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Abstract. The dynamics of carbon (C), nitrogen (N), and phosphorus (P), 
elemental ratios, and dark uptake/release of N and P in bacterial and phyto- 
plankton size fractions were studied during summer 1992 in three lakes of 
contrasting food web structure and trophic status (L240, L110, L227). We 
wished to determine if phytoplankton and bacteria differed in their elemental 
characteristics and to evaluate whether the functional role of bacteria in nutrient 
cycling (i.e., as sink or source) depended on bacterial elemental characteris- 
tics. Bacterial contributions to total suspended particulate material and to 
fluxes of nutrients in the dark were substantial and varied for different ele- 
ments. This indicated that some techniques for assaying phytoplankton physi- 
ological condition are compromised by bacterial contributions. C/N ratios were 
generally less variable than C/P and N/P ratios. Both elemental ratios and 
biomass-normalized N and P flux indicated that phytoplankton growth in each 
lake was predominantly P-limited, although in L227 these data reflect the 
dominance of N-fixing cyanobacteria, and N was likely limiting early in the 
sampling season. In L227, phytoplankton N/P ratio and biomass-normalized N 
flux were negatively correlated, indicating that flux data were likely a reason- 
able measure of the N status of the phytoplankton. However, for L227 phyto- 
plankton, P-flux per unit biomass was a hyperbolic function of N/P, suggesting 
that the dominant L227 cyanobacteria have a limited uptake and storage capac- 
ity and that P-flux per unit biomass may not be a good gauge of the P-limitation 
status of phytoplankton in this situation. Examination of N-flux data in the 
bacterial size fraction relative to the N/P ratio of the bacteria revealed a 
threshold N/P ratio (-22:1 N/P, by atoms), below which, bacteria took up and 
sequestered added N, and above which, N was released. Thus, the functional 
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role of bacteria in N cycling in these ecosystems depended on their N/P 
stoichiometry. 

Introduction 

The concepts of planktonic nutrient limitation and elemental ratios have been 
strongly linked for over 30 years since the publication of Redfield's classic work on 
nutrient ratios in the sea [28]. Elemental ratios of suspended seston have been 
widely used to provide evidence for the occurrence [4, 7, 16, 17, 33, 38] or absence 
[10, 12] of nutrient limitation in lakes and oceans. In phytoplankton, nutrient ratios 
(C/N, C/P, N/P) vary widely as a function of nutritional status [10, 16, 23, 29]. 
This reflects the capability of autotrophic phytoplankton to store nutrients in excess 
of immediate needs. However, less attention has been given to the nutrient status 
and nutrient ratios of pelagic bacteria. Indeed, most field studies of elemental ratios 
in suspended particulate material fail to separate the contributions of bacteria and 
larger phytoplankton-sized particles. Nevertheless, the elemental physiology of 
bacteria may differ from other members of the plankton. It is now well established 
that elemental contents of phytoplankton can vary widely as a function of growth 
status (see references above), whereas crustacean zooplankton are strongly homeo- 
static in their elemental content [3, 36]. However, very little is known about 
nutrient ratios and their variability in other components of the pelagic food web, 
including bacteria [40]. 

In addition to the somewhat uncertain status of the elemental physiology of 
pelagic bacteria, the functional role of bacteria in pelagic nutrient cycling has also 
been debated. In particular it is uncertain under what conditions bacteria compete 
with autotrophic phytoplankton for inorganic nutrients (i.e., function as "sinks") or 
mineralize organically bound nutrients (i.e., function as "sources") [2, 6, 11, 13, 
21, 42]. Tezuka [39, 40] indicates that the functional role of aquatic bacteria in the 
nitrogen (N) and phosphorus (P) cycles depends on the elemental quality of organic 
nutrient substrates available. When substrates have a high P-content, bacteria 
mineralize P and retain N. On the other hand, when organic substrates are low in P, 
bacteria retain P and disproportionately release N. Thus, the functional role of 
bacteria in the N and P cycles, as source or sink, may depend on the stoichiometric 
characteristics of the substrate compared to the demand of the cell's physiology. 
However, Tezuka did not evaluate whether physiological growth status characteris- 
tics can influence the release or uptake of limiting nutrients by the bacteria, nor did 
he consider whether the bacteria can use inorganic forms of limiting nutrients. 

