FEMS Microbiology Ecology 24 (1997) 187^200

MiniReview

The signi¢cance of autotrophic and heterotrophic picoplankton in
hypertrophic ecosystems
Ruben Sommaruga a *, Richard D. Robarts
;

a
b

b

University of Innsbruck, Institute of Zoology and Limnology, Technikerstrasse 25, A-6020 Innsbruck, Austria
Environmental Sciences Division, National Hydrology Research Institute, 11 Innovation Boulevard, Saskatoon,
Saskatchewan S7N 3H5, Canada

Received 24 January 1997; revised 29 April 1997 ; accepted 30 May 1997

Abstract

Hypertrophic aquatic ecosystems are biologically important because they represent an environment where homeostatic
mechanisms are strongly reduced and extreme oscillations occur in physical and chemical parameters as well as in the growth of
many planktonic organisms. Hypertrophic lakes may represent not only the ultimate state of eutrophication, but also systems
where abundance and production of picoplanktonic organisms (0.2^2 Wm in diameter) may theoretically be greatest. In this
review we examined the microbial ecology literature for studies on hypertrophic lakes and assessed the significance of
heterotrophic bacteria (BACT) and autotrophic picoplankton (APP). Our main conclusions are as follows: (a) The relative
contribution of APP to total phytoplankton biomass is strongly reduced in hypertrophic systems. (b) The absolute abundance
and biomass of APP are highly variable among these systems; depending mainly on differences in light quality and quantity,
the existence of nitrogen limitation and presence of pollutants. (c) The abundance of BACT does not increase as rapidly as algal
biomass with increasing trophy. (d) A clear dichotomy exists between lakes dominated by Microcystis where bacterial biomass
and production are relatively low, and Planktothrix-dominated lakes where bacterial biomass and production are high. (e)
Bacterial production per unit biomass tends to increase from oligotrophic to hypertrophic systems supporting the previous
hypothesis that bacteria do not play a lesser role in lake metabolism at the upper end of the trophic scale. In general, however,
our knowledge of the microbial ecology of hypertrophic systems has advanced very little since the 1980s, largely because most
studies of these systems have focused on their remediation.
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1. Introduction

Hypertrophic aquatic systems are environments
highly loaded with nutrients and consequently very
productive. They represent the ultimate state of the
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eutrophication process. Hypertrophic conditions are
typically found in relatively shallow ( 10 m depth)
fresh water lakes, ponds, reservoirs and estuaries
where anthropogenic in£uence is high. However,
under extremely high nutrient loads hypertrophic
conditions may develop even in systems having considerable depth or with low water retention times.
Although there are no statistics on their numbers
and geographical distribution, they are found pre-
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Fig. 1. Physical, chemical and biological characteristics shared by most hypertrophic aquatic ecosystems. Under extremely high nutrient
loads hypertrophic conditions may develop, even in systems with low retention times or having considerable depth.

dominantly in the tropical and temperate zones. The

physical,

quantitative de¢nition of hypertrophy is not easy

(Fig. 1).

chemical

and

biological

characteristics

and a number of attempts have been made to estab-

Hypertrophic systems cannot be de¢ned as ex-

lish clear boundaries between trophic states such as

treme environments in the sense of physical or chem-

eutrophic

these

ical factors but are certainly, at least temporarily,

boundaries, based on concentrations of nutrients,

and

hypertrophic

[1].

