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ABSTRACT: Bacterial growth limitation and the effect of pulp-mill effluents (PME) on sestonic bacteria were studied in a northern temperate river (the Fraser River, British Columbia, Canada). Nutrient addition experiments demonstrated that sestonic bacterial growth was potentially limited by P.
Experiments were done by adding N, P, or organic carbon to 2 l microcosms of river water. The addition of P (singly, and in combination with N and C) increased bacterial production (rate of 3H-thymidine incorporation) and activity (14C-glucose uptake), while the addition of N or organic carbon did
not. The inflow of PME into the Fraser River increased bacterial abundance, activity, and production
in 2 ways. First, P in the PME increased native bacterial abundance and processes, and second, PME
provided a source of active bacteria to the river.
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Heterotrophic bacteria are important for nutrient
cycling, decomposition, and possibly for secondary
production in aquatic systems. While much of the
current interest in the significance of bacterial secondary production has focused on lentic or marine
systems, it may play an even more important role in the
secondary production of lotic environments. Allochthonous inputs of organic C and bacteria are more
important in flowing waters than in other systems.
Additionally, the main consumers of bacteria in lotic
systems are meiofaunal filter feeders and biofilm
grazers: their assimilation of bacterial carbon is 1 to 4
orders of magnitude higher than other bacterial consumers (Meyer 1994). As a result, the flow of carbon
from bacteria to large consumers can occur in a single
trophic transfer in lotic systems (Meyer 1994). Bacteria
in riverine seston may have dislodged from surfaces in
the river, or be of allochthonous origin. The metabolism of these bacteria is often quite low, probably
because many are terrestrial or biofilm bacteria that
are unable to remain active in the seston (Wainwright
et al. 1992). While largely metabolically inactive, these

bacteria may still be an important food source for filterfeeding organisms.
The limitation of bacterial production in aquatic systems has been an essential issue for microbial ecologists for some time (Azam et al. 1994). Growth limitation of bacteria by organic C, or by inorganic nutrients,
has been found in a variety of aquatic environments
(e.g. Rivkin & Anderson 1997, Zweifel 1999, Church et
al. 2000, Kisand et al. 2001). Riverine studies have also
found bacterial growth to be limited by organic C in
some environments and at some times, and by inorganic nutrients at others (Benner et al. 1995, Arthurs
1998, Foreman et al. 1998, Mohamed et al. 1998).
The impact of pulp-mill effluents (PME) on rivers has
undergone extensive investigation for several years,
focussing primarily on the effects of increased biochemical oxygen demand (BOD) and toxicity to
aquatic biota. Biological oxidation systems have been
installed to address the problem of BOD for aquatic
biota, while chlorine dioxide substitution for bleaching
has largely addressed the concern of PME toxicity in
rivers (Gibbons et al. 1992). Still, some toxic chlorinated organic compounds and several natural toxic
compounds such as resin and fatty acids will be

*Email: mmohamed@sciborg.uwaterloo.ca

© Inter-Research 2003 · www.int-res.com

INTRODUCTION

20

Aquat Microb Ecol 33: 19–28, 2003

Table 1. Water chemistry data of Fraser River water upstream of effluent input (river water) and undiluted pulp-mill effluent
(PME) (data from J. Culp & K. J. Cash, National Water Research Institute, unpubl. data). Data encompass dates of fall 1994
experiments. TKN = total Kjeldahl nitrogen, SRP = soluble reactive phosphorus, TDP = total dissolved phosphorus, TP = total
phosphorus, DOC = dissolved organic carbon
NO3-N
(µg l–1)

River water
Mean
57.2
Range 38.1–93.3
PME
Mean
Range

NH4-N
(µg l–1)

TKN
(µg l–1)

SRP-P
(µg l–1)

TDP
(µg l–1)

TP
(µg l–1)

pH

Alkalinity
(mg l–1 as
CaCO3)

DOC
(mg l–1)

