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Abstract

Limitation of bacterioplankton production by nutrients
and temperature was investigated in eight temperate lakes
in summer. Six of the lakes were resampled in autumn.
The lakes differ in nutrient content, water color, and
concentration of dissolved organic carbon. Nutrients
(phosphorus, nitrogen, and organic carbon) were added
alone and in all possible combinations to filtered lake
water inoculated with bacteria from the lake. After
incubation for 36-40 h at in situ temperatures (ranging
from 7 to 20°C), the response in bacterioplankton pro-
duction was determined. The effect of increased tem-
perature on bacterioplankton growth was also tested.
Bacterioplankton production was often limited by
phosphorus alone, organic carbon alone, or the two in
combination. Phosphorus limitation of bacterioplankton
production was more common in the summer, whereas
limitation by organic carbon was more frequently ob-
served in the autumn. There was a close balance between
limitation by phosphorus and organic carbon in the
epilimnion in the summer. In the hypolimnion in the
summer, bacterioplankton growth was primarily phos-
phorus-limited. The effect of phosphorus additions de-
creased with increasing phosphorus concentrations in the
lakes. However, there were no correlations between the
effect of added organic carbon and water color, dissolved
organic carbon concentration, or phosphorus concen-
tration. When temperature was low (in the hypolimnion
in the summer, and throughout the water column in the
autumn) temperature also limited bacterioplankton
production. Thus, temperature and inorganic nutrients
or organic compounds can limit bacterioplankton growth
both alone and simultaneously. However, at low tem-
peratures, temperature is the most important factor
influencing bacterioplankton growth.

Correspondence to: K. Vrede; E-mail: Katarina.Vrede@ebc.uu.se

Introduction

The importance of the microbial food web in aquatic
systems is now generally recognized. Bacterioplankton
biomass can constitute a large fraction of the total
plankton biomass, especially in oligotrophic and dys-
trophic environments [4, 23, 38]. Therefore, bacteria may
be important competitors with phytoplankton for inor-
ganic nutrients [6]. Bacteria also provide important food
resources for micro- and metazooplankton [36]. Limi-
tation of bacterioplankton production by different ele-
ments can affect both the shape and size of bacteria [49,
53], thereby influencing grazing patterns on bacteria and
thus the bacterial community structure [28]. Therefore,
factors affecting bacterioplankton growth and biomass
can have major effects on the composition of the bacte-
rioplankton community and other constituents of the
planktonic food web, and thus the structure of the entire
ecosystem.

Limitation of bacterioplankton growth by inorganic
nutrients and organic carbon (C) has been found in both
lacustrine and marine systems (7, 15, 29, 48]. During the
past decade, the importance of phosphorus (P) limitation
has been stressed [10, 25, 42, 43, 50]. Bacterioplankton
growth has been reported to be limited by inorganic
nutrients and organic C, alone or in combination, in
oligotrophic [8, 48], mesotrophic [37, 50], and eutrophic
[17, 51] lakes. Thus, published data do not indicate that
the trophic status of the lakes determines which of the
various nutrients will be the limiting element for bacte-
rioplankton growth.

Differences in limiting nutrients over the season have
been found in numerous lakes. In the mesotrophic L.
Dillon, P seems to be the primary limiting nutrient
during most of the year [29]. In the mesotrophic L.
Constance, P and C most often limited bacterioplankton
production in experiments carried out between February
and August[37]. In experiments in the mesotrophic L.
Erken conducted from May to September it was shown
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that P alone, C alone, or the combination of P and
nitrogen (N) mainly limited bacterioplankton produc-
tion [50]. Although all these studies indicate that P is
important in limiting bacterioplankton production, other
elements also seem to be important. However, the data
reveal no general seasonal pattern of changes in nutrient
limitations.

Nutrient limitation of bacterioplankton growth may
affect the turnover of the dissolved organic carbon
(DOC) pool, since limitation of bacterioplankton pro-
duction by inorganic nutrients can result in accumula-
tions of labile DOC [46]. In a review by Sendergaard and
Middelboe [41], it was found that the pool of labile DOC
increases with increasing DOC concentrations. Thus, it
can be hypothesized that limitation by inorganic nutri-
ents should be stronger in systems with high concentra-
tions of DOC, i.e., systems with high inputs of terrestrial
material and/or high nutrient concentrations. Limitation
of bacterioplankton production by inorganic nutrients
has also been consistently reported in investigations of
humic lakes [25, 32]. Hessen et al. [24] found in a study
of two humic lakes that inorganic nutrients limited
bacterioplankton growth when the external carbon sup-
ply was high. However, there was a close colimitation by
C and inorganic nutrients at low loads of allochthonous
matter. Thus, limitation of bacterioplankton production
by C alone appears to be rare in humic lakes.

