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Abstract 
Food webs in three lakes were manipulated by altering fish communities to promote or suppress the 

abundance of large Daphnia. These lakes and an unmanipulated reference lake were monitored for 2 yr. The 
three experimental lakes were then fertilized for 2 yr with nitrogen and phosphorus. Bacterial responses to 
these manipulations were examined by means of weekly measurements of abundance and production. Bac- 
terial production, measured both by thymidine and leucine incorporation, increased substantially in the 
fertilized lakes, whereas abundance increased a small amount. Timeseries models based on P loading 
explained substantial variation in both measures of bacterial production, suggesting strong regulation by P. 
Phytoplankton also increased with fertilization, but covariation of primary production and chlorophyll with 
bacterial production was relatively weak. Protozoans did not consume the increased bacterial production 
observed in the fertilized lakes. Bacterial abundance was instead regulated by consumption by Daphnia in 
at least two of the three fertilized lakes. Interannual variation in bacterial production during the 2 yr of 
fertilization was related to variation in pH, suggesting that environmental conditions also drive variability 
in bacterial activity. Overall, the experiments indicate that bacterial abur.dance and production are regulated 
by nutrients and, at high nutrient loading, by metazoan rather than by protozoan predators. With fertilization, 
bacterial production increased more rapidly than did abundance because bacterial predators limited abun- 
dance. The primary response of bacteria to eutrophication was higher specific growth rates. 

Planktonic bacteria are an abundant and important 
component of aquatic ecosystems. The functional signif- 
icance of planktonic bacteria in biogeochemical cycles, 
energy flow, and secondary production is now well de- 
scribed (Stockner and Porter 1988; Ducklow and Carlson 
1992). Furthermore, the conversion of dissolved organic 
carbon (DOC) to CO2 by oceanic bacteria is one of several 
examples where planktonic bacteria mediate key path- 
ways in global biogeochemical cycles (Ducklow and Carl- 
son 1992). Despite the metabolic and biogeochemical sig- 
nificance of planktonic bacteria, ecological factors regu- 
lating their abundance, biomass, and productivity remain 
unclear. 

One way to examine the ecological regulation of bac- 
teria is to search for general patterns that relate bacterial 
abundance and productivity to possible regulatory fac- 
tors. This approach usually requires analyses of data from 
many systems and explicitly considers bacteria at the eco- 
system scale. Three general hypotheses have emerged from 
these comparative studies. Cole et al. (1988) documented 
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a strong positive relationship between primary produc- 
tion and bacterial productivity in the pelagic zones of 
marine and freshwater systems. This synthesis suggested 
that resources provided by algal production regulate bac- 
teria. Based on a path analysis that suggested that both 
bacteria and algae are strongly limited by nutrients, Currie 
(1990) proposed that P was a key factor limiting bacterial 
abundance in lakes. Sanders et al. (1992) noted a consis- 
tent bacteria : flagellate ratio of 1,000 : 1 in marine and 
freshwater systems. They proposed that flagellate pre- 
dation limited bacterial abundance in eutrophic systems 
where model analyses suggested predation was necessary 
to sustain the observed constant bacteria : flagellate ratios. 

In aggregate, these general hypotheses propose that re- 
sources (organic C or nutrients) and flagellate predators 
limit planktonc bacteria. Numerous studies have ex- 
amined aspects of these hypotheses such as the constancy 
of bacteria : flagellate ratios (Gas01 and Vaque 1993; Ga- 
sol 1994), the importance of N and P nutrients vs. labile 
C as bacterial resources (e.g. Morris and Lewis 1992; Le 
et al. 1994; Wang and Priscu 1994), the significance of 
phytoplankton primary production relative to other 
sources of C (e.g. Findlay et al. 1991), and the role of 
food web structure in regulating predation on bacteria 
(Riemann and Christofferson 1993). Additionally, recent 
research has emphasized other agents of bacterial regu- 
lation, including temperature (Pomeroy et al. 199 1; Shiah 
and Ducklow 1994; Felip et al. 1996), viral mortality 
(Fuhrman and Suttle 1993; Suttle 1994) and alternative 
predators such as mixotrophic flagellates (Sanders and 
Porter 1988), ciliates (Simek et al. 1995), and the fresh- 
water cladoceran Daphnia (Pace et al. 1990; Jiirgens 1994). 

Critical tests that attempt to distinguish the relative 
importance of tlese various regulatory agents have been 
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few for both methodological and conceptual reasons. It 
is difficult to distinguish among resources that typically 
covary (e.g. labile C and nutrients). Many studies rely on 
comparative rate estimates to infer the importance of 
regulation (e.g. predation vs. growth), but these compar- 
isons are constrained by problems of accuracy, precision, 
and infrequent measurement. Expcrimcntal studies con- 
ducted in small containers or field enclosures over short 
intervals may not adequately represent the response of 
bacteria at the ecosystem scale over longer intervals be- 
cause of containment effects or lack of some critical com- 
ponent (Ferguson et al. 1984; Pace and Cole 1994a). Fi- 
nally, microbial ecologists have tended to focus on dc- 
veloping accurate estimates of standing stocks and rates 
and have not traditionally emphasized large-scale exper- 
imental manipulations (Pace 199 1); however, there are 
some notable exceptions (e.g. Ducklow et al. 1986). 

In this study, we use whole-lake experiments to address 
the relative importance of several of the proposed factors 
regulating bacterial abundance and productivity. Manip- 
ulations of food web structure and nutrient loading permit 
assessment of how perturbations of predation and re- 
sources influence bacteria over a season on the scale of 
an entire lake. 