52.3
5.7–114

265
73.5–462

3.5
0.5–11

6.9
2.3–14

61.9
16.6–158

7.63
7.56–7.70

67.7
61.0–78.8

1.5
0.96–2.6

27.4
754.6
2973
496.3
1045.3
14.8–39.9 20.7–3800 1903–4131 120.4–882.0 381.4–3667

released even if chlorine is entirely excluded from the
bleaching process (McLeay 1987).
With the reduction of BOD and toxicity, the nutrients
and organic matter that are discharged by pulp mills
remain a concern, since bacteria are sensitive to very
small changes in the concentration of dissolved
organic carbon (DOC) and inorganic nutrients. Increased bacterial growth may result in changes to both
direct and indirect consumers of bacteria in the river.
Changes in bacterial activity may also change rates of
decomposition and nutrient mineralisation in a system,
thus changing the availability of nutrients to the system and the growth of autotrophic organisms, such as
algae (Paul et al. 1991). We used nutrient enrichment
assays to assess nutrient limitation of, and the effect of
PME on, sestonic bacterial abundance, production,
and activity in the Fraser River, a northern temperate
river, in British Columbia, Canada.

MATERIALS AND METHODS
Study site. Experiments were conducted at the
Fraser River near the city of Prince George, British
Columbia (53° 58’ 45” N, 122° 41’ 30” W), Canada, just
upstream of Northwood Pulp and Timber, which is the
first anthropogenic point source input into the river.
From its source to a monitoring site (Shelly station)
approximately 4 km upstream of the sampling site, the
Fraser River drains an area of 32 400 km2 (Anonymous
1991). Riverine discharge at Shelly station is high and
variable, ranging from 97 m3 s–1 (lowest yearly mean
monthly discharge) to 3470 m3 s–1 (highest yearly mean
monthly discharge) (Swain et al. 1994). Nutrient and
DOC concentrations in the mill’s PME were much
higher than in the river water upstream of the effluent
input (Table 1).
Sample collection. Work was done at the National
Water Research Institute’s mesocosm facility located