Bacterioplankton growth is also affected by temper-
ature. Correlations between temperature and bacterio-
plankton growth have been found in seasonal studies in
several lakes [12, 50]. It has been suggested that bacteria
in temperate lakes are temperature dependent up to a
certain threshold temperature, above which other factors
regulate their growth [17, 31]. In mesotrophic Lake
Constance [39], it was found that during most of the year
the bacterial community was well adapted to in situ
temperatures (ranging from 4 to 23°C) in the upper
water column. However, in the deeper strata the bacterial
growth was limited by temperature (ranging between 4
and 10°C). Together, these studies indicate that the
coupling between temperature and growth can differ
according to both temperature and strata. In a review of
temperature—substrate interactions as limiting factors for
bacteria, Pomeroy and Wiebe [33] conclude that sub-
strate concentrations and temperature interact at all
temperatures and substrate concentrations, and their
interactive effects can differ with temperature regime.
Thus, it is important to consider inorganic nutrients,
organic substrates, and temperature simultaneously when
studying growth limitation of bacterioplankton.

In this study, limitation of bacterioplankton growth
by P, N, C, and temperature was investigated in lakes
with differing nutrient and humic contents during both
summer and autumn. It was hypothesized that P would
be the most important limiting nutrient factor, and that
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temperature would primarily
temperatures.

limit growth at low

Methods

Nutrient addition experiments were conducted to
investigate whether P, N, or C limits bacterioplankton
growth. The effect of increasing temperature on bacte-
rioplankton growth was also examined. Water from eight
lakes was collected in July 2000, and six of these lakes
were resampled in October 2000. A temperature profile
was obtained for each lake by measuring temperatures
throughout the water column at the deepest part of the
lake, and if the lake was stratified the depths of the epi-
and hypolimnion were determined. If the lake was
stratified, one composite sample of water was taken from
the epilimnion and one from the hypolimnion. Other-
wise, one composite sample from the whole water col-
umn was taken. Samples for analyses of dissolved oxygen
were taken over a depth profile. Water samples for the
experiments and analyses of concentrations of total P,
phosphate (PO,), total N, nitrate (NO;), ammonium
(NH,), DOC, absorbance at 436 nm (abs,ss), and chlo-
rophyll a (chl a) were kept at in situ temperature until
arrival at the laboratory. Samples for analyses of dissolved
oxygen were preserved in the field and analyzed imme-
diately upon arrival at the laboratory. The incubations to
measure bacterioplankton production and CTC" bacteria
in the lakes were started immediately after sampling (see
below for details).

Experiments. ~ Water for the assays was first filtered
through a GF/D glass fiber filter (2.7 um, Whatman),
then through a Whatman GF/C glass fiber filter (1.2-pm
pore size, Whatman) or a 0.2-um polycarbonate filter
(Nuclepore). The resulting filtrates were mixed in the
proportions one part 1.2-um filtrate to nine parts 0.2-pum
filtrate. Portions (100 mL) of these mixtures were poured
into 250-mL cell culture bottles (Nunclon). P (Na,H-
PO,), N (NH,NO3), and C as glucose (C4H;,04) were
added alone and in all possible combinations (P, N, C,
PN, PC, CN, CNP) to the culture bottles. Each treatment
was carried out in triplicate. Three additional bottles
received no nutrient additions. P, N, and C were added to
final added concentrations of 40 ug P L™', 180 pg N L',
and 1550 pug C L7, respectively (molar C:N:P ratio of
100:10:1). The C:N:P ratio of the added nutrients was
chosen to be similar to an average C:N:P ratio of bacte-
rioplankton [16]. However, the amount of C was doubled
to compensate for respiration. The bottles were incubated
at in situ temperatures, i.e., £3°C of the average tem-
perature of the stratum. An additional set of bottles of
water to which either P alone (40 pg P L™' final added
concentration) or no nutrients were added was incubated
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at 25°C, to test the effect of increased temperature
(within the range that can naturally occur in these lakes)
on all samples. These treatments were also carried out in
triplicate. All samples were incubated in the dark and
bacterioplankton production was measured after 36—
40 h.