In this paper, we report the results of a study done on the elemental ratios and 
nutrient fluxes in phytoplankton- and bacteria-dominated size fractions in three 
contrasting lakes of the Canadian Shield. The study was designed to characterize 
the nutrient status of phytoplankton and bacteria using both elemental ratios and 
measurements of dark nutrient uptake (N- and P-debt) [16] in lakes that differed in 
nutrient loading and food-web structure. We sought to determine whether phyto- 
plankton and bacteria in these lakes differed in their elemental contents and ratios 
and in the variability of those ratios. The hypothesis that bacterial elemental status, 
which potentially varies seasonally and/or between lakes, alters the functional role 
of bacteria as sources or sinks of limiting nutrients was also tested. By size- 
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fractionating particulate materials and nutrient fluxes, we also evaluated whether 
prior investigations of phytoplankton nutrient status and nutrient dynamics that did 
not separately evaluate whether the potential contribution of heterotrophic bacteria 
may possibly have been confounded by bacterial contributions. 

Methods 

Study Sites 

The three lakes in the study are located at the Experimental Lakes Area (ELA) on the Precambrian 
Shield in northwestern Ontario (93°30'-94°00'W, 49°30'-49°45'N, altitude 360-380 m asl). Lake 227 
(L227) is circular with a high relative depth (10 m maximum depth, 5 ha area). In addition to natural 
runoff inputs, L227 has been receiving artificial nutrient inputs in one of the longest running whole- 
ecosystem experiments in the world [30]. The current artificial annual loading is 0.56 g P m-Z; no N is 
currently being added. As a result of this fertilization, the lake experiences sizable mid-summer 
cyanobacteria blooms. Lake 110 is a small, deep lake (5.3 ha area, 13 m maximum depth) that receives 
the relatively high natural N/P loading ratios characteristic of ELA watersheds. Lake 240 is larger in 
area (44 ha) with a similar maximum depth of 13 m and, like L110, receives natural loadings of N and 
P at high ratios typical of the region. During the study year (1992), the lakes differed in food-web 
structure. The fish assemblages of both L227 and L110 lacked piscivorous fish and were dominated by 
cyprinids. Metazoan zooplankton communities of these lakes were dominated by copepods and small 
cladocerans. In contrast, the fish assemblage of L240 includes a piscivorous species (northern pike; 
Esox lucius), as well as a mixed planktivore assemblage that includes lake herring (Coregonis artedi), 
yellow perch (Perca flavescens), and some cyprinids. The zooplankton includes larger cladocerans 
(including Holopedium gibberum and Daphnia galeata mendotae) along with various copepods and 
small cladocerans. 

Sampling 

The lakes were sampled weekly from 8 June (Julian day 159) to 25 Aug (JD 237) (1992). In general, 
triplicate samples were collected from each lake for analysis of elemental concentrations and nutrient 
flux in different size fractions. Triplicate composite samples were constructed from equal volumes of 
independent samples of epilimnetic water obtained from three depths, spaced evenly within the 
epilimnion. Water was passed through 83-~m Nitex in the field to remove crustacean zooplankton and 
returned immediately to the laboratory. Every third week, the lakes were sampled through the complete 
vertical profile at 2-3 m intervals for dissolved nutrient and seston elemental concentrations. On these 
dates, the three discrete depth samples within the epilimnion were used to estimate epilimnetic seston in 
place of the triplicate epilimnetic composites normally collected. Smaller epilimnetic composite 
samples were also taken in triplicate and used for nutrient flux determinations on those dates. 

Analyses 

Lakewater was fractionated by filtration through large-diameter (147 mm) 1.0-lxm polycarbonate 
filters to separate bacteria-sized particles from larger seston. Care was taken to replace the filter 
frequently to prevent clogging. Microscopic examination indicated that the fractionation procedure 
removed < 15% of the free-living bacteria. The phytoplankton contribution to seston and nutrient flux 
was calculated as the difference between values for whole and fractionated lakewater. In the following, 
we refer to the < 1-txm fraction as the "bacterial size fraction" but recognize that autotrophic picoplank- 
ton as well as small detritus particles contributed to this fraction. Likewise, we refer to the > 1-1xm 
fraction as the "phytoplankton size fraction" but recognize that particle-associated bacteria, detritus, as 
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well as heterotrophic organisms (ciliates, small rotifers, flagellates) were present. We specifically 
discuss the potential contributions of detritus and protozooplankton to these size fractions below. 