1613.9
744.0–4859

7.39
302.7
127.7
7.02–8.00 264.4–348.0 114.6–155.9

on the bank of the Fraser River at Northwood Pulp and
Timber. A complete description of this facility is given
in Culp et al. (1996). Briefly, the experimental facility
consisted of fifteen 200 l, 38 cm deep, circular flowthrough containers. River water was pumped into
these containers from an intake that was upstream of
the effluent discharge point. The intake was 0.5 m
above the river bottom and at least 3 m from the river’s
shore (which varied with river discharge). Delivery
rate to the containers was 2 l min–1, resulting in a mean
residence time of 2 h and a mean mid-water speed
of 20 ± 3 cm s–1. Tanks were either amended
with 1 or 3% v/v PME obtained from the mill, or left
unamended to serve as controls. These effluent
concentrations were chosen because they were the
minimum and maximum concentrations of PME that
typically occurred just downstream of the mill.
Experimental protocols. Samples for enumeration of
bacteria were preserved with acid Lugol’s iodine (2% v/v), decolourised with sodium thiosulphate,
stained with 4’, 6-diamidino-2-phenylindole (DAPI)
and enumerated by direct epifluorescence microscopy
(Velji & Albright 1993). A minimum of 300 bacteria per
slide were counted under 1000× magnification.
Bacterial production was measured by the rate of
incorporation of [methyl-3H]thymidine (TdR) into
DNA. TdR incorporation experiments were conducted
as follows: triplicate 5 ml aliquots of sample water were
placed in autoclaved 10 ml culture tubes. TdR at a final
concentration of 45 nM was added, and samples were
incubated for 120 min. Concentration and incubation
times were determined from the initial saturating
concentration and time-course incorporation experiments (Robarts & Zohary 1993). Killed controls for each
treatment were prepared by adding 5% formalin (final
conc.) to one set of samples before the addition of TdR.
Incubations were terminated with the addition of
5% formalin. Bacterial DNA was extracted from the
samples by the method of Robarts & Wicks (1989).
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Briefly, 250 µl of 5 N NaOH was added to each sample.
After 15 min, 1 ml of ice-cold 100% w/v trichloroacetic
acid (TCA) was added. Samples were then placed on
ice for 15 min before filtering through 0.22 µm
pore-size cellulose nitrate filters. Filters were rinsed
with 3 × 3 ml each of ice-cold 5% w/v TCA,
50% w/v phenol-chloroform, and 80% v/v ethanol.
They were then dissolved in ethyl acetate before the
addition of scintillation cocktail. Radioactivity was
measured using a liquid scintillation counter (Canberra Packard) with an external standard for quench
correction.
Bacterial metabolic activity in the treatments was
determined from the uptake of a single added concentration of [14C]glucose (Wright & Coffin 1984). This
method was used in conjunction with the TdR method
because during unbalanced growth, bacterial activity
may not vary concomitantly with bacterial division
rate. Also, because of the differing metabolic capabilities of members of mixed bacterial assemblages, 2 substrates can cross-verify results. Initial experiments
were done to determine the concentration of glucose
required to saturate bacterial uptake. Uniformly
labelled [14C]glucose was added at 180 nM and incubated for 180 min, then terminated with the addition of
5% formalin (final conc.). Killed controls for each treatment were prepared by adding 5% formalin (final
conc.) to one set of samples before the addition of
[14C]glucose. Samples were filtered through 0.22 µm
pore-size cellulose nitrate filters and rinsed with
3 × 5 ml of 0.45 µm filtered river water to remove unincorporated [14C]glucose. Filters were counted as
described above.
Mesocosm experiments. Water samples were collected from mesocosms on 7 dates in September and
October 1994 during the time of year when the total P
concentration is typically the lowest in the river before
ice cover (Environment Canada unpubl. data). Three
replicate samples were collected from each treatment
containing 0, 1, and 3% v/v PME. These were subsampled for determination of bacterial abundance,
production, and metabolic activity.
Microcosm experiments. Nutrient addition experiments were conducted to determine the nutrient
responsible for limiting sestonic bacterial production in
the Fraser River and the effect of PME on sestonic bacteria. These experiments were done using 2 l cultures
of river water, to which varying nutrient and PME
additions were made.
In all experiments in which nutrient and organic C
amendments were made, the following concentrations
were used: 200 µg C l–1 of mixed amino acids (glycine,
serine, glutamine, methionine, valine) for organic carbon additions, 1100 µg N l–1 as NaNO3 for N additions,
and 160 µg P l–1 as KH2PO4 for P additions. Cultures in
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the nutrient addition experiments were mixed and
aerated with 0.2 µm filtered air.
Nutrient addition experiments. Autumn experiment: An experiment was done to determine whether
N or P was the limiting nutrient for river bacteria at a
time when P was at its approximately lowest concentration during the year. Three replicates of 4 treatments were used; unamended river water (rw), river
water plus N (N), river water plus P (P), and river water
plus N and P (NP). Treatment flasks were sampled for
bacterial abundance, production, and activity at the
beginning of the experiment and at 96 h.
Spring experiment: An experiment was done to
determine whether bacteria were limited by organic C
or inorganic nutrients at the approximate time of highest annual P concentrations in the river. It consisted of
3 replicate treatments of unamended river water (rw),
river water plus DOC (C), river water plus N (N), river
water plus P (P), river water plus N and P (NP), and
river water plus DOC, N, and P (CNP). Bacterial abundance, activity and production were determined as
described above.
PME addition experiments. PME-nutrient interaction experiments: These experiments were conducted in both autumn and spring. They were similar
to the nutrient addition experiments done with river
water, except that nutrient additions were made to
river water to which 3% PME was also added. Treatments were: unamended river water (rw), 3% PME in
river water (PME), 3% PME plus DOC (PME+C),
3% PME plus N and P (PME+NP), and 3% PME plus
DOC, N, and P (PME+CNP). They were done to assess
whether the PME (at 3%) caused a shift in nutrient limitation of bacteria. Bacterial abundance, production,
and activity were measured over a course of approximately 7 d.
PME activity experiment: In autumn, bacterial abundance and activity were measured in the raw effluent
to determine whether the effluent was a source of
active bacteria to the river. Since we only wanted an
indication of how active the bacteria in the effluent
were, and bacterial cell production in the effluent pond
was not of interest to us, we measured only bacterial
activity in the undiluted PME. Activity measurements
were made at the temperature of the effluent pond
(ca. 21°C) and at river temperature (ca. 5°C). Three
replicate effluent and river water samples were collected as described above. One set of bottles containing effluent was held at the temperature in the effluent
pond, while another set of bottles was cooled and held
at river temperature by immersion into river water.
After the effluent samples had cooled to river water
temperature (ca. 20 min), aliquots were removed from
the bottles containing effluent (warm and cooled) and
the unamended river water. Glucose uptake and
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bacterial abundance were measured as described
previously.
Sterile effluent experiment. An experiment was
conducted in an attempt to separate the effects of a
bacterial input by the effluent from possible nutrient
stimulation effects of the effluent. This was done by
filter-sterilising effluent, then adding it to the river
water at a dilution of 3%. Effluent was filter sterilised
by sequential filtration through a Whatman #41 paper
filter, a Whatman GF/F filter, a 0.45 µm pore-size filter,
and finally through a 0.22 µm pore-size filter.
Treatments for this experiment were 3 replicates
each of unamended river water (rw), 3% sterile effluent (PMEF), and 3% filter-sterilised effluent plus DOC
(PMEF+C), 3% sterile effluent plus N and P (PMEF+
NP), and 3% sterile effluent plus DOC, N, and P
(PMEF+CNP). Bacterial abundance, production, and
activity were measured for 7 d as described above.
Statistical analyses of data. The hypothesis that the
addition of nutrients or PME did not cause a change in
bacterial abundance, production, or activity was tested
using a 1-way ANOVA at the time points of greatest
separation among treatments for each parameter measured in each experiment. Examination of data for normality and homogeneity of variance indicated that TdR
incorporation and glucose uptake data required application of a log transformation prior to the ANOVA.
Pairwise comparisons following a significant ANOVA
were conducted using a Fisher’s Least Significant Difference (LSD) test. A significant response was considered to be at α < 0.05. Unless otherwise noted, specific
values for TdR incorporation and glucose uptake (rates
normalized to cell numbers) are reported.