Analyses.  Bacterioplankton production was mea-
sured in terms of [*H|thymidine incorporation rates
(TdRinc) [1] with modifications described in Vrede [48]
and as below. Thirty nM (final concentration) [3H]thy—
midine was added to 5 mL water (L. Vallentunasjén and
L. Norrviken) or 10 mL water (all other lakes) and
incubated in the dark, at the same temperature as in the
lakes (in situ measurements) or the experimental bottles.
Triplicates and one blank (prepared by adding formal-
dehyde before the isotope) were used for the in situ
measurements. In the experiments, one sample was
incubated from each experimental bottle. The samples
were incubated for 45-80 min depending on temperature
(i.e., the lower the temperature, the longer the incuba-
tion). To obtain an estimate of the number of active
bacteria, the abundance of CTC" bacteria was deter-
mined. CTC" bacteria were defined as those capable of
reducing the tetrazolium salt 5-cyano-2,3-ditolyltetrazo-
lium chloride (CTC, Polysciences) to its fluorescent
formazan derivative, and counted using a modified ver-
sion of the method described by del Giorgio and Scar-
borough [14]. For this, CTC was added to 5 mL of lake
water to a final concentration of 6 mM (chosen accord-
ing to Haglund et al. [22]). The samples were incubated
for 6 h in the dark at in situ temperature and the reaction
was stopped by adding filtered (0.2 pm) formaldehyde
(4% final concentration). The selected incubation time
was based on the results of a time course experiment
(data not shown). A subsample (1-2 mL) was counter-
stained with the nucleic acid stain SYTO 13 (Molecular
Probes) for 15 min [22]. The bacteria were then filtered
onto a 0.22-pum black membrane filter and the collected
material was air-dried, mounted onto slides, and exam-
ined under an epifluoresence microscope. CTC" bacteria
were counted in red excitation light and nonactive bac-
teria in blue excitation light. At least 200 bacterial cells
were counted and the bacteria that were visible in red
light (CTC" bacteria) were not recounted in blue light. At
least 20 fields per sample were counted in each excitation
light. The total bacterial abundance (BA) was calculated
by adding the counts obtained in blue light and red light.
Absyss, used here as a measure of water color, was
measured in a 5-cm cuvette immediately upon arrival at
the laboratory. NO3;—N, after reduction to NO,—N, was
analyzed in an Alpkem RFA 300 autoanalyzer according
to Bendschneider and Robinson [3]. Total N concen-
trations were analyzed with an Antek 9000 Nitrogen
analyzer and DOC concentrations with a Shimadzu
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TOC-5000. All other water chemistry parameters and chl
a concentrations were analyzed with standard methods
described in Goedkoop and Sonesten [19]. PO,, NH,,
and chl a concentrations were determined immediately
upon arrival at the laboratory. Water for the other
chemical analyses was kept frozen until analysis, either
untreated (for total P and total N contents) or filtered
(GF/F filter, Whatman) prior to freezing (for DOC and
NO3;—N determinations).

Statistical Analyses. ~ The results from the nutrient
and temperature assays were analyzed separately with
factorial analyses of variance (ANOVA) with the factors
P, C, and N, and temperature (T) and P, respectively
[52]. In these analyses, the factor assay (A) was also
added. In a factorial ANOVA the responses of one of the
interaction between several factors are calculated using
all data and taking into account whether the factor/fac-
tors are present in the treatments or not. Thus, for
example, a probability of the interaction P X C is cal-
culated not only from the P + C treatment but from the
results from all incubation units. The effect size of P, C,
N, and T, i.e., the magnitude of the bacterioplankton
production response to each of these factors, was cal-
culated with Yates’s algorithm [5]. Yates’s algorithm is a
simple way of calculating the size of both main and
interaction effects in a factorial design. As with the fac-
torial ANOVA the effect size of one factor is calculated
using all data and taking into account whether the factor
is present in the treatments or not. Each single experi-
ment was regarded as a separate set of assays, i.e., tests on
epilimnion and hypolimnion samples from the same lake
were regarded as two different sets of assays, as were
assays of summer and autumn samples from the same
lake. The data set was also divided into subsets, in which
results from summer, summer epilimnion, summer
hypolimnion, and autumn water column samples were
analyzed separately. Each set of assays was also analyzed
individually. All data were log;o—transformed to obtain
equal variances in the ANOVA. The correlations between
the effect size of P, C, and N, total P concentrations,
oxygen concentrations, DOC concentrations, absyss, BA,
CTC" bacteria, TdRinc, and chl a concentrations were
examined by calculating Spearman’s rank correlation
coefficients [9]. The correlation between the effect size of
T and increased temperature was examined in a similar
fashion.