Subsamples of whole lakewater and < 1.0-1xm water were filtered onto precombusted GF/F filters for 
later analysis of particulate carbon (C), N, and P; filters for P analysis were rinsed with dilute acid 
before filtration. Microscopic examination determined that the GF/F filters were approximately 90% 
efficient in retaining bacterial cells. Filtered material was dried (-60°C) and stored in a desiccator (C 
and N) or in a freezer (P) until analysis. Particulate C and N on filters was determined using a 
Perkin-Elmer model 2400 elemental analyzer, and particulate P was determined by persulfate oxidation 
followed by the acid molybdate technique [1 ]. 

Microplankton N and P limitation status was assayed using measurements of uptake or release of 
nutrients in the dark. When phytoplankton become deficient in N or P, they both increase their capacity 
for uptake of that nutrient and assimilate quantities that exceed their immediate growth requirements 
[16]. These physiological responses form the basis of techniques for assessment of the nutrient 
limitation status of phytoplankton under field conditions, specifically "N-debt" and "P-debt" [16]. In 
debt measurements, the total amount of nutrient removed by algae during 24 h in the dark (relative to 
the algal biomass present) is used as an index of the severity of limitation for that nutrient. However, 
application of this approach for assessment of bacterial nutrient status is difficult, because most 
bacteria appear to be less capable of accumulating nutrients in excess of their immediate growth 
requirements [21, 22]. Nevertheless, the net uptake of a nutrient by a bacteria dominated preparation is 
a useful indicator of the relative availability of that nutrient. The uptake likely results from bacterial 
metabolism/growth during incubation, implying that other nutrients and substrates are in sufficient 
supply to support metabolism when that nutrient is added in excess. Alternatively, bacteria may cause 
increases in nutrient concentrations during the incubation by mineralizing organically bound nutrients. 
Such an observation would indicate that bacterial growth is not likely limited by that nutrient at that 
time. We also point out that a 24-h incubation period is relatively long compared to the time scales of 
microbial uptake and recycling. This incubation period was used because it is the standard incubation 
length used by Healey and Hendzel [16] in developing this technique. Also, the approach relies on 
determinations of changes in bulk nutrient concentrations, which may be difficult to detect without 
ensuring that sufficient time was allotted for full dark uptake to occur. Finally, mineralization by 
protozooplankton, especially in the whole-water bottles, is a potentially complicating factor in these 
experiments. If such activities are occurring, measures of nutrient debt represent underestimates of 
phytoplankton dark uptake capacity. 

Measurements of N and P flux were made by filling two sets of triplicate 165-ml bottles with whole 
or < 1-1xm lakewater fractions for each replicate sample. One set of bottles was enriched with - 5  ixM P 
(as Na2HPO4; L227 samples received 5-261xM, depending on demand) and the other set with - 5  IxM N 
(as NH4C1; L227 samples received 5-10 txM, depending on demand). Bottles were incubated in the 
dark at 20°C for 22-26 h. In addition, triplicate subsamples ("initials") were filtered (0.2-p,m polycar- 
bonate filter) and incubated along with the rest of the samples; these received the N or P spikes 
immediately before chemical analyses to serve as estimates of initial N or P concentrations in the 
incubations. Following incubation, concentrations of NH4-N and soluble reactive phosphorus (SRP) 
were determined in incubation bottles and in "initials." NH4-N was determined with the phenol- 
hypochlorite method [32] and SRP via the acid molybdate technique [1]. Net uptake or release of a 
given element for each replicate was calculated as the difference between the mean value of "initials" 
and the mean value of final concentrations for the triplicate incubation bottles for that replicate. This 
difference was divided by the incubation time (in hours), resulting in estimates of net flux in IxM/h- i. 
Net uptake is indicated by positive values, while net release is indicated by negative values. In the 
following, we refer to these values as measurements of "flux," but it should be pointed out that they 
represent n e t  flux determinations not measurements of uptake or release per se. The statistical signifi- 
cance of uptake or release was tested for the bacterial fraction by comparing mean final concentrations 
in the <l.0-1~m size fraction bottles and in "initials" using a t-test. Significance of phytoplankton 
nutrient uptake was assessed by applying a t-test to compare the mean final nutrient concentrations in 
the <l.0-1xm size fraction bottles and the whole-water bottles. Finally, to provide a more direct 
estimate of physiological condition, flux values were normalized to carbon biomass in each fraction by 
dividing the rate in a given replicate by the C concentration for that replicate. We chose to normalize 
flux measurements to particulate C rather than particulate N or P to permit direct comparison with the 
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threshold values presented by Healey and Hendzel [ 16] as indicative of nutrient limitation; most of the 
dynamic patterns and the fraction-specific differences were the same when flux data were normalized 
to particulate N or P. Means and standard deviations of C-normalized flux rates were calculated from 
the replicate observations of normalized flux. On sampling dates when discrete epilimnetic depths were 
analyzed separately for seston C, the mean C concentration of the three samples was used to normalize 
the uptake data. Because most of the variation in normalized flux rate estimates arose from the flux 
measurements, we did not attempt to propagate errors to more accurately estimate variation in the 
C-specific flux estimates on these dates. 