However,

harsh environments for many species and share a

phytoplankton biomass and water transparency, are

simply structured food web [2]. Environmental con-

not clear-cut and are usually expressed as a range or

ditions like high light attenuation, anoxia, oxygen

represented by a probability function. Nevertheless,

supersaturation, high pH values and the occurrence

most hypertrophic environments present common

of toxic or inedible algal species have a high selective
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pressure for many species. A decrease in diversity,
depending on chemical and physical factors, is detected particularly within the phytoplankton where
natural monocultures of cyanobacteria may be dominant. Strong oscillations in the abundance of many
components of the food web are also typical for
these systems. Exponential growth of several species
in the form of pulses and their sudden collapse are
good examples of low ecosystem stability and loss of
homeostatic mechanisms. Events like the collapse of
an algal or cyanobacterial bloom may have detrimental consequences for the system if anoxic conditions are generated. In this case a massive mortality
of di¡erent populations, such as ¢sh, may occur with
consequential changes in food web structure.
Research on hypertrophic systems has focused
mainly on the need to implement drastic measures
to restore their environmental quality rather than on
their peculiar ecological characteristics. Thus, it is
not surprising that a large e¡ort has been focused
on understanding and controlling the nuisance cyanobacterial blooms typical of these systems.
It is well known that eutrophication produces several direct and indirect structural changes in the pelagic food web. Although the abundance, biomass
and productivity of di¡erent microbial components
increases with increasing nutrient enrichment [3^6],
the general situation in hypertrophic environments is
largely unclear because the microbial ecology of such
systems has rarely been studied. Here, we evaluate
the sparse literature on microbial ecology studies of
hypertrophic aquatic ecosystems and assess the signi¢cance of heterotrophic bacteria and the smallest
primary producers, autotrophic picoplankton. In
particular, we assess whether models relating bacterial abundance and production to phytoplankton biomass and production established for systems of
lower trophy [3^5] can be extrapolated to hypertrophic ones. The systems we have included in this
review are those that were de¢ned in papers as being
hypertrophic by their authors and, when available,
the data presented con¢rmed this classi¢cation based
on most of the properties described in Fig. 1. Generally, systems with descriptors other than hypertrophic, such as `highly eutrophic', for example, have
not been included and this may have caused us to
omit some systems which should be classi¢ed as hypertrophic.
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2. Signi¢cance of autotrophic picoplankton in
hypertrophic ecosystems

Cyanobacteria and eukaryotic autotrophic organisms in the picoplankton size range (0.2^2 Wm)
termed autotrophic picoplankton (APP), are recognized now as important primary producers in many
aquatic systems [7]. In contrast to the large ¢lamentous or colonial cyanobacteria, APP are an available
food source for many micrograzers [8]. Moreover,
their high growth rates are similar to those of heterotrophic bacteria, making them an important component of the microbial food web in many aquatic
ecosystems. For a comprehensive review the reader is
referred to Stockner and Antia [7] and Weisse [9].
Several investigations have shown that the relative
contribution of APP to total phytoplankton biomass
and production decreases with increasing trophy [10^
12]. However, the information concerning the absolute and relative importance of APP abundance and
biomass in hypertrophic systems is contradictory.
Data on the contribution of APP to phytoplankton
primary production is limited and will not be considered here.
In a warm hypertrophic pond in China with total
chlorophyll-a (Chl-a) concentrations between 62.5
and 127.3 mg m33 , biomass of APP (Chl-a in the
fraction 6 2 Wm) was between 2.1 and 14.1 mg
m33 [13]. The maximum APP biomass was one order
of magnitude higher than the maximum reported for
fresh water lakes of lower trophy [7]. However, the
contribution to total phytoplankton biomass was
low (3.7^26.7%). No information was presented on
APP abundance for this pond. In the hypertrophic
area of Lake Balaton (Keszthely basin) the abundance of APP was very high with a maximum of
2.1U106 cells ml31 [14]. The Chl-a content of APP,
calculated by using the conversion factors reported
by SÖndergaard [11] and a mean cell volume of 0.52
Wm3 (1 Wm diameter), was estimated to be 12 mg
m33 .
The highest APP abundance reported in the literature (3.4U106 cells ml31 ) was for hypertrophic
Marcali Reservoir, Hungary [14]. Using the same
factors and mean cell volume as above, the estimated
biomass was 19.6 mg m33 Chl-a. Voëroës et al. [14]
concluded that although APP were numerically dominant in the phytoplankton their contribution to to-
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tal biomass was 6 12% on average in Keszthely basin and Marcali Reservoir. All these data support the
idea that the absolute abundance and biomass of
APP increases in hypertrophic systems but their contribution to phytoplankton total biomass is low.
Contrary to the above mentioned reports, the
maximum abundance of APP in hypertrophic Lake
ArresÖ, Denmark, was only 105 cells ml31 and similar to, or even lower than, those found in 6 lakes of
lower trophy [11]. In this lake, with maximum total
Chl-a values of about 600 mg m33 , the maximum
APP biomass was only 1.7 mg m33 Chl-a (calculated
from abundances and cell volumes as above) and the
annual mean contribution to phytoplankton biomass
was 0.5 þ 1%. In a study of 42 Japanese lakes, including 9 hypertrophic ones, APP biomass (Chl-a in the
6 2 Wm fraction) increased with trophy but this
trend did not continue in hypertrophic lakes which
had either very high or very low values [12]. The
contribution of APP biomass to the total phytoplankton biomass was lowest in hypertrophic lakes
(6.5 þ 8.1%, mean þ 95% CL). In a recent survey of
32 lakes covering a range of total Chl-a values between 0.2 and 390 mg m33 , Voëroës et al. [15] found
that the abundance of APP in hypertrophic lakes
with Chl-a concentrations s 200 mg m33 was either
very high (up to ca. 3U106 cells ml31 ) or as low as
measured in oligotrophic lakes. Above Chl-a concentrations of 100 mg m33 the contribution of APP
biomass to total phytoplankton biomass never exceeded 10%. Low abundances of APP were also observed in hypertrophic Hamilton Harbour, Lake Ontario, compared with o¡shore stations in the same
lake [16]. For example, in the o¡shore station APP
abundance during August in two di¡erent years
ranged from about 0.85 to 1.08U105 cells ml31 while
in Hamilton Harbour it ranged from about 1 to
5U103 cells ml31 . Finally, in a yearly study of the
urban Lake Rodoè, Uruguay with Chl-a concentrations of up to 335 mg m33 , picocyanobacteria were
not found although small eukaryotic phytoplankton
of 3^4 Wm were observed [2].
We assume that these ambiguous results are
caused by a combination of several interacting factors. One of them is the di¡erent taxonomic and
pigment composition of APP and the environmental
conditions favouring their growth. While in the hypertrophic basin of Lake Balaton, APP were domi-