Our experiments were carried out in Paul, Peter, and 
Long Lakes at the University of Notre Dame Environ- 
mental Research Center near the Wisconsin-Michigan 
border. All three lakes are relatively small (< 10 ha), steep- 
sided basins that stratify strongly during the May-Sep- 
tember period considered here. Paul and Peter Lakes are 
separated by a dike and have been extensively described 
(Carpenter and Kitchell 1993). Long Lake is 2 km south 
of Peter and Paul. We divided this lake in spring 199 1 
into three basins by means of two neoprene curtains drawn 
top-to-bottom across narrow portions of the lake. We 
measured the responses of bacteria in the east and west 
basins, which resemble Peter Lake in both size and hyp- 
sometry. The whole-lake cxpcriments were designed to 
examine the response of three trcatmcnt basins (Peter, 
east and west Long) to similar nutrient loadings under 
contrasting food web structures. The general experiment 
as well as the specific responses of phytoplankton and 
zooplankton have been reported elsewhere (Carpenter et 
al. 1995, 1996; Christensen et al. 1996). Here, we briefly 
summarize the key differences in food web structure and 
nutrient loading to facilitate interpretation of the re- 
sponses of bacteria. 

As in past studies (Carpenter and Kitchell 1993), Paul 
Lake served as an unmanipulated reference ecosystem. 
The fish community of Paul is dominated by the large- 
mouth bass (Micropterus salmoides), and zooplankton 
biomass is dominated by large-bodied cladocerans 
(Daphnia pulex, Daphnia rosea, and IIolopedium gibbe- 
rum). 

In May 199 1, piscivorous fish (principally largemouth 
bass) were removed from Peter Lake by electroshocking, 
angling, and finally by adding rotenone. The lake was 
restocked with zooplanktivorous fishes, principally gold- 
en shiners (Notemigonus crysoleucas), which were main- 
tained throughout the experiment. This lake served as the 

planktivore lake, as piscivorous fishes were absent and 
planktivorous fish abundant. The zooplankton commu- 
nity was dominated by an assemblage of small crustaceans 
and rotifers. 

The fish community of west Long was dominated by 
piscivorous bass (M. salmoides and Micropterus dolo- 
mieui) and had few planktivorous fish of any kind. The 
zooplankton community resembled Paul, with biomass 
dominated by large-bodied cladocerans. Curtain place- 
ment in east Long resulted in an unexpected change. In- 
flowing groundwater moves across organically rich sedi- 
ments within the littoral zone of the east basin, while in 
the west basin littoral sediments have a higher sand con- 
tent (Christensen et al. 1996). As a consequence of cur- 
taining, DOC, acidity, and water color increased in east 
Long (Christensen et al. 1996). Accompanying these 
changes, fish populations declined and both piscivory and 
planktivory were nil for most of the experiment (J. F. 
Kitchell and D. E. Schindler pcrs. comm.). The zooplank- 
ton community of east Long resembled west Long and 
Paul, with large-bodied cladocerans, especially D. pulex, 
dominating zooplankton biomass. 

Beginning in 1993, Peter and east and west Long were 
enriched with liquid fertilizer. Nutrients were added daily 
at a central station from late May through early Scptem- 
ber in 1993 and 1994. Phosphorus was added as P04, 
and N as NH4N03 at an N : P of 25 : 1 by atoms. Loading 
rates were adjusted to provide similar mass loading per 
epilimnion volume in each experimental lake. 

Methods 

Sampling-Each lake was sampled weekly at a central 
station during the summer stratified period (mid-May to 
early September). Vertical profiles of temperature and 
oxygen were determined with a meter (YSI model 57). 
pH was also measured on a surface water sample. pH 
samples were pumped into BOD bottles so that no air 
bubbles were trapped; samples were stored at in situ tem- 
perature. In the laboratory, the pH electrode was cali- 
brated, rinsed, and then presoaked in sample for pre- 
scribed times (5-30 min) for each lake to obtain stable 
readings (Stauffer 1990). 

Water samples to measure bacterial and protozoan 
abundance and thymidine incorporation were taken with 
a 2-liter Van Dorn bottle at the surface and at 1- and 2-m 
depths. These samples were pooled to constitute an epi- 
limnetic sample representative of the surface mixed layer. 
Samples to measure [3H]leucine incorporation were taken 
with a peristaltic pump as described by Cole and Pace 
(1995). 

Counting methods-We have described our methods 
in detail previously (see Pace et al. 1990; Pace 1993; Cole 
et al. 1993) and provide only a brief summary here. Bac- 
terial abundance was determined by the acridine-orange 
direct count method. We prepared duplicate filters for 
bacterial counts within l-2 h of sampling. Slides were 
stored in a freezer until counting. Duplicate subsamples 
for heterotrophic flagellates were stained with proflavin, 
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preserved with cold glutaraldehyde (1% final solution), 
filtered onto 1 .O-pm filters with gentle vacuum (< 100 
mm of Hg), and stored in a freezer until counting. Ciliates 
were preserved with a 1% final concentration of Lugol’s 
solution and counted with an inverted microscope at 150 x 
magnification. 

mass was estimated from individual size and abundance 
estimates. Zooplankton were sampled by duplicate ver- 
tical hauls of a calibrated net. Species were identified, 
enumerated, and biomass was estimated based on dry 
mass calculated from lengths. 