Results 

Evaluation of Materials Contributing to the Size Fractions 

We interpret data for the < 1.0-1xm size fraction as indicative of flee-living hetero- 
trophic bacteria. However, these data are subject to two potential confounding 
factors: contributions of nonliving detrital material and of autotrophic picoplank- 
ton. We assessed the importance of these potential contributions by estimating 
bacterial biomass from direct counts and cell volume data [31] and comparing this 
to the C retained on filters in the <l.0-1xm size fraction. Similarly, we estimated 
the proportion of cellular N to the total N pool collected on filters by converting 
direct count estimates of C to N using a C/N ratio of 7.5:1 (mean of previously 
published values for freshwater bacteria [24, 40] and our own unpublished data for 
cultured freshwater bacteria). These assessments indicated that contributions of the 
< 1.0-p,m fraction from sources other than heterotrophic bacteria varied for differ- 
ent elements as well as for different lakes. In L110, C and N estimates from cell 
counts accounted for 5-21% (mean, 16%) and 7-52% (mean, 30%), respectively, 
of the concentrations measured for filtered material. In L240 and L227, apparent 
nonbacterial contributions were less substantial. In L240, cell count-based esti- 
mates of C and N accounted for 19-48% (mean, 34%) and 35-97% (mean, 60%) of 
the total C and N, respectively. In L227 cell count estimates accounted for 34-71% 
(mean, 53%) of direct C estimates and 39-82% (mean, 60%) of direct N estimates. 
Thus, it appears that nonbacterial contributions to the < 1.0-1xm size fraction were 
substantial for C but may be somewhat less for N. 

Some of the "unaccounted-for" C may have come from autotrophic picoplankton 
present in the < 1.0-1xm size fraction. We estimated the contribution of autotrophic 
biomass to the <l.0-1xm size fraction by examining size-fractionated chlorophyll 
data. For the three lakes, an average of 20.5% of the total suspended chlorophyll 
passed the 1.0-1xm filter. We estimated the amount of C represented in this au- 
totrophic component using a C/Chl ratio of 17:1 wt wt -~ [43] and compared this 
value to the total C in the < 1.0-p~m size fraction. In both L110 and L240, this 
comparison indicated that --10% of the C in the < 1.0-p~m size fraction may have 
been contributed by chlorophyll-containing cells; in L227, this value was some- 
what higher (--24%). Thus, if we combine cell count/cell volume estimates of 
heterotrophic bacterial C with chlorophyll-based estimates of potential picoplank- 
ton C in the < 1.0 p~m size fraction, it appears that the majority (50-90%) of C and 
N in the < 1.0-1xm size fraction is associated with living microplankton (autotrophic 
picoplankton and heterotrophic bacteria) in L240 and L227. In L l l 0 ,  detrital 
contributions to the <1.0-p,m size fraction appear considerably greater, and cau- 
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tion should be used when considering these data. In all lakes, detrital interference is 
likely to be more important for parameters involving C than for those involving N 
and P. For example, Olsen et al. [26] found using x-ray microanalysis that 
< 1.0-~m detritus contained virtually no P. 