nated by chroococcoid cyanobacteria (Synechococcus
sp.) rich in phycocyanin, in others like in Lake
ArresÖ, eukaryotic APP were the most abundant
[11]. Takamura and Nojiri [12] reported that in
some of the hypertrophic lakes they studied, Synechococcus spp. rich in phycoerythrin were not observed, although they did not provide further information on the taxonomic composition. Voëroës et al.
[15] in their survey of 32 lakes, found that phycoerythrin-rich APP were absent in the Chl-a range of
200^390 mg m33 where phycocyanin-rich APP were
dominant. There is substantial evidence to suggest
that the dominance of phycocyanin over phycoerythrin APP in hypertrophic waters is related to qualitative changes in underwater photosynthetically active radiation [15,17]. In hypertrophic lakes,
wavelengths in the blue-green region are rapidly attenuated by chlorophyll pigments, detritus and dissolved yellow substances while those in the green and
red regions penetrate deeper [18]. Recently, it has
been demonstrated that phycocyanin-rich APP exploit red light better and have higher growth rates
than phycoerythrin-rich APP [17].
Quantitative change in underwater photosynthetically active radiation has also been invoked to explain the dominance of eukaryotic APP in certain
hypertrophic systems. Under conditions of severe
light limitation, eukaryotic APP seem to be favoured
by a better adaptation to grow under low light levels
using the combination of chlorophyll a+b or a+c
[7,11]. However, di¡erent light quality and quantity
alone do not explain why the abundance or biomass
of APP may be so variable among hypertrophic systems.
Takamura and Nojiri [12] mentioned that eukaryotic APP may respond di¡erently than cyanobacterial APP to nitrogen and phosphorus limitation. In
this respect, Weisse [9] concluded that due to the
high speci¢c metabolism and related high nutrient
requirements of eukaryotic APP they will be restricted mainly to highly enriched waters. Voëroës et
al. [14] suggested that the ratio between available
pools of nitrogen and phosphorus may be decisive
for the growth of cyanobacterial APP in very enriched waters as indicated by a strong decrease in
abundance observed in Lake Balaton at times of
nitrogen limitation. Moreover, nutrient enrichment
experiments with APP from a eutrophic lake have
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3. The signi¢cance of heterotrophic bacteria in
hypertrophic ecosystems

Heterotrophic bacteria are now widely accepted as

3.1. Bacterial abundance and biomass in
hypertrophic ecosystems
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Fig. 2. Logarithmic relationships between chlorophyll-a and bacterial abundance for fresh waters including data from literature review
and annual mean values for the euphotic zone in Lake Rodoè, Lake Humboldt and Harbeespoort Dam in di¡erent years. Solid and
broken lines represent the regressions derived by Bird and Kal¡ [3] and Cole et al. [4], respectively and include also data from marine systems. Lake Elmenteita (LE) excluded from the regression as in Bird and Kal¡ [3].

perature and less so with primary production [26].
Similarly, Robarts and Wicks [26] found that primary production and water temperature, followed
by Chl-a concentration, were the key variables correlated with bacterial numbers in the upper water
column. Robarts [26] applied Bird and Kal¡'s [3]
regression (here and hereafter the overall literature
dataset excluding the single observation for Lake
Elmenteita) relating bacterial numbers to Chl-a concentration (Fig. 2). Mean measured bacterial numbers ranged from 11.6 to 19.6U106 cells ml31 (10.7
to 22.4U106 cells ml31 , 95% CL) while the predicted
numbers varied from 15.4 to 27.6U106 cells ml31
(5.3 to 66.7U106 cells ml31 , 95% CL). Measured