Bacterial production -We measured the uptake of 
[3H]thymidine into DNA and [3H]leucine into protein as 
indicators of bacterial production as previously described 
(Pace 1993; Pace and Cole 1994& Cole and Pace 1995). 
The incorporation of [3H]thymidine into DNA was de- 
termined for six replicate samples. Previous work in these 
lakes indicated that a final concentration of 25 nM 
[3H]thymidine was sufficient to maximize the rate of in- 
corporation by the bacterial community. [3H]leucine in- 
corporation into protein was measured every other week 
in 199 1-1992 and weekly in 1993-l 994. Six replicate 
samples were taken at each depth. Previous studies in- 
dicated that addition of leucine to 17 nM final concen- 
tration was sufficient to maximize incorporation rates in 
these lakes (Pace and Cole 19943). Extraction and iso- 
lation of the DNA and protein pools labeled by 
[3H]thymidine and [3H]leucine, respectively, follow stan- 
dard procedures previously described (see references 
above). Radioactivity was measured by liquid scintilla- 
tion counting. Rates are presented as picomoles of thy- 
midine or nanomoles of leucine incorporated liter- l d- l. 
Conversions of counts per minute to incorporation rates 
(pmol or nmol liter-l d-l) accounted for radioactivity of 
the added isotope (dpm), concentration of the added iso- 
tope (pmol or nmol), volume of the sample (liters), length 
of the incubation (h), and scintillation counting efficiency. 

Analysis of ,&he ecosystems experiments- We assessed 
bacterial responses to the ecosystem manipulations by 
calculating annual averages and standard deviations for 
bacterial abundance and productivity by lake and year 
and weekly di:Terences of bacterial abundance and pro- 
ductivity between each experimental lake and the refer- 
ence lake. We also used time-series analysis to examine 
the responses of bacteria to the experimental manipula- 
tions. Two factors were manipulated in these experi- 
ments-nutrient loading and food web structure. Phos- 
phorus input per unit epilimnetic volume was used as a 
measure of nutrient loading (Carpenter et al. 1996). Pre- 
vious experiments indicate that the mean length of crus- 
tacean zooplankton is a good indicator of food web effects 
(Carpenter and Kitchell 1993). To examine the response 
of bacteria, we fit a time-series model that used P loading 
and mean zooplankton length as predictor variables. Our 
approach to the modeling and fitting of these series is 
similar to that described by Carpenter and Kitchell(l993) 
and Carpenter et al. (1996). 

We assume that the quantities of radioisotopes added 
maximized incorporation rates and are comparable among 
lakes. It is possible that uptake would saturate at higher 
levels and that isotope dilution by unlabeled pools of 
leucine and thymidine would change in the fertilized lakes. 
Experiments to assess these changes across a lake pro- 
ductivity gradient, however, revealed no trends (Cole and 
Pace 1995). Additionally, we used concentrations of leu- 
cine and thymidine sufficient for eutrophic lakes (Bell 
1990; Kirchman 1993), so the rates reported here should 
be affected minimally by the experimental treatments. 

Time-series innalyses used weekly data collected over 
the 4-yr period.. Missing values in the time series were 
estimated by linear interpolation. Because of trends in 
the time series owing to fertilization of the lakes, data 
were first differenced, meaning that the first value of the 
series was subtl*acted from the second value, the second 
value from the third, and so on. This procedure detrends 
the data, creating a time series of differences with a mean 
near 0 (Wei 19’JO). The differenced model analyzes how 
perturbations away from 0 in the predictor variable result 
in perturbation; away from 0 in the response variable. 

The time-series models can be cast in a form analogous 
to least squares regression. We fit the weekly log-trans- 
formed and differenced data for the bacterial response 
time series (R,) to a model that included differenced pre- 
dictor variables (P indicates phosphorus loading and S, 
zooplankton size) and the immediate prior value (R,-,) 
of the bacterial response series. 

Phytoplankton and zooplankton-We tested whether 
the responses of bacteria were related to changes in phy- 
toplankton and zooplankton (data provided by S. R. Car- 
penter). Methods for sampling and analysis are described 
in Carpenter et al. (1996) and Christensen et al. (1996). 
Samples for chlorophyll, phytoplankton, and zooplank- 
ton were taken weekly in each lake from late May to early 
September. Primary production was measured with the 
H14C03 method 4-7 times in each lake during each year. 

R, = a + B,P,-, + B,S,-, + B,R,-, + E,. (1) 

The fitted coefficients BP, B,, and B, account for the effects 
of P loading, zooplankton size, and serial correlation, (Y 
is a constant, E, is a series of uncorrelated residuals, x is 
the lag, and t is time. Additional time-series models had 
a similar form but replaced the predictor variables (P and 
S) with covarying time series such as protozoan abun- 
dance, Daphnia biomass, and chlorophyll to explore pos- 
sible effects of these on bacterial response series. 

Chlorophyll a corrected for pheopigments was mea- Models were identified and fit by means of the ARIMA 
sured at six depths that ranged from 1 to 100% irradiance. procedure of SAS (SAS Inst. 1988) following the methods 
Primary production was determined in situ at these depths. presented by Wei (1990). Criteria used to compare models 
For chlorophyll and primary production, we calculated were residual error, standard deviations of parameters, 
averages for the mixed layer (O-2 m). Phytoplankton were autocorrelation functions, cross-correlations functions, 
counted for a mixed-layer composite sample, and bio- and analyses of residuals. 
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Results 

Responses to lake manipulations-Nutrient enrich- 
ment in the three fertilized lakes substantially increased 
phytoplankton and zooplankton biomass (Carpenter et 
al. 1996). For example, mean chlorophyll concentrations 
in the O-2-m interval increased 3-4-fold in Peter and west 
and east Long in 1993, the first year of fertilization. Zoo- 
plankton community structure was maintained as planned 
with one exception. Declines in planktivore populations 
in Peter Lake during 1994 resulted in increases in Daph- 
nia and a shift in the zooplankton community toward 
larger average size during the second half of the sampling 
season (Carpenter et al. 1996). 