We interpret data for the >l .0-&m size fraction as indicative of autotrophic 
phytoplankton. However, material in this size fraction may also have been contrib- 
uted by detritus and/or protozooplankton. The contribution of protozooplankton 
appears low; we enumerated protozooplankton in epilimnetic samples during sum- 
mer 1992 using epifluorescence microscopy. Using average cell counts for each 
lake, an estimated cell volume of 30 p~m 3, and a value of 0.22 pg C/~m -3 [44], we 
estimated the carbon biomass of protozooplankton in each lake and compared it to 
our estimates of C in the > 1.0-p~m size fraction. Microscope-based estimates of 
protozooplankton C biomass were generally <7% of the C concentration estimated 
for the > 1.0-p~m size fraction. The contributions of detritus cannot be evaluated so 
directly. We can use the same strategy as employed for estimating the contribution 
of autotrophic picoplankton to the bacterial size-fraction (multiply measured chlo- 
rophyll concentrations by a C/chl ratio), but such an estimate is subject to the choice 
of a C/chl ratio that was not directly determined for our lakes. Using the value 17:1 
wt wt-1 [43] for rapidly growing phytoplankton, we find that only an average of 
15-30% of the C measured in the > 1.0-~m size fraction may be associated with 
chlorophyll-containing particles. However, if we use C/chl values more character- 
istic of nutrient-deficient phytoplankton likely to be found at the ELA (100:1 in 
L110 and L240, 50:1 in P-fertilized L227; [16], we find that in each lake an average 
of around 90% of the directly determined C concentration can be accounted for. 
Only direct determinations of the C/chl ratio of lake phytoplankton using laborious 
techniques such as chlorophyll labeling [43] would permit us to correct directly 
measures of C in the > 1.0-p~m size class for detritus, and so we did not do so. The 
calculations above indicate that such contributions, while not negligible, do not 
appear to be overly large. Hecky et al. [17] also concluded that detrital contribu- 
tions are not likely to significantly interfere with the use of particulate elemental 
ratios as indicators of phytoplankton composition in lakes of the ELA having 
residence times greater than a few months. 

Dynamics of C, N, and P 

The lakes differed considerably in the seasonal progression of sestonic elemental 
concentrations and in the relative concentrations of elements in phytoplankton and 
bacterial pools (Fig. 1). In L240, C and N concentrations in the phytoplankton size 
fraction were relatively constant but phytoplankton P was more variable (Fig. 1A). 
Likewise, concentrations of C and N in the bacterial fraction did not vary during the 
sampling period, while bacterial P was high at the beginning of the season and then 
declined considerably. In L110 (Fig. 1B), elemental concentrations in the phyto- 
plankton fraction peaked strongly during JD 175-185, reflecting a bloom of D ino- 
bryon sp. (D. Findlay, personal communication). Dynamics of the bacterial frac- 
tion were considerably less variable (but see above results regarding high detrital 
contributions in Lll0) .  Seston dynamics in experimentally fertilized L227 (Fig. 
1C) differed from those in the oligotrophic lakes. Phytoplankton (primarily Apha- 
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Fig. 1. Seasonal dynamics of epilimnetic particulate C, N, and P in phytoplankton (>1.0 txm, 
circles) and bacterial (0.2-1.0 jxm, triangles) size fractions. A, L240. B, L110. C, L227. Error bars 
indicate -+ 1 SD for mean values for three replicates. Julian Day 155 = 4 June 1992. 

Table 1. Relative contribution (%) of bacteria to epilimnetic particulate C, N, 
and P in the study lakes I 

Element L240 L 110 L227 

C 23.4 (_+1.8) t 30.5 (-+2.3) ~ 14.7 (-+2.0) 1 
N 24.2 (_+2.1) 1 32.0 (-+2.9) ~ 13.7 (-+2.2) 2 
P 32.6 (-+2.3) 1 33.9 (-+2.8) 1 25.4 (-+2.1) 2 

1Values represent means (-+SE) during the sample season. ANOVAs to test for 
differences between study lakes were significant for each element. For a given 
element, means with different superscripts are significantly different from each 
other on the basis of Scheff6's multiple comparison test (P < 0.05). 

nizomenon sp.)  deve loped  intensely over  the initial 40 days of  sampl ing  and then 
decl ined;  this decl ine  was cons iderab ly  more  abrupt  for P than for C and N. Carbon,  
N, and P pools  in the bacter ial  fraction did not change apprec iab ly  during the s tudy 
season. 