bacterial densities were lower than predicted in three
out of four years but within the large con¢dence
limits of the model. These calculations supported
Bird and Kal¡'s conclusion that although planktonic
algae and bacteria are coupled in lakes, bacterial
numbers do not increase as rapidly as algal biomass
with increasing trophy. Also, the low mean bacterial
cell volume found in Hartbeespoort Dam supported
Bird and Kal¡'s preliminary conclusion that cell volume may decrease with increasing cell numbers [27].
Not all bacteria in a natural population may be
actively growing at all times and all depths. Using
nalidixic acid, Robarts and Sephton [28] measured
the variation in metabolically active bacteria for
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2 years at 3 depths in Hartbeespoort Dam. Active
bacteria varied between 0.45 and 6.82U106 cells
ml31 , or 4.7^48% of the total bacterial abundance,
and were usually highest at the surface, the region of
greatest primary production. Besides water temperature and the rate of glucose uptake (see below),
changes in active bacterial numbers were correlated
with primary production.
Sommaruga [2] studied the microbial food web of
hypertrophic Lake Rodoè. The phytoplankton population of this lake was dominated by the cyanobacterium Planktothrix (Oscillatoria) agardhii, and Chl-a
concentrations ranged from 99 to 335 mg m33 over
an annual cycle. Bacterial numbers varied from 1.5
to 20.0U106 cells ml31 . The size structure of bacterial assemblages was characterized by the permanent
presence of large ¢lamentous bacteria, sometimes
longer than 200 Wm and with cell volumes of up to
276 Wm3 [29]. Although ¢lamentous bacteria accounted for only 4^16% of bacterial abundance
they represented up to 86% of the total bacterial
biomass. Mean cell volumes ranged from 0.065 to
0.546 Wm3 , giving biomass values of 80.2 to 443 Wg
C l31 [2]. These data do not support the hypothesis
of decreasing bacterial cell volumes with increasing
cell numbers as found for Hartbeespoort Dam.
Changes in bacterial numbers in Lake Rodoè were
signi¢cantly correlated with Chl-a concentrations
but bacterial abundance was less than predicted
from the mean Chl-a concentration of 223 mg m33 .
The models of Bird and Kal¡ [3] and Cole et al. [4]
predicted 54 and 17U106 cells ml31 , respectively,
while the measured mean was 6.9U106 cells ml31
(5.5^8.4U106 cells ml31 , 95% CL) [2]. Similar to
the situation in Hartbeespoort Dam, therefore, these
models overestimated the number of bacteria present
in Lake Rodoè.
The number of metabolically active (INT-reducing) bacteria in Lake Rodoè were between 0.4 and
6U106 cells ml31 , or 16.5^100% of total bacterial
abundance. Water temperature, which changed by
20.2³C during an annual cycle, had a major positive
e¡ect on the abundance of active cells, accounting
for 74% of their variation whereas Chl-a explained
only 13% [30].
Both Hartbeespoort Dam and Lake Rodoè are
warm water systems. Comparable data are available
for a north temperate lake in the Canadian prairies.
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Humboldt Lake is hypertrophic with summer phytoplankton populations dominated by Aphanizomenon
£os-aquae [31]. Chlorophyll-a varied from 1 to 840
mg m33 with a mean concentration at 0.5 m depth of
98 mg m33 for the ice-free season. Bacterial numbers
were high, ranging from 3.5 to 110U106 cells ml31
with a mean of 26.3U106 cells ml31 ( þ 2.0U106 cells
ml31 95% CL) but the peak numbers were not associated with the die-o¡ of the summer cyanobacterial
bloom. Mean bacterial cell volume was 0.083þ 0.021
Wm3 SD, which was not signi¢cantly di¡erent from
the mean cell volume found in a nearby oligotrophic
lake [32]. The data from Humboldt Lake, like those
from Lake Rodoè, do not support a trend of decreasing cell volume with increasing cell number (cf. [3]).
Bacterial biomass in Humboldt Lake varied from
47.4 to 626 Wg C l31 , which was about three times
higher than in the oligotrophic lake which had lower
numbers of bacteria [32]. Seasonal changes in mean
bacterial cell volume were correlated with changes in
the rate of primary production and Chl-a concentration while bacterial biomass was correlated primarily
with ciliate numbers.
Robarts et al. [31] used the regression models of
Bird and Kal¡ [3] and Cole et al. [4] to predict bacterial numbers from mean Chl-a concentration. The
predicted numbers were 23.7U106 cells ml31 (8.2^
55.8U106 cells ml31 95% CL) and 9.9U106 cells
ml31 (3.6^21.9U106 cells ml31 90% CL), respectively. The Bird and Kal¡ model was notably accurate in predicting the mean measured bacterial abundance (26.3U106 cells ml31 ).
In Lake SÖbygaîrd, Denmark, mean summer Chl-a
(dominated by Scenedesmus spp.) concentration (for
5 years) ranged from 137 to 748 mg m33 which was
about 9-fold higher than in a local eutrophic lake
[33]. Despite this large di¡erence, average bacterial
numbers (8.1^16.3U106 cells ml31 ) over the same
period were only 20^30% greater than in the eutrophic lake. Furthermore, bacterial mean cell volume, which ranged between 0.054 and 0.077 Wm3 ,
was similar in both lakes. These data did not support
the hypothesis that bacterial cell volume decreases as
bacterial numbers increase. Jeppesen et al. [33] concluded that the data from Lake SÖbygaîrd are in
accordance with comparative studies [3^5] showing
a decreasing ratio of bacterial biomass to Chl-a concentration across trophic gradients. Bacterial num-
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bers and Chl-a concentrations are available for several other hypertrophic systems but the data were
not presented in enough detail to allow analysis in
the same way as with the above studies.
3.2. Bacterial activity and production in
hypertrophic ecosystems