The manipulations created differing conditions among 
the lakes and allowed a comparison of bacterial responses. 
Paul Lake served as an untreated reference system with 
typical levels of interannual and seasonal variation. East 
and west Long Lake were dominated by large-bodied 
Daphnia and had high nutrient loadings in 1993 and 1994. 
Peter had very low abundances of Daphnia (except for 
one period noted above) and high nutrients in 1993 and 
1994. 

Changes in bacterial abundance in response to the ma- 
nipulations were relatively small. Abundances in the four 
basins were similar in 199 1 (Fig. IA). In 1992, abun- 
dances were higher in all basins (Fig. 1 A), especially in 
east Long, where we also observed increases in DOC 
(Christensen et al. 1996). Abundances in the experimental 
basins were higher with fertilization, but means did not 
diverge strongly from the reference lake (Fig. 1A). 

Thymidine incorporation was similar in the four basins 
during the first 2 yr and increased with fertilization in the 
experimental basins relative to the reference lake (Fig. 
1 B). Thymidine incorporation was very high in west Long 
and Peter in 1994, with averages > 1 nmol liter-l d-l 
compared to rates on the order of 0.3 nmol liter- l d-l 
observed in 199 1 and 1992. In east Long, thymidine in- 
corporation increased in 1993 and 1994, but average rates 
were only slightly greater than in Paul Lake (Fig. 1B). 

Leucine incorporation was generally similar to thy- 
midine incorporation. Incorporation rates were low and 
equivalent among the four basins in 199 1 and 1992 (Fig. 
1 C). Rates in Peter and west Long were much higher with 
fertilization (Fig. 1C). Rates also increased in east Long, 
but tended to be lower than those observed in west Long 
and Peter and never greatly departed from rates observed 
in the reference lake (Fig. 1C). There was a trend of in- 
creasing rates in the reference lake across the 4-yr study. 
This trend was not consistent with interannual differences 
in phytoplankton, protozoans, or zooplankton. 

Because of trends in the reference lake, especially in 
leucine incorporation, it is instructive to consider the 
pattern of differences between the reference and expcri- 
mental basins in evaluating the response of bacteria. For 
example, bacteria were typically more abundant in Paul 
than in Peter prior to fertilization, but abundances were 
more similar in 1993 and then diverged dramatically in 
1994 (Fig. 2A). Fertilization resulted in increases in bac- 
terial abundance in Peter relative to the unfertilized ref- 

Al Abundance 

B) Thymidine incorp. 

C) Leucine incorp. 

1991 1992 1993 

4 

1994 

4 
Nutrients added 

Fig. 1. Annual averages and standard deviations of bacterial 
abundance, thymidine incorporation, and leucine incorporation 
for the study lakes, 1991-1994. Paul Lake was the reference 
system. Nutrient additions were made to east and west Long 
and Peter Lake in 1993-1994. East and west Long had high 
abundances of Daphnia, whereas Peter had low abundance. 

erence lake (Paul). The initial differences observed early 
in 1994, when bacteria were more abundant in Paul, were 
based on early high abundances (- lOlo cells liter-l) ob- 
served in Paul. Thymidine and leucine incorporation rates 
were higher in Paul in 199 1 and 1992 (Fig. 2B, C). In- 
corporation rates increased in Peter with fertilization and 
became much higher than those observed in Paul, es- 
pecially in 1994 (Fig. 2B, C). 

Average annual differences from the weekly time series 
for each year and basin support the view that bacterial 
abundance and especially productivity increased in west 
Long and Peter but not in east Long (Table 1). For ex- 
ample, in east Long, thymidine incorporation was greater 
than in Paul prior to fertilization, and this difference in- 
creased only by a factor of 2-3 after fertilization, whereas 
abundance and leucine incorporation did not vary con- 
sistently (Table 1). In contrast, shifts in the difference in 
thymidine incorporation with fertilization were very large 
for both west Long and Peter (Table 1). 

Overall, thymidine and leucine incorporation clearly 
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Fig. 2. Time series of differences between Peter and Paul Lakes for bacterial abundance, 
thymidine incorporation, and leucine incorporation. Series were generated by subtracting 
weekly values of the reference lake (Paul) from the experimental lake (Peter). Breaks in the 
series separate years and denote missing values. 

increased in two of the fertilized basins (Peter and west 
Long), especially in 1994. Changes in these rates were 
consistent with a positive effect of nutrient loading but 
appeared to be minimally related to differences in zoo- 
plankton size structure among the lakes. There are two 
possible explanations for the muted increase observed in 
east Long. Recall that DOC increased unexpectedly in 
east Long, leading to a low overall response to nutrient 
addition. Furthermore, Daphnia biomass was particular- 
ly high in east Long. We further consider these possibil- 
ities below. 

Time-series analyses - To what extent do the changes 
in nutrient loathing and the shifts in zooplankton size 
structure predict the temporal patterns of bacterial abun- 
dance and production observed in the three experimental 
lakes? We used time-series analyses to address this ques- 
tion. 

Temporal variation in bacterial production was, in gen- 
eral, predictable from variations in nutrient loading and 
was not related to zooplankton size (Table 2). In east and 
west Long, changes in thymidine incorporation lagged 
changes in nutrient loading by 2 weeks. For Peter, neither 
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Table 1. Annual mean differences for time-paired obser- 
vations of bacterial abundance (10” cells liter- I) and produc- 
tivity. Differences are calculated by subtracting values for the 
reference lake (Paul) from an experimental basin (east Long, 
west Long, or Peter). Means are taken for the series of weekly 
difference values of each year. A positive value indicates that 
the experimental lake on average had higher abundance or pro- 
ductivity than did the reference lake. East and west Long and 
Peter were fertilized in 1993 and 1994. 