Results

Lake Descriptions. ~ The lakes showed large variations
in water chemistry (Table 1). The total P content varied
between 7 and 458 ug P L™' and the total N concentra-
tion between 200 and 2160 ug N L™". Total P and total N
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Table 2. Correlations (Spearman’s rho) between chemical and biological parameters in the investigated lakes

CTC"
DOC  Absyss 0, BA bacteria  TdRinc Chl a Effect size P Effect size C  Effect size N
Tot-P 0.114  —0.208 0.039 0.537 0.069 0.661 0.554 —0.498 —0.062 —-0.113
DOC — 0.806 —0.201 0.349 0.367 0.215 —0.543 -0.111 —0.035 —0.345
Abs436 — —0.352 0.238 0.504 —0.043 —0.684 0.114 —0.194 —-0.296
Oxygen — —0.356 -0.575 0.101 0.154 0.139 0.287 —0.040
BA — 0.621 0.372 0.109 -0.212 —-0.396 —-0.230
CTC" bacteria — 0.246 —-0.052 0.075 -0.307 —-0.200
TdRinc — 0.532 —-0.551 —-0.130 —0.089
Chl a — —0.386 0.002 0.198
Effect size P — 0.444 —-0.202
Effect size C — 0.084

Significant values are in bold (p < 0.05). The effect size was calculated using Yates’s algorithm. DOC: Dissolved organic carbon concentration; Absyse:
absorbance at 436 nm; O,: oxygen concentration; BA: total bacterioplankton abundance; TdRinc: thymidine incorporation rate; Chl a: chlorophyll a

concentration.

concentrations were correlated (Spearman’s rho: 0.758,
P =0.0002), and total P will therefore be used in the
following text as the measure of the lakes’ nutrient status.
The DOC concentrations varied between 2.3 and 16.4 mg
C L™! and were correlated with abs,ss (Tables 1 and 2).
The PO,—P concentrations were often below the detec-
tion limit (<1 pg P L', Table 1). The NH,—N concen-
trations varied between 3 and 1500 pg NH,~N L™' and
the NO3;—N concentrations between 2 and 150 pg
NO;—N L7}, except in the summer in L. Vallentunasjén
and L. Norrviken (in the epilimnion), where the NO;—N
concentrations were below detection limit (<1 pg N L™").
There were also large differences in the oxygen concen-
tration (Table 1). The oxygen concentrations were always
high in the epilimnion during summer and in the au-
tumn water column. In the hypolimnion, oxygen con-
centrations varied from high to anoxic. In the summer,
the temperature varied between 16 and 20°C and between
7 and 14°C in the epilimnion and hypolimnion, respec-
tively (Table 1). The temperature varied between 8 and
12°C in the autumn. Thus, the temperatures were similar
in the summer hypolimnic water and in the autumn
water column.

Chl a concentrations and TdRinc values were posi-
tively correlated to total P, and all three of these
parameters varied widely between lakes, indicating that
the lakes differed widely in character (Tables 1 and 2). BA
varied between 0.5 10° L™" and 9.5 10° L™ and was also
positively correlated with total P concentrations (Ta-
bles 1 and 2). In contrast, the abundance of CTC" bac-
teria was positively correlated with absgse, but not with
total P concentrations (Table 2). None of the biological
parameters measured in the lakes was correlated with
temperature (results not shown).

Nutrient Assays.  The bacterioplankton produc-
tion response to nutrient additions varied between
lakes, strata, and seasons (Fig. 1). The largest increase
in TdRinc due to the nutrient manipulations was ob-

served in the epilimnion of L. Fisklosen following the
CNP treatment, in which TdRinc increased up to 39-
fold compared to the corresponding controls. However,
the increase in TdRinc was usually much smaller, sel-
dom more than 10-fold compared with the respective
control. In the summer, P stimulated TdRinc most in
both epilimnion and hypolimnion (Table 3). In the
epilimnion, C alone and PC together also had strong
effects on TdRinc. In contrast, in the autumn, only C
alone had a strong effect on TdRinc. Thus, there were
clear differences in limiting nutrients between the
seasons.

P had the strongest effect on TdRinc (highest sum of
squares of the nutrient treatments) when data from all of
the experiments were analyzed together (Table 3).
However, more experiments were conducted in the
summer (in which P had the strongest effect) than the
autumn (in which C had the strongest effect). If only data
from the lakes that were sampled in both the summer and
autumn were used in the ANOVA, the effects of P and C
were approximately the same (results not shown). Thus,
overall P alone, C alone, and the combination of P and C
were the treatments that stimulated TdRinc most
strongly.