RESULTS

Nutrient addition experiments
Autumn experiment
The addition of N alone did not result in TdR incorporation (p = 0.447) or glucose uptake (p = 0.181) over
that of the unamended river water (Fig. 2a). While N
alone did not increase bacterial abundance either, the
effect was marginal (p = 0.073). Addition of P resulted
in an increase in bacterial abundance (p = 0.005) and
glucose uptake (p = 0.046) over the levels in unamended river water and the N-added treatment, but
not an increase in TdR incorporation (p = 0.431). Addition of N and P together, however, did result in an
increase in TdR incorporation (p = 0.015).

Spring experiment
The addition of either C or N did not result in a
change in bacterial abundance (C added, p = 0.501;
N added, p = 0.153), TdR incorporation (C added,
p = 0.491; N added, p = 0.499), or glucose uptake
(C added, p = 0.426; N added, p = 0.546) compared to
the unamended river water. However, the addition of P
alone resulted in an increase in all measures compared
to the unamended water as well as the C or N treatments (p < 0.001 for all measures; Fig. 2b). Addition of
N and P together did not result in a further change in
any of the above parameters compared to the treatment in which only P was added (bacterial abundance,
p = 0.690; TdR incorporation, p = 0.883; glucose
uptake, p = 0.652). Addition of C, N, and P together
resulted in a further increase in bacterial abundance
(p = 0.006) and glucose uptake (p = 0.038), but not TdR
incorporation (p = 0.669) compared to the addition of N
and P together.

Mesocosm experiments
Bacterial abundances were not significantly different
on September 25 (p = 0.278) or October 17 (p = 0.104),
but were on October 2 (p = 0.038) and 12 (p = 0.010),
with 3% PME significantly higher in bacterial abundance than unamended river water or 1% PME (Fig. 1).
TdR incorporation was significantly higher in 3% PME
than in 1% PME, and higher in 1% PME than unamended river water on all dates (p < 0.001 on all dates).
Glucose uptake rate followed the same pattern as TdR
incorporation, with treatment differences on September 25, October 2, and October 17 (p < 0.001 on each
date) but not on October 2 (p = 0.160). The magnitude
of treatment differences was quite large, with mean
TdR incorporation rate in 3% PME ca. 3 times higher
than in 1% PME, and ca. 30 times higher than in unamended river water.

PME addition experiments
PME-nutrient interaction
In the autumn experiment, all PME-added treatments
showed increased bacterial abundance (p = 0.007),
TdR incorporation (p = 0.022), and glucose uptake
(p = 0.002) compared to that of the unamended river
water (Fig. 2c). PME+C did not result in a further increase in any of the measures over the levels of PME
alone (bacterial abundance, p = 0.341; TdR incorporation, p = 0.718; glucose uptake, p = 0.938). In
contrast, PME+NP resulted in a significant increase in
bacterial abundance (p = 0.032) and TdR incorporation
(p = 0.005) over PME. PME+CNP had significantly lower
bacterial abundance (p = 0.018), and higher TdR incor-
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a)
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p = 0.859). PME+NP resulted in significant increases in
TdR incorporation (p < 0.001) and glucose uptake (p
= 0.003), but not in bacterial abundance (p = 0.612) over
PME +C. PME+CNP was not higher in any of the measures over PME+NP (bacterial abundance, p = 0.676;
TdR incorporation, p = 0.098; glucose uptake, p = 0.413).

