38 38
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Cymbella spp., persisted throughout the study period.
Gross primary production attained a minimum in
November (1.1 mg C cm–2 h–1) and maximum in July
(3.5 mg C cm–2 h–1) (data not shown), and net primary
production was at a minimum in June (0.5 mg C cm–2 h–1)
and a maximum in August (1.9 mg C cm–2 h–1) (Table 1).

A significant relationship existed between the FDC
and the instantaneous growth rate of bacteria as follows:
ln m = 0.138 FDC – 3.003 (n = 15, r2 = 0.445, p G 0.001)
(Fig. 3).

Bacterial density within these biofilms ranged be-
tween 0.3 � 108 cells cm–2 in May and 1.4 � 108 cells
cm–2 in February (Fig. 4A). The high bacterial density
in February sequentially followed the high chlorophyll
a concentrations in December 2001 and January 2002
(Fig. 2C), but no further coupled oscillations between
bacterial density and chlorophyll a concentration oc-
curred during the study period. Bacterial cell volume
(Fig. 4B) had a large range of distribution throughout the
study, with the mean biovolume values being at their
lowest (0.217 mm3) in March and highest (0.509 mm3) in
May (Fig. 4B). A plot of cumulative biovolume of 1000
measured cells per sample (figure not shown) showed the
same dynamic monthly trend as the mean biovolume
plotted in Fig. 4B. FDC values fluctuated between
November 2001 and April 2002 and increased with
fluctuations from May onwards, ranging between 3.6%
and 9.2% (Fig. 4C). By contrast, bacterial production
rates largely fluctuated between 0.15 mg C cm–2 h–1

(March) to 0.92 (February) mg C cm–2 h–1 (Fig. 4D). The
seasonal changing pattern of bacterial production rate
was similar to that of bacterial density (Fig. 4A),
although their seasonal trends were not clear.

Discussion

This is the first reported use of the FDC method to
measure bacterial production rates in lotic environments,
specifically in the natural microbial biofilms that develop
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Figure 3. Relationship between frequency of dividing cells (FDC)
and instantaneous growth rate, m (h–1), of bacteria on pebble
biofilms at Komenono and Fujinono Stations in Ishite Stream.

Figure 4. Seasonal changes in (A) mean bacterial cell density, (B)
mean bacterial cell volume, (C) frequency of dividing cells (FDC),
and (D) production rates of bacteria on pebbles at Komenono
Station in Ishite Stream from November 2001 to November 2002.
Vertical bars in (A) and (B) indicate standard deviations exceeding
the size of the symbol.
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on streambed pebbles in freshwater ecosystems. Previous
use of this method in lentic aquatic environments have
indicated bacterial production values ranging between
1.8% and 5.4% in Lake Biwa, Japan [31, 33], and higher
FDC values (up to 16%) in oligotrophic Lake Toya,
Japan [34]. FDC values measured in marine and brackish
waters are comparable to those in limnetic waters: 0.6–
6% in a Swedish brackish water [14], 1.9–15.3% in some
American coastal seas [35], and 3–16% in Antarctic
Ocean waters [15]. FDC values for the streambed pebble
biofilms measured in this study (3.6–9.2%, Fig. 4C) are
in the same range as those in previous studies conducted
in the lentic waters. Thus, it is likely that bacteria within
streambed pebble biofilms multiply in situ at rates similar
to those in temperate lake and oceanic lentic waters.

Most bacterial production rates in lotic environ-
ments have been determined by the 3H thymidine or 14C
leucine incorporation methods (Table 2). We used the
FDC method because radioactive tracers are restricted
from use in natural environments in Japan. A potential
limitation of the FDC method is that planktonic bacteria
in oligotrophic lakes and oceans are usually very small
(G0.1 mm3) [24, 32], and when dividing, they may not be
detected [35]. However, in general the cell volume of
attached bacteria are on average larger than that of
planktonic bacteria, reflecting an overall higher physio-
logical state of microbial activity in biofilms [12, 21].
Consistent with this trend, the mean biovolume of
bacteria in pebble biofilms was much larger (0.325 mm3

and Fig. 4B) than the size of bacterioplankton cells that
dominate oligotrophic lakes and oceans, and therefore
we could easily detect dividing cells without difficulty in
this study. Also, bacterial production rates computed in
this study using the FDC method were in the same range
as those determined elsewhere by the radioactive tracer
methods (Table 2). These points indicate that the FDC
method is suitable for determining bacterial production
rates of bacteria developing in streambed pebble biofilms.

CMEIAS image analysis indicated that the biovo-
lumes of bacteria within streambed pebble biofilms were
the largest during April and May (Fig. 4B), concurrent
with increased bacterial production rates starting in April