The analyses of individual sets of assays (i.e., data for
each combination of stratum/season and lake) show that
P, C and N alone, and in all possible combinations can
stimulate TdRinc (Table 4). TdRinc was significantly
stimulated by additions of both P alone and C alone in 10
cases. P and C added together also significantly stimu-
lated TdRinc in seven cases. Additions of N stimulated
bacterioplankton production in five cases and combina-
tions with N in at most four cases. Thus, TdRinc was
stimulated by additions of P alone, C alone, and the
combination of P and C much more frequently than by
the addition of N alone or in combination with P and C.
The effect size of P was negatively correlated with total P
concentrations and TdRinc (Table 2). Thus the responses
of bacterioplankton production to added P were gener-
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Summer epilimnion Summer Hypolimnion

Autumn mixed water column
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ally larger in unproductive than in productive lakes. The
effect sizes of C and N were not significantly correlated to
any of the parameters examined.

Temperature Assays.  As indicated by the results
from the ANOVA, including data from all of the exper-
iments, both temperature and P had significant effects on
TdRinc (Table 5). Increased temperature had no effect

bars show standard deviations
(n=3).

on TdRinc in the epilimnion, in which the temperature
varied between 16 and 20°C (Table 5, Fig. 2). However,
temperature had a strong effect on bacterioplankton
production in the hypolimnion during the summer and
in the autumn water column, where the in situ temper-
atures were lower than in epilimnion in summer (Ta-
ble 5, Fig. 2). The stimulation by P was much weaker or
insignificant in these experiments. The effect size of in-
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Table 3. Factorial analyses of variance of data from the nutrient addition experiment

All data Summer Autumn
All data summer Epilimnion Hypolimnion
Number of assays 19 13 8 5 6
Sum of Sum of Sum of Sum of Sum of

Factors squares Prob>F squares Prob>F squares Prob>F squares Prob>F squares Prob>F
P 8.19 ek 9.20 bl 7.09 bl 2.32 il 0.38 n.s.
N 0.42 * 0.09 n.s. 0.00 n.s. 0.25 * 0.52 *
C 2.92 il 0.80 i 0.99 b 0.03 n.s. 3.01 el
PN 0.10 n.s. 0.04 n.s. 0.07 n.s. 0.00 n.s. 0.09 n.s.
PC 1.37 i 0.89 i 1.41 o 0.00 n.s. 0.50 *
NC 0.48 * 0.21 e 0.13 n.s. 0.08 n.s 0.29 n.s
PNC 0.00 n.s. 0.00 n.s. 0.04 n.s. 0.03 n.s. 0.00 n.s.
A 170 ek 95.4 ox 24.4 ot 39.0 e 59.9 ot
Error 41.6 23.5 17.8 4.43 15.6

The assays for each permutation of lake, depth, and season were treated as individual experiments. P: phosphorus; N: nitrogen; C: organic carbon; A:
individual assay. The analyses were conducted on 05. log,o—transfomed data. *** Prob. < 0.0005, ** Prob. < 0.005, * Prob. < 0.05, ns: nonsignificant Prob. >

0.05. All significant effects are positive.

creased temperature was negatively correlated with in situ
temperatures (Spearman’s rho —0.705, P = 0.0008).

Discussion

In the nutrient assays in this study, P alone and C alone
or in combination limited bacterioplankton production
most often. Also, the study shows that the limiting
nutrient differed between seasons and between strata.
Additions of P stimulated bacterioplankton production
most in the epilimnion and hypolimnion in the summer.
P has been found to be the primary limiting resource for

Table 4. Factorial analyses of variance of the nutrient assays

bacterioplankton growth in other lakes not only during
the summer, but also at other times of the year [21, 29,
43]. Bacterioplankton have high P:C ratios [16] and thus
high P requirements. It has been suggested that bacteria
may not be such efficient competitors with phytoplank-
ton for P as previously believed [45]. Also, it has been
shown that N may be the primary limiting nutrient for
phytoplankton growth at the same time as P limits bac-
terioplankton growth [25, 50]. Thus, bacteria may not
always be able meet their high P demands because of
competition for P both within the bacterioplankton
community and with phytoplankton. The water chem-