Lake 

E Long, Paul 

W Long, Paul 

Peter, Paul 

Year 

91 
92 
93 
94 
91 
92 
93 
94 
91 
92 
93 
94 

Thymidine Leucine 
Abun- (pm01 li- (nm01 li- 
dance ter -l d-l) ter-’ d-l) 

-0.37 42.2 -0.39 
2.18 38.9 -1.31 
1.22 151.3 -0.96 
0.83 95.5 -1.19 
0.43 44.9 -0.13 

- 1.20 -60.6 - 1.29 
0.68 170.2 0.37 
1.66 720.7 2.69 

-0.84 -3.5 -0.15 
-0.14 10.4 0.21 

1.25 294.6 4.20 
1.96 876.8 6.67 

nutrient loading nor zooplankton size were related to vari- 
ability in thymidine incorporation. For all three fertilized 
basins, changes in leucine incorporation were related to 
loading with 0 lag (Table 2). These models indicate that 
positive or negative changes in the rate of P input were 
accompanied in the same week by corresponding shifts 
in leucine incorporation. In west Long, shifts in zooplank- 
ton size were also positively related to changes in leucine 
incorporation (model not shown), but this was the only 
case where it was possible to fit a model that included 
both nutrient loading and zooplankton size. When data 
from all experimental lakes were combined, nutrient 
loading explained a high proportion of the total variance 
in both thymidine and leucine incorporation (Fig. 3). Nu- 
trient loading explained more of the variability in leucine 
(predicted vs. observed, r = 0.85) relative to thymidine 
incorporation (r = 0.72), which is consistent with the 

generally better fits at 0 lags observed in all three lakes 
(Fig. 3, Table 2). 

In contrast to bacterial production, time-series models 
for bacterial abundance were not predictable from P load- 
ing for any of the lakes. Shifts in mean zooplankton size 
were related to abundance in Peter and west Long (Table 
2). The effects of shifts in zooplankton length, however, 
were of opposite sign for these basins. In west Long, in- 
creases in zooplankton length wcrc correlated with de- 
creases in bacterial abundance, which implies that grazing 
by large cladocerans had a negative effect on bacterial 
abundance. In Peter, larger mean sizes of zooplankton 
were associated with increased abundance. This result 
may reflect differences in the effects of grazing on bacteria 
by the various small copepods and cladocerans that dom- 
inated the biomass of Peter Lake zooplankton for most 
of the experiment. Increases in the relative abundance of 
the important copepod genera (i.e. Orthocyclops, Cyclops, 
and Mesocyclops) increased average zooplankton size and 
may have been associated with decreased grazing pressure 
on bacteria relative to periods in which small cladocerans 
dominated. In east Long, no effect of zooplankton mean 
size was observed. For this lake, however, Daphnia bio- 
mass was quite high, and we provide evidence below that 
bacterial productivity may have been limited by cladoc- 
eran grazing in this lake. 

Regulation by labile C-The models of Cole et al. (1988) 
suggested that bacterial production should increase in 
proportion to increases in primary production and phy- 
toplankton biomass. Thymidine incorporation did in- 
crease when lakes were fertilized in association with high- 
er phytoplankton biomass (as measured by biovolume) 
and primary production (Fig. 4). Phytoplankton and bac- 
teria, however, responded differently to nutrient loading 
in the two fertilization years. For example, in Peter Lake, 
phytoplankton biomass and production were highest in 
1993, but the highest rates of thymidine (and leucine) 
incorporation were observed in 1994 (Fig. 1). 

We can compare simple regression fits (r2) for the an- 
nual means (Fig. 4) with the models of Cole et al. (1988). 
Although the range of our data is not as broad as that of 

Table 2. Time-series models for bacterial abundance, thymidine, and leucine incorporation as in Eq. 1. Predictor variables were 
P loading (I?,) and zooplankton size (II,). The effect of serial correlations of the response time series is denoted by B,. Dashes denote 
parameters that could not be estimated. For each model, the parameter estimates (with SD in parentheses), approximate t-values, 
lags, and SD of the residuals (s) are shown. A t-value > 1.96 is significant at P < 0.05 (see text). Only models with t-values > 1.96 
for either one or both of the predictor series are presented. 

Variable Lake 4 t Lag BZ t Lag B, s 
Abundance W Long 
Abundance Peter 
Thymidine E Long 
Thymidine W Long 
Thymidine All 
Leucine E Long 
Leucine W Long 
Leucine Peter 
Leucine All 

- - 

0.124i.063) - 1.99 
0.225(0.069) 3.25 
0.162(0.052) 3.08 
0.194(0.078) 2.51 
0.303(0.080) 3.78 
0.224(0.101) 2.22 
0.269(0.056) 4.78 

- -0.201(0.080) 
- 0.426(0.160) 
2 - 
2 - 
2 - 
0 - 
0 - 
0 - 
0 - 

2.50 0 0.757(0.084) 
2.66 1 0.494(0.121) 
- - 0.8 15(0.083) 
- - 0.561(0.107) 
- - 0.489(0.064) 
- - 0.840(0.075) 
- - 0.65 l(O.102) 
- - 0.656(0.113) 
- - 0.507(0.063) 

0.102 
0.130 
0.215 
0.20 1 
0.235 
0.258 
0.241 
0.239 
0.257 
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Cole et al. (1988), the data are comparable because they 
represent system averages for a number of lakes and years. 
For thymidine and leucine regressed against primary pro- 
ductivity, the coefficients are 0.64 and 0.59, respectively. 
These values compare favorably with the fit of the original 
Cole et al. (1988) model (r2 = 0.59) that included data 
from a variety of systems and methods of measuring bac- 
terial production. Similar coefficients for regressions where 
chlorophyll is the predictor variable were 0.41 (thymi- 
dine) and 0.22 (leucine), compared with 0.62 given by 
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Fig. 4. Relat: onships between epilimnetic thymidine incor- 
poration and phytoplankton biovolume, Chl a, and primary 
production based on means from each lake for the 4-yr study 
period. Lines arc least-squares regressions. 