Natural bacterial assemblages are composed of an
unknown number of species with di¡erent metabolic
requirements which may also vary temporally and
spatially in their physiological states. Direct microscopic counts of bacterial numbers, therefore, provide relatively little information on bacterial activity.
Starting in the 1960s microbial ecologists began to
devise methods to measure in situ rates of bacterial
metabolic activity, production and growth which
permitted estimates of carbon and energy £uxes between di¡erent components of aquatic systems. Bird
and Kal¡'s [3] and Cole et al.'s [4] synthesis of the
literature suggested that bacterial production does
not increase as rapidly with increasing nutrient concentration as Chl-a concentration and primary production. Bird and Kal¡ hypothesized that this would
not result in a smaller role for bacteria in lake metabolism of enriched systems if bacterial production
per unit bacterial biomass increased as total bacterial
biomass increased.
Robarts [26] examined the relationship between
heterotrophic bacterial activity (measured as 14C-glucose uptake) and phytoplankton biomass and production in the epilimnion of Hartbeespoort Dam
for 3 years. Maximal rates of glucose uptake
(Vmax ) generally decreased with depth. Vmax at the
surface ranged between 0.11 and 5.5 Wg C l31 h31
(mean 1.0 Wg C l31 h31 ) while at 10 m it varied from
0.12 to 2.7 Wg C l31 h31 (mean 0.47 Wg C l31 h31 ).
The high rate at the surface approached the maximum rates measured in any system. Glucose turnover times ranged between 2.2 and 196 h. Vmax was
most strongly correlated with primary production,
Chl-a concentration and the production of phytoplankton extracellular dissolved organic carbon
(EDOC).
To assess whether bacteria in a hypertrophic system were more metabolically active than in less enriched systems, Robarts and Sephton [28] attempted
to compare glucose uptake per cell with data from