Effluent activity experiment

b)

Volumetric glucose uptake in warm and cold raw
effluent was approximately 660 and 400 times that of
river water, respectively (data not shown). Bacterial
abundance in the undiluted effluent was also far
greater than in river water, with effluent containing
approximately 26 times as many bacteria as river
water (2.4 × 109 cells l–1 in river water vs 63.4 ×
109 cells l–1 in effluent). Specific glucose uptake was
ca. 15 times higher in the effluent (at 5°C) than in river
water (76 × 10–21 mol h–1 cell–1 in river water vs 1190 ×
10–21 mol h–1 cell–1 in effluent).

Sterile effluent experiment

c)

Fig. 1. (a) Bacterial abundance, (b) specific thymidine incorporation and (c) specific glucose uptake in mesocosms with
unamended river water (rw), 1% pulp-mill effluents (PME),
and 3% PME. Error bars are SE of the mean

poration (p = 0.001) compared to PME+NP. The apparent
increase in glucose uptake was marginally nonsignificant (p = 0.064).
In the spring experiment, as in autumn, PME addition produced higher bacterial abundance (p = 0.013),
TdR incorporation (p = 0.020), and glucose uptake
(p = 0.002) compared to unamended river water (Fig. 3a).
PME+C showed no further increase in any measures
over that in the PME treatment (bacterial abundance,
p = 0.311; TdR incorporation, p = 0.867; glucose uptake,

Addition of sterile-filtered PME to river water resulted
in significant increases in bacterial abundance
(p = 0.003), TdR incorporation (p < 0.001), and glucose
uptake (p < 0.001) over that of unamended river water
(Fig. 3b). Addition of C to filtered PME-amended river
water did not increase any parameters over the PMEF
treatment (bacterial abundance, p = 0.106; TdR incorporation, p = 0.680; glucose uptake, p = 0.751). In contrast, TdR incorporation was greater in PMEF+NP than
in PMEF+C (p = 0.036), though glucose uptake was not
(p = 0.378). None of the measures was greater in
PMEF+CNP than in PMEF+NP (bacterial abundance,
p = 0.956; TdR incorporation, p = 0.570; glucose uptake,
p = 0.601).

Effluent versus sterile effluent response
Bacterial response in the unfiltered PME was quite
different over the course of the experiment than in
PMEF (Fig. 3c). At 0 h, TdR incorporation and glucose
uptake were higher in PME than unamended river
water (TdR incorporation, p = 0.014; glucose uptake,
p = 0.002), or in PMEF (TdR incorporation, p = 0.01;
glucose uptake, p = 0.001). Unamended river water
and PMEF were not significantly different from each
other in these parameters at 0 h (TdR incorporation,
p = 0.561; glucose uptake, p = 0.545).
In PME, TdR incorporation and glucose uptake
dropped from over the course of the experiment. In
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a

b

c

Fig. 2. Bacterial abundance, specific thymidine incorporation, and specific glucose uptake of the (a) autumn nutrient addition experiment, and (b) spring nutrient experiment, and (c) autumn pulp-mill effluent (PME)-nutrient interaction experiment. Treatments are: unamended river water (rw), river water plus organic C (C), river water plus N (N), river water plus P (P), river water
plus N and P (NP), and river water plus C, N, and P (CNP), 3% PME (PME), 3% PME plus organic C (PME+C), 3% PME plus N
and P (PME+NP), 3% PME plus C, N, and P (PME+CNP). Error bars are SE of the mean

PMEF, however, TdR incorporation and glucose
uptake rose sharply after 102 h. At 144 h, TdR incorporation in PMEF was more than 4 times that of the PME
treatment (p = 0.009), while glucose uptake in PMEF
was more than twice that of the PME treatment
(p = 0.002).