Cole et al. (1988). Thus, correlations between primary 
and bacterial production were as high as might be ex- 
pected from prior results, whereas the relationships WC 
observed between chlorophyll and measures of bacterial 
production were more variable. 

Time-series models indicated a weak association be- 
tween chlorophyll and bacteria. Models were fit with chlo- 
rophyll as the predictor variable and either thymidine or 
leucine incorporation as the response variable over the 
4-yr study period in each experimental lake. Chlorophyll 
did not predic; variability in temporal patterns of thy- 
midine incorporation and was related to leucine incor- 
poration with long lags of 2-6 weeks (models not shown). 
Models with 1lBng lags are difficult to explain because 
bacteria should respond rapidly to increases in phyto- 
plankton production and biomass. 
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Fig. 5. Weekly rates of P loading and leucine incorporation in the three experimental 
basins, 1993 and 1994. 

These results provide only modest support for the hy- 
pothesis that bacterial production is driven primarily by 
phytoplankton production of labile C. Although bacterial 
production definitely increased in concert with increases 
in phytoplankton resulting from fertilization, the corre- 
spondence between bacteria and phytoplankton was low 
at both weekly and annual scales for each lake, suggesting 
that either labile C was not directly limiting bacteria or 
that chlorophyll and primary production were poor in- 
dices of labile C production. 

Regulation by nutrients -The cross-system models and 
analyses of Currie (1990) suggest bacterial biomass (and 
by inference production) should be strongly limited by P. 
Fertilization confirmed that primary production in our 

study lakes was primarily P limited. Dissolved P did not 
accumulate in the photic zone of any of the fertilized 
lakes, while dissolved N did (Carpenter et al. 1996). Nu- 
trients were added daily over 14 weeks in 1993 and 1994, 
with higher loading in the first half of the season. Target 
enrichment rates were 1 mg P m-3 d-l in 1993 and 0.8 
in 1994, while nominal P loading rates to these lakes are 
on the order of 0.1-0.2 mg m-3 d-l (see Carpenter et al. 
1995). There was some week-to-week variability in load- 
ing related to seasonally adjusted daily loads and to 
changes in thermocline depth (Fig. 5). 

The time-series models support the hypothesis that 
bacterial productivity was limited by nutrients. The re- 
lationship between productivity and nutrients, however, 
is not obvious from inspection of the temporal patterns 
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Fig. 6. Simple regressions with coefficients of determination 
between annual averages of pH and thymidine or leucine in- 
corporation. Averages arc for each basin for 1993 and 1994 (n 
= 8). 

of P loading and leucine incorporation illustrated in Fig. 
5. Nutrient loading was stepped up to an initially high 
rate, stepped down to a lower rate, and then curtailed at 
the end of the season, whereas leucine incorporation var- 
ied considerably from week to week (Fig. 5). The time- 
series analysis, however, decomposes temporal patterns 
of the differenced data and accounts for serial correlation 
(B, in Table 2) and variation in nutrient loading (B, in 
Table 2). 

We conclude that nutrient limitation is an important 
regulator of bacterial productivity. Perturbations of bac- 
terial production were strongly related to changes in nu- 
trient loading. However, bacterial production was not 
solely explained by nutrient loading. Higher rates of bac- 
terial production were observed in 1994 relative to 1993 
(Figs. 1, 5), despite lower nutrient loading and generally 
lower phytoplankton productivity and biomass in 1994. 
Beyond phytoplankton productivity and nutrient loading, 
other factors appear to regulate bacterial production at 
the annual scale in these lakes. 

One factor associated with the greater productivity ob- 
served in 1994 was higher pH in all the lakes. pH in- 
creased in 1994 relative to 1993 probably because of 
lower inputs of high DOC water associated with a min- 
imal spring snowmelt in 1994. The greatest change was 
observed in west Long, where pH increased from 5.5 in 
1993 to 6.5 in 1994. Rates of thymidine and leucine 

incorporation were strongly related to the gradient of pH 
among lakes in the two fertilization years (Fig. 6). 

In these soft-water, DOC-rich lakes, pH is not regulated 
strictly by the bicarbonate buffering system. In east and 
west Long, total dissolved inorganic C (DIC) is extremely 
low (< 35 FM), a.nd pH is affected little by photosynthetic 
drawdown of C02. Organic acids are probably the major 
buffers. In Peter Lake, which has much higher DIC (g 120 
,uM), the bicarbonate system dominates and photosyn- 
thetic drawdowr. of CO, is a major factor controlling pH. 
Paul Lake has comparable DIC to Peter (r90 PM) but 
has a lower pH and less alkalinity. Year-to-year variation 
in pH in these systems is not strictly controlled by changes 
in algal productivity. Hydrological inputs of both bicar- 
bonate and organic acids also affect pH. In Peter Lake, 
for example, the average pH in 1994 was greater than in 
1993 despite lower primary production and phytoplank- 
ton biomass. DIC in 1993 was higher (134 PM) than in 
1994 (109 PM). Thus, the striking relationship we observe 
between bacterial production and pH (Fig. 6) is not due 
to a strong co-correlation between pH and phytoplankton 
productivity. 

We conclude that interannual differences in bacterial 
productivity during the fertilization period were at least 
partially the result of more favorable pH conditions in 
1994. 