other systems. For the total bacterial population in
Hartbeespoort Dam glucose activity was between 9
and 284U10312 Wg C cell31 h31 . Although the maximum value exceeded published values, the range
overlapped values from other systems, such as mesotrophic Lake Constance, Germany. When glucose
activity in Hartbeespoort Dam was normalized to
the number of metabolically active bacterial cells
(see above), the rates were 62^2290U10312 Wg C
cell31 h31 . As the authors noted, these values were
similar to those obtained by others for total bacterial
populations in an arti¢cial wetland receiving piggery
e¥uents. The high rates of glucose incorporation
(both on a volumetric and per cell basis) and fast
turnover values were indicative of a highly productive system and that the autotrophic and heterotrophic populations were closely coupled [26].
In a subsequent study, heterotrophic bacterial production as determined by the rate of 3 H-labelled
thymidine (TdR) incorporation into DNA, was
measured in Hartbeespoort Dam [27]. The highest
rates of incorporation were usually found at, or
near, the surface and decreased with depth. At the
surface, rates ranged from 1.0 to 251 pmol TdR l31
h31 (mean = 42.4 pmol TdR l31 h31 ) and between 0
and 26.7 pmol TdR l31 h31 (mean= 10.8 pmol TdR
l31 h31 ) at the bottom of the water column (V27
m). For the water column, bacterial carbon production varied from 0 to 1.6 mg C m33 h31 , which was
similar to the Vmax rates obtained using glucose, with
the fastest doubling time of 59 h, measured at the
surface. At the surface, bacterial production correlated with Chl-a and primary production. From the
surface to 5 m Chl-a remained a major correlate
while below this depth to the bottom bacterial numbers and water temperature were the main correlates.
However, when primary production was integrated
over the water column, bacterial production was signi¢cantly correlated to it down to 20 m [26]. Primary
production of the euphotic zone ranged from 65 to
2900 mg C m32 h31 whereas bacterial production
varied from 0.1 to 2.1 mg C m32 h31 [27]. As a
percentage of primary production, euphotic zone
bacterial production ranged between 0.01 and 1.0%
(mean = 0.1%), the highest value occurring at overturn when primary production dropped sharply.
When bacterial production was integrated over the
whole water column, it was 0.3^7.0 mg C m32 h31 ,
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or 0.1^5.5% (mean= 0.7%) of primary production.
Daily rates of bacterial production for the water column were 6.7^168 mg C m32 d31 or 0.3^16.8%
(mean= 2.0%) of daily primary production (0.44^
20.1 g C m32 d31 ). Assuming a growth e¤ciency
of 35% for bacteria, they could potentially consume
on average 5.7% of the phytoplankton carbon production, well below the average value of 60% calculated by Cole et al. [4] for a large range of marine
and fresh water systems.
Using the equations in Cole et al. [4] to predict
volumetric and areal rates of bacterial production
from Chl-a, primary production and bacterial numbers, the calculated bacterial production values were
122, 802 and 77.9 mg C m33 d31 , respectively [27].
The measured mean was 7.2 mg C m33 d31 . Predicted mean areal bacterial production from mean
primary production was 889 mg C m32 d31 , whereas
the measured rate was 67.5 mg C m32 d31 . While all
the predicted values fell within the broad 90% con¢dence intervals of the models, the calculations supported the conclusion that bacterial production was
low relative to phytoplankton standing stock and
production in Hartbeespoort Dam [27]. Robarts
and Wicks [27] further concluded that bacterial production was limited by the availability of labile
DOC. The signi¢cance of bacterial production to
the overall food web in this system is unknown.
No studies of protistan grazing were undertaken
but bacteria contributed relatively little (3%) to the
total carbon uptake of cladoceran zooplankton [34].
Sommaruga [2] measured bacterial production in
Lake Rodoè using 14 C-leucine (Leu). Maximum bacterial activity (14.4 nmol Leu l31 h31 ) occurred in
summer, the minimum rate of 1.1 nmol Leu l31 h31
was found in winter, with a mean value of 7.9 nmol
Leu l31 h31 (6.43^9.39 nmol l31 h31 , 95% CL). In
units of carbon, daily bacterial production varied
between 72 and 1071 mg C m33 d31 . Bacterial production was correlated with water temperature, bacterial abundance and Chl-a concentration. Bacterial
turnover times were fast and highly variable, varying
between 5 and 42 h. In this lake the grazing pressure
exerted by heterotrophic £agellates was extremely
high consuming on average 91% and 76% of the
bacterial production in summer and winter, respectively [2]. Using the mean Chl-a concentration of 223
mg m33 in the model of Cole et al. [4], a mean daily
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bacterial production of 99.7 mg C m33 d31 was predicted, markedly less than the measured mean of 587
mg C m33 d31 but within the broad con¢dence limits
of the model, as noted above for other hypertrophic
lakes. Contrary to the data from Hartbeespoort
Dam, Sommaruga [2] concluded that the Lake
Rodoè data supported the contention that bacterial
production increases with increasing trophy.
Bacterial production in Humboldt Lake, measured
as the rate of TdR incorporation, ranged between 1.3
and 395 pmol l31 h31 (mean 101 pmol l31 h31 , [31]).
The highest rates occurred in summer during the
cyanobacterial bloom and the lowest in winter. Bacterial production was fairly uniform throughout the
water column, which was only 6 m deep, and was
most strongly correlated with water temperature and
to a lesser extent with Chl-a concentration. Mean
bacterial carbon production was 0.8 mg C m33 h31
(range 0.02^3.2 mg C m33 h31 ) whereas daily water
column values were 19.8^422 mg C m32 d31 and
averaged 14.7% of primary production. Correcting
for respiration, the heterotrophic bacterial population could consume an average of 42% of the lake's
planktonic primary production. Changes in daily
bacterial production were correlated with water temperature, Chl-a concentration and primary production [31].
The average volumetric and areal bacterial production rates for Humboldt Lake were 32.5 mg C
m33 d31 (þ 3.8 mg C m33 d31 ) and 143 mg C m32
d31 (þ 44 mg C m32 d31 , 95% CL), respectively [31].
Using the same rates of primary production, and the
equations of Cole et al. [4], the predicted mean rates
of bacterial production were 123 mg C m33 d31
(15.1^415 mg C m33 d31 , 90% CL) and 370 mg C
m32 d31 (142^906 mg C m32 d31 , 90% CL). Again,
although the mean rates were lower than the predicted means, the ranges overlapped. As noted by
Robarts et al. [31], the comparison of measured
and predicted rates is biased by the use of various
conversion factors used in the studies on which the
models were based. This could make a signi¢cant
di¡erence in such comparisons.
The Humboldt Lake data supported the hypothesis of Bird and Kal¡ [3] and Cole et al. [4] that
bacterial production does not increase as rapidly as
Chl-a concentration and primary production with
increasing nutrient concentration. Bacterial produc-
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Fig. 3. Logarithmic relationship between chlorophyll-a and bacterial production (Wg C l31 h31 ) normalized to bacterial biomass (Wg C
l31 ) for several fresh water systems. When biomass data were not available, bacterial numbers were converted to biomass assuming a
mean cell carbon content of 15 fg C cell31 .