Prob>F
Season and depth Lake p c n pc pn nc pnc 7 model
Summer E L. Vallentunasjon ~ 0.0008 <0.0001 0.0019  n.s. n.s. n.s. n.s. 0.84
L. Norrviken n.s. n.s. n.s. n.s. 0.015 n.s. <0.0001* 0.76
L. Erken n.s. <0.0001 0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.97
L. Siggeforasjon <0.0001  <0.0001 n.s. <0.0001*  n.s. n.s. n.s. 0.93
L. Skotttjarn n.s. <0.0001*  n.s. <0.0001 0.037 n.s. n.s. 0.94
L. Usken <0.0001 n.s. n.s. <0.0001 0.026* n.s. n.s. 0.95
L. Gaddtjarn <0.0001  0.0002 n.s. 0.0012 n.s. n.s. n.s. 0.92
L. Fisklosen <0.0001 <0.0001 n.s. <0.0001 n.s. 0.0006 0.037* 1.00
Summer H L. Norrviken n.s. n.s. n.s. n.s. n.s. n.s. n.s. 0.46
L. Siggeforasjon <0.0001  0.0003* n.s. <0.0001*  0.036* n.s. n.s. 0.92
L. Usken™ <0.0001 n.s. n.s. n.s. 0.043* n.s. n.s. 0.85
L. Gidddtjirn n.s. 0.044* n.s. n.s. n.s. n.s. n.s. 0.47
L. Fisklosen <0.0001 0.0004 0.0003 n.s. 0.0046 0.0073 n.s. 0.85
Autumn L. Vallentunasjon  n.s. 0.0049 n.s. n.s. n.s. n.s. n.s. 0.43
L. Norrviken n.s. 0.035 n.s. n.s. n.s. n.s. n.s. 0.39
L. Erken 0.0001 <0.0001 0.0039 0.0002 n.s. n.s. n.s. 0.96
L. Siggeforasjon <0.0001 <0.0001 n.s. <0.0001 0.0008 <0.0001 0.0017 0.97
L. Gidddtjirn n.s. n.s. n.s. n.s. n.s. n.s. n.s. 0.18
L. Fisklosen n.s. n.s. 0.014 n.s. n.s. 0.023 n.s. 0.60

"metalimnion; * negative effect.

The analyses were conducted on log,o—transformed data. P: Phosphorus; N: Nitorgen; C: Organic Carbon; E: Epilimnion; H: hypolimnion; n.s.:

non-significant (F > 0.05).
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Table 5. Factorial analyses of variance of data from the temperature—phosphorus experiment

All data Summer Autumn
All data summer Epilimnion Hypolimnion
Number of assays 19 13 8 5 6
Sum of Sum of Sum of Sum of Sum of
Factors squares Prob>F squares Prob>F squares Prob>F squares Prob>F squares Prob>F
P 1.89 i 2.71 bl 1.66 bl 1.04 * 0.00 n.s.
T 8.55 ot 1.29 e 0.14 n.s. 5.33 e 12.6 ot
PT 0.13 n.s. 0.11 n.s. 0.33 * 0.03 n.s. 0.03 n.s.
A 29.1 ot 20.0 ot 8.82 ot 7.64 oex 10.0 ot
Error 33.6 17.7 5.06 8.17 9.77

The assays for each permutation of lake, depth, and season were treated as individual experiments. P: phosphorus; T: temperature; A: individual assay. The
analyses were conducted on log;o—transformed data. *** Prob. <0.0005, ** Prob. <0.005, * Prob. <0.05, n.s.: non-significant Prob. >0.05. All significant

effects are positive.

istry data also indicate that the supply of P was deficient,
since the PO, concentrations were low in most lakes
during summer. Additions of P and C in combination
and C alone also stimulated bacterioplankton production
in the epilimnion, indicating that there is a relatively
close balance between P and C limitation in the upper
strata in the summer. A close balance between limitation
by P and other elements appears to be relatively common
in lakes [15, 17, 44, 48].

In the autumn, additions of C had the largest positive
effect on bacterioplankton production. Additions of P
alone had no significant effect on bacterioplankton pro-
duction when results of the autumn experiments were
analyzed together. The investigated lakes are located in
the temperate zone and have strong seasonal variations in
temperature and biological activity. The maximum
summer temperatures are normally around 20-25°C, and
during the winter the lakes are covered by ice. With the
exception of L. Vallentunasjon and L. Skotttjarn, which
are shallow and therefore polymictic, the lakes are dim-
ictic. When the water circulates, nutrient-rich water from
the deeper parts of the lakes is mixed with the upper
layer, and nutrients become available throughout the
whole water column. The importance of P as limiting
nutrient should therefore be less pronounced in autumn
when the water column is mixed. An alternative expla-
nation for the greater responses to C than P in the au-
tumn is that bacterioplankton are dependent on C
released from phytoplankton and therefore become C-
limited when the phytoplankton biomass declines in late
autumn. However, there was no correlation between the
effect size of P, N, or C and chl a concentrations, indi-
cating that the phytoplankton biomass per se does not
directly determine nutrient limitations of bacterioplank-
ton.