DISCUSSION
Nutrient addition experiments
The autumn and spring nutrient experiments
(Fig. 2a,b) showed that inorganic nutrients, mainly P,
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a

25

b

c

Fig. 3. Bacterial abundance, specific thymidine incorporation, and specific glucose uptake of the (a) spring pulp-mill effluent
(PME)-nutrient interaction experiment, (b) sterile effluent experiment, and (c) comparison of 3% unfiltered PME to 3% sterilefiltered PME. Treatments are: unamended river water (rw), 3% PME (PME), PME plus organic C (PME+C), PME plus N and P
(PME+NP), PME plus C, N, and P (PME+CNP), filter-sterilised PME (PMEF), PMEF plus organic C (PMEF+C) PMEF plus N and P
(PMEF+NP), PMEF plus C, N, and P (PMEF+CNP). Error bars are SE of the mean

potentially limited bacterial growth in the Fraser River.
In autumn, the increase in TdR incorporation with the
addition of N and P together, but not with P alone, suggested that N was also important as a co-limiting factor
for bacterial growth. In the spring experiment, N
appeared to be less important, as P addition alone pro-

duced dramatic increases in specific TdR incorporation
and glucose uptake, while N addition alone did not
result in an increase in these measures. Also, N and P
added together did not result in any further increases
compared to the P-added treatment in spring. Growth
limitation of aquatic bacteria has been of interest to
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ecologists for a long time. Some studies have found C
limitation of bacterial production in marine and fresh
waters. Wang et al. (1992) provided evidence of bacterial C limitation in a eutrophic reservoir on some occasions, but limitation by inorganic nutrients on others.
Kisand et al. (2001) found that bacteria in a eutrophic
lake (Lake Võrtsjärv, Estonia) were limited by C supplied by phytoplankton. Organic C limitation of bacteria has also been observed in sub-Antarctic lakes
(Robarts et al. 1991), and in the Southern Ocean
(Church et al. 2000).
Other studies have found limitation of bacterial
growth by inorganic nutrients. For example, P stimulated bacterial growth in an oligotrophic lake, while
amino acids and glucose did not (Fahnenstiel et al.
1998). Chrzanowski et al. (1995) found that the addition of P alone stimulated bacterial growth in 2 oligotrophic lakes. Morris & Lewis (1992) determined that
bacterial production in a mesotrophic reservoir never
increased with the addition of C (glucose and acetate)
alone, but did increase with the addition of P alone, or
P with C, or N. Jansson et al. (1996) demonstrated that
bacteria in a humic lake were P limited for most of the
ice-free season. P limitation of bacteria has also been
found in coastal environments (Zweifel 1999), the open
ocean (Rivkin & Anderson 1997), and in saline prairie
lakes (Waiser & Robarts 1995).
Similarly, some studies have found bacterial growth
in rivers to be limited by organic C, while others have
found it to be limited by inorganic nutrients. Previously, we showed that the growth of bacterial biofilm
cultures from the Fraser River was increased with the
addition of P, but not with the addition of organic C or
N (Mohamed et al. 1998). Bacterial growth was C limited at 2 sites on the main stem of the Amazon River,
while there was a co-limitation between C and inorganic nutrients (N and P) on a blackwater tributary
(Benner et al. 1995). Bacteria in the Maumee River,
Ohio, were primarily C limited (Foreman et al. 1998).
In a large oligotrophic river (the Skagit River, USA),
bacterial growth was generally co-limited by C, N, and
P, with evidence of P limitation in some instances
(Arthurs 1998).
We added nitrate rather than ammonium for N addition treatments. This was done, in part, to reduce the
growth of nitrifying bacteria, as the effects of nutrients on
the growth of heterotrophic bacteria were our focus. It is
generally believed that approximately 70% of bacteria
are incapable of using nitrate, while most heterotrophic
bacteria can use ammonium as an N source (Neidhardt et al. 1990). The addition of nitrate rather than ammonium may, therefore, have reduced the effects of N
additions compared to ammonium in our experiments.
For C additions, we used mixed amino acids, as they
are available to a wide range of heterotrophic bacteria.