Regulation by ,w-edators - The model of Sanders et al. 
(1992) predicts that bacteria : flagellate ratios should av- 
erage 1,000 : 1 and should become more variable with 
increased productivity. The annual averages of bacteria 
and heterotrophic flagellates are plotted in Fig. 7 in re- 
lation to the predicted ratios. Although ratios were vari- 
able, they always exceeded the 1,000 : 1 prediction. There 
was no evidence fbr a strong difference in the ratios be- 
tween the reference and experimental lakes or for lakes 
with and without Daphnia (Fig. 7). For example, Peter, 
with low Daphnk, had ratios in the range of 3-l 0 x 103, 
and a similar range was observed in cast Long, where 
Daphnia was very’ abundant. 

We fit time-ser.;es models to examine whether flagel- 
lates, ciliates, or Daphnia were important predictors of 
variation in bacteria. Temporal dynamics of both bac- 
terial abundance and productivity were unrelated to ei- 
ther ciliate or flagellate abundance. The time series of 
epilimnetic leucine incorporation in east Long was related 
to Daphnia biomass. Increases in Daphnia biomass re- 
duced leucine incorporation. The model fit to the log- 
transformed and differenced data for leucine (L) and 
Daphnia biomass (DB) was 

L, = 0.0098 -t (1 - 0.4895)L,-2 - 0.0821 DB, (2) 

following the general form of Eq. 1. The t-ratios for the 
moving average (L!-,) and Daphnia terms were 4.25 and 
2.6 1. Although these t-values are approximate (Wei 1990), 
a value > 1.96 would be expected < 5% of the time. The 
maximum weekly change of Daphnia in east Long was 
an increase of 938 pg DW liter-‘. If we assume the dif- 
ferenced value in the leucine time series was 0 for Lte2, 
the predicted difference in leucine incorporation for L, 
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would be - 0.25 log units based on Eq. 2. For a leucine 
incorporation rate of 1 nmol liter-l d-l at L,- , , this trans- 
lates to a predicted decline to 0.5 5 nmol liter-l d-l at L,. 
Thus, maximum changes in Daphnia would alter leucine 
rates by 45%. 

Impacts of potential predators on bacteria can also be 
analyzed by estimating consumption relative to measured 
rates of growth (Fig. 8). We converted annual means of 
thymidine to cell production rates assuming 2 x 10 l8 cells 
mol-l of thymidine incorporated (Smits and Riemann 
1988). For leucine we used conversion factors of 1.5 kg 
C mol- l of leucine incorporated (Simon and Azam 1989), 
a cell size of 8 fg C (Pace 1993), and an isotope dilution 
factor of 2 (Pace and Cole 1994a). We averaged thymidine 
and leucine production to provide a single estimate of 
bacterial production in Fig. 8. Estimates of flagellate and 
Daphnia predation were calculated from bacterial abun- 
dance and assumed clearance rates of 2.5 nl flagellate- l 
h-r (Pace et al. 1990) and 0.5 ml Daphnia-l h-l (Vaque 
and Pace 1992). When similar estimates were made for 
ciliates assuming clearance rates of 100 nl ciliate-’ h-l 
(Sherr et al. 1989), their grazing impact on bacteria was 
trivial. 

Because uncertainty in the conversion factors is high, 
the important issue when comparing estimates of pro- 
duction and consumption is trends within and among 
lakes, not absolute rates. In the reference lake, flagellate 
and Daphnia consumption tended to vary inversely, but 
in aggregate, consumption by these predators roughly bal- 
anced production (Fig. 8A). In two of the fertilized basins 
(east and west Long), increases in bacterial production 
corresponded with large increases in Daphnia consump- 
tion (Fig. 8B, C). In Peter, flagellate predation increased 
somewhat with fertilization but appeared to be substan- 
tially lower than production, especially in 1994 (Fig. 8D). 
Other predators (e.g. small cladocerans, rotifers), includ- 
ing Daphnia, which became abundant only in the latter 
half of 1994, may have consumed the increased bacterial 
production. Overall, these comparisons suggest that pred- 
ators effectively consumed bacterial production and ex- 
plain why bacterial abundances did not increase substan- 
tially in the fertilized lakes. Flagellates were important 
consumers of bacteria in the reference lake and experi- 
mental lakes, especially before fertilization (Fig. 8). Much 
of the increased production in the fertilized lakes, es- 
pecially in 1994, was consumed by Daphnia and not by 
protozoans. 

Discussion 

Our results emphasize the importance of resources, 
predators, and pH in the regulation of bacterial abun- 
dance and productivity in lakes. Abundance appears to 
be limited by predation. Consumption keeps pace to a 
first approximation with the production of new bacterial 
cells, even when lakes arc fertilized. Food web shifts do 
not seem to have a strong effect on total abundance, be- 
cause of the numerous protozoans and metazoans capable 
of consuming bacteria. Food web shifts may result in 
changes in the primary bacterial predators but appear to 

6- A 

On 

4- n 

2 4 6 
Flagellates (1 O6 cells liter’) 

Fig. 7. Average bacterial and heterotrophic flagellate abun- 
dance for each basin in each year plotted in relation to the 
theoretical bacteria: flagellate ratio of 1,000 : 1 proposed by 
Sanders et al. (1992). O-Paul; O-east Long; A-west Long; 
0 -Peter. 

have little effect on the overall predation rate and hence 
abundance of bacteria. 