of that year (Fig. 4D). Consistent with this finding are
other reports indicating that bacteria with large cell
biovolumes tend to be very physiologically active [10, 22,
50]. So, what factor(s) affect bacterial abundance and
productivity in these environments? One possibility to
consider is the ambient water temperature. Depending
on the location, both negative and positive correlations
have been found between seasonal water temperatures
and abundance/production rates of bacteria. For in-
stance, bacteria are more abundant and have their
highest production rates during cooler winter months
in the Tamagawa River [1, 18, 47] and Lake Biwa [31]
(both in Japan), but have higher bacterial production
under higher water temperature in White Clay Creek,
Pennsylvania, during vernal algal blooms [20] (there is
no other reported study on bacterial FDC in lotic
environments with which our results can be compared).
So, although ambient temperature was an important
environmental factor regulating bacterial abundance and
productivity in those habitats, there is no clear consensus
on the effects of temperature on bacterial abundance
and/or production in aquatic environments. In our
study, water temperature did not significantly correlate
with bacterial abundance, FDC or production (data not
shown). In addition, each bacterial parameter was
examined for a possible correlation with chlorophyll a
concentration and net primary production (both of
which would indicate an autochthonous source of
organic matter for bacteria), but no statistically signifi-
cant correlation was found. These results suggest that
other factors (possibly outside sources of allochthonous
organic matter and inorganic nutrients, removal of
biofilms on pebbles by mechanical forces, and grazing
by protists or invertebrates) may be more important in
regulating bacterial abundance, FDC and/or production
rates in streambed pebble biofilms in Ishite Stream.

In situ measurements indicated that the percentage
of bacterial production to net primary production in
these biofilms ranged between 21% and 120% (Table 1).
If we assume bacterial growth yield as 30% (based on
bacterial growth on lignocellulose [4]), the total carbon
consumption by bacteria would be 0.9–2.0 mg C cm–2 h–1.

Table 2. Bacterial production rates in rivers and streams reported in the literature

Study site Sample location Method
Bacterial production

(mg C cm–2 h–1) Reference

Black Creek, USA Surface sediment 3H thymidine 0.001–0.11 Findlay et al. [11]
Breitenbach, Germany Surface sediment 14C leucine 0.79–2.8 Marxsen [27]
Forested streams, Canada Surface sediment 3H thymidine 1.8–12 Hudson et al. [19]
Hudson River Estuary, USA Surface sediment 3H thymidine 0.008–0.94 Austin and Findlay [3]
Ishite Stream, Japan Pebble biofilms FDC 0.15–0.92 This study
Ogeechee River, USA Surface sediment 3H thymidine 0.001–0.062 Findlay et al. [11]
Ogeechee River, USA Top 20 cm of sediment 3H thymidine 4.1 Meyer [29]
Open streams, Canada Surface sediment 3H thymidine 6.4–14 Hudson et al. [19]
Spree (lowland river), Germany Epiphyton on macrophytes 14C leucine 0.005–0.058 Fischer and Pusch [12]
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This estimate accounts for 69–400% of net primary
production in the same biofilms. The results suggest that
the organic matter used for bacterial production in Ishite
Stream throughout all four seasons was derived from both
autochthonous sources of primary production by pe-
riphyton (especially plentiful between July and October,
Table 1) and allochthonous sources such as terrestrial
vegetation. If we assume that active bacterial production
also continues during nighttime without inputs from
photosynthesis, then the total amount of organic matter
cycling through bacterial biomass would far exceed the
primary production. Thus, the introduction of allochth-
onous organic matter is considered to be quite important
to the food web in these biofilms on streambed pebbles.
However, as the amount of allochthonous organic matter
used for bacterial growth was not concurrently measured,
its proportion to the total carbon input supporting
chemoorganotrophic bacterial production within these
biofilms could not be calculated. Further studies are
needed to identify which compounds in DOM are used
for bacterial production in Ishite Stream. The recent
report of Seitzinger et al. [42] on the chemical composi-
tion of DOM available to bacteria in two other streams
will be helpful in those future studies.

For measuring primary production, Bott et al. [6]
recommended using a chamber where water is recircu-
lated. However, we used a Whirl-Pak bag to measure
primary production [53] during only 30 min of
incubation between 10:30 and 11:00 hours when it is
predictably close to maximum [5, 54]. Daily changes in
solar radiation were not measured at our sampling
station, but rather they were available at the Matsuyama
local weather station [28]. We roughly calculated daily
net primary production as –0.50 to 0.17 gC m–2 day–1

under a chlorophyll a concentration of 0.7 to 2.1 mg cm–2,
and chlorophyll specific net primary production as –24
mg C mg Chl a–1 day–1 on 19 June, –46 mg C mg Chl a–1

day–1 on 15 July, 10 mg C mg Chl a–1 day–1 on 7 August,
5.5 mg C mg Chl a–1 day–1 on 16 October, and 0.8 mg C
mg Chl a–1 day–1 on 13 November. Our measurements of
the range of chlorophyll specific net primary production
overlap at the lower end of the range reported by Bott
et al. [6], which was 3.5–21.5 mgC mgChl a–1 day–1.
Hence, our in situ measurements of primary production
in Ishite Stream are considered to be adequate for these
calculations despite some potential limitations of measur-
ing primary production in streams [5, 6].

This study is the first to report on seasonal,
simultaneous measurements of both bacterial and algal
productivity in biofilms developing in a stream ecosys-
tem, with an indication that both autochthonous and
allochthonous sources of organic carbon contribute to
their productivity. Future studies, including measure-
ments of the amount of organic matter derived from
these two sources that are used in bacterial production in

situ, plus assessment of other environmental factors such
as supply of inorganic nutrients, removal by mechanical
forces, and grazing by protists or invertebrates on
bacterial abundance and productivity are needed to fully
understand the detailed structure and function of
microbial food webs in streams. This study also illus-
trates the value of modern, computer-assisted micro-
scopical approaches to enhance our understanding of
aquatic microbial ecology.
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