The amino acids may have also acted as a source of N, so
the C additions in the experiments should be viewed as
C+N additions. Since amino acid additions alone did not
increase bacterial growth, this lends further support that
P was limiting bacterial growth in the Fraser River.
As pointed out by Hecky & Kilham (1988), enrichment experiments of the kind we used are not always
conclusive. Long incubation times can result in bacterial growth on the walls of the flasks, reducing the concentration of P available to the seston during the
experiments, and thereby enhancing the degree of
P limitation in the seston. Sorption and desorption of P
from particles could also cause P availability to differ in
the incubation flasks compared to the river. Another
possible problem was protozoan grazers of bacteria.
No attempt to exclude protozoa was made, as small
protozoa often pass through filters and would have had
time to proliferate during the incubations. Their exclusion would have been partial, at best, and may have
resulted in the introduction of other artefacts, such as
nutrient release with cell breakage and exclusion of
larger heterotrophic bacteria. Therefore, while our
experimental approach was not able to definitively
prove that P was limiting to bacteria in the Fraser
River, it did demonstrate that it was potentially a key
limiting factor, as the same experimental artefacts
occurred in the control treatments. Indeed, the
unequivocal proof of nutrient limitation in natural systems is not possible at this time with the experimental
protocols available to aquatic microbial ecologists,
which means, as with our approach, all these methods
can only indicate a potential for limitation.

PME addition experiments
In the effluent addition experiments, the addition of C
to PME did not stimulate bacterial abundance, production, or activity (Figs. 2c & 3a). The addition of N and P
to PME, however, did increase bacterial abundance
(autumn experiment), activity (spring experiment), and
production (autumn and spring), showing that bacteria
in 3% PME were limited by inorganic nutrients.
Addition of sterile-filtered PME caused an increase
in all the bacterial parameters we measured, indicating
that without the confounding effects of the highly
active bacteria present in the effluent, PME could provide an essential nutrient for bacteria in the Fraser
River (Fig. 3a). As the river water nutrient addition
experiments showed that the limiting nutrient in the
river was P (Fig. 2b,c), the PME likely acted as a source
of labile P. The higher abundance and activity of bacteria in the effluent activity experiment compared to
the river water confirmed that the effluent was also a
source of active bacteria to the Fraser River (Fig. 3c).
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A comparison of the non-sterilised and filter-sterilised
effluent additions demonstrated that riverine bacteria
responded quite differently over the course of the
experiment. While production rate and activity
decreased in the non-filtered PME treatment, they
increased in the filtered PME treatment. The likely
reason for this difference is that highly active bacteria
added in the unfiltered PME decreased in production
and activity through time as they depleted the relatively low nutrient concentrations in the diluted PME.
Conversely, the relatively inactive riverine bacteria in
the filtered PME treatment would have increased their
rates of production and metabolic activity in response
to the relatively higher nutrient environment. While
bacterial activity and production in the PME treatment
decreased from their initial high rates, this does not
necessarily make their addition to the river insignificant. PME would have increased bacterial abundance
in the river by approximately 25 (at 1% PME) to 75%
(at 3% PME) downstream of the effluent input.
Allochthonous bacteria, whether active or not, may be
an important food source for some river invertebrates
(Edwards & Meyer 1990). Additionally, C or nutrients
released from these bacteria (either through consumption and excretion, or through cell lysis) could result in
further bacterial or algal growth in the Fraser River.
No other studies have specifically considered the
effects of PME on sestonic bacteria. Phosphorus in
PME also stimulated the growth of biofilm bacteria
from the Fraser River, as we have shown (Mohamed et
al. 1998). In a study of the effect of PME on periphytic
algae (Amblard et al. 1990) found an increase in
‘heterotrophic activity’ (measured as tritiated amino
acid uptake) in periphyton exposed to PME. The
authors ascribed these effects to algae in the periphyton switching to heterotrophic uptake of dissolved
organic compounds. However, bacterial growth in the
periphyton was likely important to the increase in heterotrophic biomass and activity, since autotrophic biomass (measured as chl a concentration) decreased relative to total biomass (measured as adenylate
nucleotide concentration), while heterotrophic incorporation of amino acids increased relative to photosynthetic activity with the addition of PME.
In summary, we have shown that sestonic bacterial
production in the Fraser River was potentially P
limited. PME contributed both highly active bacteria
and P to the riverine environment downstream of the
mill effluent inflow. Thus, PME caused an increase in
bacterial heterotrophic activity by concomitantly stimulating native bacterial production and introducing a
large and highly active allochthonous bacterial population. The impact of similar combined effects on overall carbon flow and biological productivity in rivers
needs further investigation.
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