tion per cell measured for Humboldt Lake was similar to that of other less enriched systems. This is
similar to the situation reported by Robarts and
Wicks [25] for Hartbeespoort Dam and by Letarte
and Pinel-Alloul [35,41] for 8 Canadian and 8 Danish lakes. However, when we normalized bacterial
production to biomass (Fig. 3), there was a trend
of increasing production extending from oligotrophic
systems to Lake Rodoè, as hypothesized by Bird and
Kal¡. This is the ¢rst dataset to lend support to this
hypothesis but needs con¢rmation from other systems. Currently it is di¤cult to obtain such data
from the literature because values of bacterial biomass in production studies are infrequently given
and because of the use of diverse conversion factors
to calculate carbon production.
Jeppesen et al. [33] measured bacterial production,
using TdR, in Lake SÖbygaîrd. Mean bacterial production during summer (May to October) varied
from 37 to 53U107 cells l31 h31 which was signi¢cantly greater than in the nearby, eutrophic Lake
Vaeng (15^25U107 cells l31 h31 ). Bacterial production also varied signi¢cantly between years in Lake
SÖbygaîrd ^ production was greater in 1990 than in

preceding years, the increase coinciding with a shift
in the dominant cladoceran population from Daphnia longispina to Bosmina longirostris [33]. Relative to
primary production, bacterial production was only
2.5% and assuming a bacterial growth e¤ciency of
50%, Jeppesen et al. [33] calculated that only 5% of
phytoplankton production would cycle through the
bacteria. They ascribed this low value to the shallowness (mean depth = 1 m) and short hydraulic retention time (15^20 days) of the lake. Further, they
noted that in such a lake the settling distance is
shorter so that algal sedimentation loss to the sediments would be higher compared to deeper lakes and
because the short lake retention time would also
mean that the out£ow loss of phytoplankton would
be greater than in a system with a longer residence
time. As a consequence, they concluded that the interval during which algal exudates could be released
and subsequently consumed by bacteria was short.
Their interpretation was partially supported by earlier studies on sedimentation which showed that the
summer mean daily losses were 20% of phytoplankton biomass and 40% of daily production. Mass balance studies showed that an additional 5% of the
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Fig. 4. Diagramatic representation of possible interactions among dissolved organic matter, bacteria and heterotrophic nano£agellates
(HNAN) in systems dominated by Planktothrix agardhii or Microcystis aeruginosa. See text for explanations.

biomass and 10% of the production were exported,
leaving only 50% of the production available for
algal respiration, zooplankton grazing and bacterial
consumption. On this basis then bacteria could have
consumed 10% of phytoplankton production in Lake
SÖbygaîrd, a value which was generally low compared to other studies (cf. [4]), but within the range
reported for Hartbeespoort Dam (see [27]). Hartbeespoort Dam, however, is not a shallow system
and has a longer residence time (average 0.75 year)
than Lake SÖbygaîrd.
Consequently, the reason(s) for the low bacterial
production:primary production (BP:PP) ratio in
these hypertrophic systems may be more complex
than hypothesized by Jeppesen et al. [33]. In addition
to various physical losses that occur in these systems,
biological loss processes (e.g., grazing by micro- and
macrograzers) need to be more thoroughly investigated. Indeed, in Lake SÖbygaîrd Jeppesen et al.
[33] found that there was an overall increase in the
BP:PP ratio with increasing grazing pressure which
they attributed mainly to direct and indirect e¡ects
of cladocerans.
Finally, the shallow (maximum depth 2.5 m) Harvey Estuary in southwestern Australia, is a good
example of hypertrophic conditions in a system of
variable salinity where massive blooms of the cyanobacterium Nodularia spumigena can reach Chl-a concentrations of 3742 mg m33 [36]. In 1986, bacterial