The effect size of P was negatively correlated with
TdRinc and total P concentrations. Thus the effect of
added P was generally stronger in the oligotrophic than
in the eutrophic systems. In a comparison of four lakes,
Smith and Prairie [40] found that additions of P stim-

ulated bacterioplankton growth in all lakes except the
lake with the highest total phosphorus concentration.
These results together indicate that bacterioplankton
production seems to be strongly limited by P more often
in nutrient-poor than in nutrient-rich systems. However,
some aspects of the experimental design in the present
study have to be considered in this context. The amount
of nutrients added was the same in all experiments, so the
percentage increase in nutrient concentration was higher
in the nutrient-poor than in the nutrient-rich systems.
Thus, it could be argued that the effect size of P was not
correlated to the nutrient status of the lake, but to the
percentage increase in P concentration. The amount of P
taken up by the bacteria can be calculated, since no
organisms other than bacterioplankton were present. The
calculated rate of uptake of P at the highest bacterial
production in any replicate in the assays was 26.4 ug P
L~ day ™' (255 pmol thymidine L™" h™"). The conversion
factor 2 x 10'® cells mole thyrnidine_1 [2] and the atomic
C:P ratio of 35 (exponentially growing cells [49]) were
used in these calculations. A cell volume (V) of 0.14 (pum’
was chosen, which is the maximum cell volume measured
in 1991 to 1992 in L. Vallentunasjon and L. Norrviken
(unpublished data). The allometric formulas 120 x V72
was used to convert cell volume to C content [35]. None
of the conversion factors used in the calculations are in
the lower range of reported conversion factors, but still
the amount of P added in the assays (40 pg P L™") would
meet the P requirements for almost twice the maximum
production rates measured in the experiments. Further-
more, the maximum measured bacterial production in
any of the investigated lakes was much lower (59 pmol
thymidine L™' h™") than the maximum production in the
experiments. Thus, the amount of P added should have
been high enough to stimulate bacterioplankton pro-
duction even in the most productive lakes if the bacte-
rioplankton community had been P-limited there. It can
also be argued that the negative correlation between effect
size of P and total P concentrations in the lakes could be
due to enzyme or growth kinetics, i.e., higher uptake or
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growth rates at lower concentrations than at higher
concentrations. It may not be accurate to use total P
concentration when discussing enzyme or growth kinet-
ics since these are dependent on the concentrations of the
available substrates. Bacteria can utilize both PO, and
organic bound P. The in situ concentrations of PO, were
below detection limit (<1 ug P L™") or low in most cases.

The concentration of dissolved organic P (DOP) could be
calculated by subtracting particulate P from total P
concentrations (data not shown). However, effect size of
P was only significantly correlated with total P concen-
trations in the lakes and not with the concentrations of
PO,, DOP, or the total concentration of dissolved P (PO,
plus DOP). Thus, it is unlikely that the correlation be-
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tween effect size of P and total P would only be due to
kinetics. It can therefore be suggested that increased P
concentrations stimulate bacterioplankton production
more in the oligotrophic than in the eutrophic systems.

Additions of C stimulated bacterioplankton growth
in the humic lakes L. Gdddtjarn in the summer and L.
Siggeforasjon in both summer and autumn. In contrast,
additions of C had a negative effect on bacterioplankton
growth in some cases, but only in lakes with high
absorbance and DOGC, i.e., humic lakes. In other humic
systems it has been found that C alone does not limit
bacterioplankton production, although a close balance
between C and inorganic nutrient limitation has been
found [24]. Thus, the effects of adding C to humic lake
samples have not been consistent. In the present study,
there was no correlation between the effect sizes of P, N,
or C and abs,ss or DOC. Thus, this study indicates that
there are no general differences in C, P, or N limitation
across the humic gradient spanned by the studied lakes.

It has been suggested that limitation of bacterio-
plankton production by inorganic nutrients can result in
an accumulation of labile C [41, 46]. In the studied lakes,
labile C may have accumulated during the summer when
the systems were primarily P limited. However, during
the autumn when concentrations of inorganic nutrients
were high because of circulation, the accumulated C must
have been utilized. This conclusion is supported by the
observation that bacterioplankton production was C-
limited in autumn. Thus, due to the seasonal variation in
temperate lakes, with alternating periods of stratification
and mixed water columns, it is unlikely that these lakes
have a net accumulation of labile C.

Glucose was used as C source in the experiments.
Utilization of different C compounds may differ between
bacterial groups [11]. Also, Grover and Chrzanowski [20]
found that the utilization of different groups of organic
substrates varied over the season, which probably reflects
changes in the bacterial community and their capability
to use different substrates. In this study, the addition of
organic C as glucose stimulated bacterial growth very
often. Thus, it is reasonable to believe that glucose was an
appropriate substrate in these experiments, although the
choice of substrate may have affected the size of the re-
sponse.