Productivity was determined primarily by rate of re- 
source supply, environmental conditions, and consump- 
tion. Because productivity is the product of growth rate 
and biomass, predator limitation of increases in bacterial 
abundance must also have limited the overall increase in 
production in our experiments. Resource regulation of 
productivity was related to the direct availability of nu- 
trients and perhaps the indirect effects of nutrients in 
facilitating the production of labile DOC. The corre- 
spondence of bacterial production and nutrient loading 
observed in our experiments suggests the importance of 
mechanisms that make nutrients directly available for 
uptake by bacteria, such as regeneration by consumers 
and enzymatic degradation of organic compounds con- 
taining N or P. The correspondence of bacterial produc- 
tion and pH suggests that the availability of labile C and 
nutrients may also be partly determined by pH or factors 
closely related to pH. Additional study is needed of the 
possible significance and mechanisms associated with the 
pH-bacterial production relationship. 

The production of labile organic matter by phytoplank- 
ton is considered the most important source of C sub- 
strates for bacteria (Cole 1982). We did not measure the 
actual flux of dissolved C produced by phytoplankton, 
and this flux could well be out of phase with phytoplank- 
ton biomass and productivity. Nevertheless, the weakness 
of the relationships between phytoplankton and bacterial 
dynamics is surprising given the large changes in pro- 
ductivity associated with fertilization. Even lower cou- 
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pling between changes in phytoplankton and bacteria were 
observed by Jeppesen et al. (1992) in experiments in which 
planktivorous fish were removed from two eutrophic lakes. 
In these systems, bacterial production increased 2-fold 
despite large reductions in phytoplankton biomass and 
primary production over a 5-6-yr period. Bacterial dy- 
namics may well be uncoupled from phytoplankton pro- 
duction in individual lakes (Covcney and Wetzel 1995). 

In our experiments, nutrient loading was a better pre- 
dictor of bacterial dynamics. These results support con- 
clusions from both experimental and comparative studies 
that P is an important limiting factor for bacterial growth 
in lakes. Competition between phytoplankton and bac- 
teria for P may limit increases in bacterial production 
under enhanced nutrient loading because phytoplankton 
retain P efficiently (Istvanovics and Herodek 1995). The 
increased bacterial productivity during the second year 
of fertilization (1994) may have resulted from a combi- 
nation of lower phytoplankton biomass (Carpenter et al. 

1996) and rnl3re favorable pH conditions in the lakes that 
facilitated acquisition of P by bacteria. In lakes that did 
not receive high loads of P, bacterial dynamics seemed 
to be most strongly related to P recycling (Chrzanowski 
et al. 1995). 

These whole-lake experiments support our earlier con- 
clusions from smaller scale studies in these lakes that 
protozoan pr:dators do not exclusively regulate either the 
standing stock or productivity of bacteria (Pace and Cole 
1994a). The model of regulation by heterotrophic flagel- 
late grazing proposed by Sanders et al. (1992) did not fit 
observations from the experimental lakes either before 
or after fertilization. Protozoan impacts on bacteria ap- 
pear to be heavily constrained by zooplankton consump- 
tion. Our previous enclosure experiments indicated that 
while protozoan growth rates are high, predation by 
Daphnia liml ts abundance (Pace and Cole 1994a; Pace 
and Vaque 1994). Predation by other zooplankton on 
protozoans i:s also significant (Sanders and Wickham 
1993). Zooplankton may well have limited the abundance 
of protozoa and thus their capacity to increase and affect 
bacteria when the experimental lakes were fertilized. 

The impact of Daphnia on heterotrophic microbes is 
now well recognized (Riemann and Christoffersen 1993; 
Jiirgens 1994: Pace and Colt 1994a). In east Long, Daph- 
nia biomass averaged 248 and 365 pg DW liter-l in I993 
and 1994. A; these biomasses, grazing was apparently 
sufficient to limit bacterial abundance and productivity, 
as indicated by the time-series model and estimates of 
consumption. Similar results were observed in Ciso Lake, 
Spain, when it was temporarily invaded by Daphnia pulex 
(Jiirgens et al. 1994b), and in enclosure studies (e.g. Chris- 
toffersen et al 1993; Jiirgens et al. 1994a). Regulation of 
bacteria by Daphnia is likely when Daphnia biomass is 
similar to or greater than levels observed in east Long 
(Pace et al. 1990). 

Viruses appear to be important sources of bacterial 
mortality (e.g. Fuhrman and Noble 1995). We do not, 
however, know the significance of viral-caused mortality 
in the lakes studied here. Viral dynamics in Lake Con- 
stance (Bodensee) suggest that viruses were significant in 
reducing bacteria during periods of high bacterial abun- 
dance (Hennes and Simon 1995). If mortality from vi- 
ruses increased in importance with fertilization in our 
experimental lakes, then viruses may have also limited 
increases in biacterial abundance. 

Bacterial production increased substantially in the fer- 
tilized lakes relative to changes in total abundance (Fig. 
1, Table l), implying that specific growth rates also in- 
creased. For example, in Peter Lake specific growth rates 
estimated from mean leucine incorporation rates (con- 
version factors detailed above) and abundances were 0.09 
d-l in 1991 andO.l6d-l in 1992. With fertilization, these 
rates were 0.43 d-l in 1993 and 0.50 d-l in 1994. The 
increase in bacterial production with only modest changes 
in abundance observed in our experimental lakes is con- 
sistent with comparative studies that have considered 
trophic gradients (Cole et al. 1988) and with enclosure 
studies (e.g. Belornsen et al. 1988). Over the range of ex- 
perimental conditions considered in this study, predators 
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apparently limit increases in bacterial abundance. Re- 
sources determine growth rates. Thus, predatory limita- 
tions on abundance and resource limitation on growth 
interacted to determine bacterial biomass and productiv- 
ity. The primary response of bacteria to eutrophication 
in the experimental lakes was higher specific growth rates. 
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