numbers increased to 24.5U106 ml31 as the Nodularia bloom senesced. The rate of TdR incorporation
into bacterial DNA peaked at 1554 pmol l31 h31
(V615 mg C m33 d31 assuming a cell conversion
factor of 1.1U1018 cells per mol TdR and 15 fg C
cell31 ) (R.D. Robarts, unpublished data). This high
production rate may have been signi¢cantly enhanced by the entrainment of sediment bacteria since
this system is subject to strong wind events which
noticeably entrain bottom sediments [36]. Maximum
bacterial production in the Harvey Estuary is close
to the annual mean of Lake Rodoè (see above and
Ref. [2]).
4. Concluding remarks

The assessment of the literature on APP clearly
con¢rms that their relative contribution to total phytoplankton biomass in terms of Chl-a is strongly
reduced in hypertrophic systems but that absolute
abundance and biomass are highly variable among
these systems. This variability is mainly attributed to
di¡erences in light quality and quantity, the existence
of nitrogen limitation and the presence of other pollutants, e.g., heavy metals, as well as possible synergistic e¡ects among these factors. In most hypertrophic systems, the APP is dominated by phycocyanin-rich cyanobacteria which use wavelengths in the
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red region more e¤ciently than cells rich in phycoer-

interaction among these factors for the two types of

ythrin. More research is needed on the ecophysiology

cyanobacteria-dominated

of

should test the validity of the di¡erent processes dis-

APP

from

hypertrophic

systems,

to

determine

how light interacts with di¡erent nitrogen :phosphorus ratios to determine growth rates and dominance
by cyanobacteria or eukaryotic species.

heterotrophic

bacteria

in

hypertrophic

systems

shows a contrasting pattern which can be character-

Mi-

ized by low bacterial production and biomass in

crocystis-dominated

lakes

like

Future

research

cerned here.
The few data available for hypertrophic lakes currently do not allow the empirical models of Bird and

Our review of studies addressing the signi¢cance
of

lakes.

Hartbeespoort

Dam

Kal¡ [3] and Cole et al. [4] to be extrapolated to

33

chlorophyll concentrations above 120 mg m

(Fig.

2). However, the information that is available supports

Bird

and

Kal¡'s

conclusion

that

although

planktonic algae and bacteria are coupled in lakes,

in

bacterial numbers do not increase as rapidly as algal

è . Cerlakes like Lake Rodo

biomass in hypertrophic systems. This may be either

tainly, the few studies on the microbial ecology of

a consequence of high bacterial mortality (high graz-

similar systems make it di¤cult to draw de¢nitive or

ing pressure) or growth limitation by labile DOC as

general conclusions. However, we hypothesize that

stated above. Nevertheless, the data evaluated here

the interaction of heterotrophic bacteria and their

indicate that bacterial production per unit biomass

main

may increase from oligotrophic to hypertrophic sys-

and

by

high

bacterial

Planktothrix-dominated

with

consumers,
those

two

the

production

and

heterotrophic

dominating

biomass

nano£agellates,

cyanobacterial

may be di¡erent. In contrast to

species

Planktothrix,

most

Microcystis aeruginosa as well as some of
Aphanizomenon and Anabaena produce peptides and

tems lending support to Bird and Kal¡'s hypothesis
that bacteria do not play a lesser role in lake metab-

strains of

olism at the upper end of the trophic scale.

alkaloids with potent toxic properties [37]. The e¡ect

stage of eutrophication, characterized by high rates

of these toxins on di¡erent components of the micro-

of primary production, what is the maximum rate of

bial food web have been largely ignored in ecological

bacterial production in such systems ? The rates for

studies [38] but as suggested by the recent review of

è and the Harvey Estuary may be, or are
Lake Rodo

Paerl and Pinckney [39] they may a¡ect several eco-

perhaps approaching, the highest rates which occur

logical processes including grazing by protists. Chris-

in natural systems. Further studies will hopefully de-

to¡ersen [40], in fact, has recently found a reduction

termine if this assumption is correct and demonstrate

in abundance and growth rate of heterotrophic £ag-

how sustainable such high bacterial production rates

ellates in a Danish lake during a toxic

Microcystis

Finally, if hypertrophic systems are the ultimate

may be in hypertrophic systems.

bloom which suggests a decrease in grazing pressure.
Bacteria seem not to be a¡ected by these toxins [38]
but this point needs further con¢rmation. Additionally, there is evidence that bacteria in a
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