Increased temperature stimulated bacterioplankton
production when the in situ temperatures were low, i.e.,
in the hypolimnion in summer and in the mixed water
column in autumn. Also, there was a strong negative
correlation between the effect of increased temperature
on bacterioplankton production and in situ temperatures.
It has previously been shown that the affinities for both
organic substrates and inorganic nutrients are reduced at
low temperatures (reviewed by [30]). In the present
study, the interaction between P and temperature was
only statistically significant in the epilimnion in summer.
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At the same time, temperature alone had no effect, while
P alone had a strong effect on bacterioplankton pro-
duction. This suggests that bacteria may utilize the added
P more easily at the higher temperature. An alternative
explanation is that the bacterioplankton growth rate rose
as the temperature increased, so their P demand also
increased. However, regardless of the mechanism in-
volved, it can be concluded that a relatively small increase
in temperature did not have a strong effect on bacterio-
plankton production, when the bacterial community was
strongly nutrient limited.

At low temperatures, both increased temperature and
additions of P (in the hypolimnion in summer) or C (in
autumn) had strong effects on bacterioplankton pro-
duction. Thus, in these cases bacterial growth was limited
both by temperature and inorganic nutrients or organic
substrates. Similar results have been found in Conception
Bay, Newfoundland, where it was found that the growth
of bacteria that live at low temperatures was stimulated
both by increases in temperature and by additions of
organic substrates [34].

The nutrient assays were conducted in dilution cul-
tures in the present study. This experimental setup may
have some limitations. It has been shown that the bac-
terial community composition can change during incu-
bation in both untreated and manipulated dilution
cultures [18, 27]. Since bacterial community composition
was not investigated in the present study, it is difficult to
make any conclusion as to whether this can have affected
the results. However, Fuchs et al. [18] found in dilution
culture experiments with bacterial inocula from different
environments that the total bacterial cell densities in the
end of the experiments were more dependent on the
water quality than on the inoculum. Thus, irrespective of
the community composition, the total bacterial growth
response was similar. It has been shown that at least some
bacterial taxa are favored by increased nutrient avail-
ability [26]. However, these bacterial taxa are probably
favored under natural conditions as well [26]. Thus, this
change in the bacterial community composition in the
experiment would only reflect a response in the com-
munity that also would occur in nature.

The responses to the manipulations were measured
after 24-36 h. This incubation time was chosen to reduce
the risk of changes in the bacterial community compo-
sition or other changes due to “bottle effects” [27] that
are likely to occur with time. The length of the incubation
time is a trade-off between such “bottle effects” and the
fact that the bacterial community must have time to re-
spond to the manipulations. Previous studies show that
bacteria respond to manipulation within the chosen
incubation time in this type of experiment [17]. At lower
temperatures, the incubation time could probably have
been increased without large problems with “bottle ef-
fects.” However, to avoid problems in the interpretation
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of the results due to different incubation time in different
assays, the same incubation time was chosen in all
experiments. Since the bacterial community responded to
the manipulations at lower temperatures as well, this is
interpreted as if the incubation time was sufficient also in
these experiments.

In simplified laboratory systems, like the one in this
study, many naturally occurring processes are excluded.
This gives the possibility of studying direct effects of
different factors without interaction with other organ-
isms (e.g., competition or effects of nutrient regenera-
tion) in the system that could make the interpretation of
the results more difficult. However, many of the excluded
factors are of great importance in natural systems, and
one can therefore raise the question whether it is possible
to extrapolate the results to whole ecosystems as lakes.
Other experiments in lakes that have been conducted on
larger scales, both in time and volume, as well as whole
lake investigations support the results that bacterio-
plankton growth is often regulated by P during summer
[13, 25, 32, 47]. Seasonal trends that are consistent with
the results in the present study have also been found
previously in experiments conducted in larger enclosures
[50]. Thus, together these studies indicate that results
from small-scale experiments can be extrapolated to
larger scales and time frames.

Collectively, the results in the present study show
that additions of P alone, C alone, and P and C in
combination often stimulate bacterioplankton produc-
tion in temperate lakes. P limitation is more important
during the summer and C limitation in autumn. Addi-
tions of P generally stimulated bacterioplankton pro-
duction more in oligotrophic systems than in eutrophic
systems. However, the results indicate that there are no
general differences in P, C, or N limitation across the
humic gradient spanned in the study. It can also be
concluded that temperature and inorganic nutrients or
organic compounds can limit bacterioplankton growth
simultaneously, and that each of these factors alone can
stimulate bacterioplankton production. However, at low
temperatures, temperature is the most important factor
influencing bacterioplankton growth.
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