The contr ibut ions o f  the two size fract ions to total epi l imnet ic  pools  of  par t iculate  
mat ter  differed for each lake and for different  e lements .  Over  all the lakes,  the 
bacter ial  size fraction accounted  for 13-34% of  the total concentra t ion o f  each 
e lement  in the epi l imnet ic  seston (Table  1). However ,  these mean values obscure 
per iods  when this fraction was less (e .g . ,  - 10% of  total par t iculate  C and N during 
m i d - s u m m e r  in L227) or  more  important  ( - 5 0 %  of  total part iculate  P in ear ly 
summer  in L110 and L240) as a pool  for e lements  in the epi l imnion (Fig. 1). The  
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Fig. 2. Same as for Figure 1, but for elemental ratios (C/P, C/N, N/P, by atoms). A, L240. B, L110. 
C, L227. Horizontal dashed lines indicate threshold values [see 16] for moderate (lower line) or severe 
(upper line) algal growth limitation by N (C/N) or P (C/P and N/P). See Figure 1 for definition of 
symbols. 

bacterial fraction made the smallest contribution to particulate material in L227 
(Table 1), reflecting the dominance of the cyanobacteria blooms that develop in 
response to P fertilization. The bacterial fraction of particulate pools was generally 
greater for P than for C and N (Table 1), especially in L227, where small particles 
contributed <15% to total particulate C and N but >25% to total particulate P. 
Note that these estimates of bacterial contributions to particulate pools are conser- 
vative, because they do not incorporate any corrections for bacterial biomass 
passing through the GF/F filter (around 10% of cell counts according to the filter 
evaluations discussed above). 

Elemental Ratios 

The fraction-specific dynamics of the concentrations of individual elements re- 
suited in strong differences in elemental ratios among lakes and size fractions, as 
well as differences in the variability of these parameters between bacterial and 
phytoplankton size fractions. To assess variability, we calculated a "coefficient of 
seasonal variation" using weekly mean estimates of elemental ratios in the two size 
fractions as (standard deviation of weekly means/overall mean) • 100. C/N ratios 
were the least variable (Fig. 2, Table 2), varying from --10-23 in the three lakes 
but generally remaining within a more narrow range (10-16). C/N ratios were least 
variable in L227 and most variable in L110. In L110, coefficients of seasonal 
variation for the C/N ratios of both bacterial (C/Nb) and phytoplankton (C/No) 
fractions were higher than for the C/P and N/P ratios. Within a lake, phytoplankton 
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Table 2. Coefficients of seasonal variation of elemental 
ratios in phytoplankton (> 1 ixm) and bacterial (< 1 i~m) 
size fractions in the three study lakes a 

Ratio L240 L 110 L227 

C/N 

C/P 

N/P 

> 1 14.4 26.4 11.1 
<1 15.5 24.6 9.75 

> 1 29.0 14.5 33.5 
<1 36.9 19.7 30.2 

>1 26.6 25.3 37.5 
< 1 54.2 11.6 28.7 

aCoefficients were calculated based on weekly means 
(three epilimnetic replicates) for the 16-week period (late 
May to early September) as (standard deviation of 
weekly means/overall mean) • 100. 

and bacterial size fractions did not differ appreciably in mean C/N ratio (Fig. 2) or 
in seasonal variability of C/N in any of the lakes (Table 2). 

In contrast to the relative constancy of C/N ratios, C/P ratios underwent strong 
fraction-specific seasonal changes (Fig. 2). In L240, C/P in the phytoplankton 
fraction (C/Pp) reached a mid-summer maximum of --1,000, while C/P in the 
bacterial fraction (C/Pb) was considerably lower. In L l l 0 ,  C/Pp was generally 
lower and less variable than C/Pp in L240, and, as in L240, C/P b was lower than 
C/Pp. In P-fertilized L227, C/P ratios were usually lower in both fractions than in 
L240 and L110. This was especially true of the bacterial fraction, in which C/P 
ratios were usually <40% of the values in the other lakes. Seasonal variability was 
high for C/P, exceeding 30% for three of the six determinations (Table 2). How- 
ever, as for C/N, the degree of seasonal variability in C/P was similar for phyto- 
plankton and bacteria in all three lakes (Table 2). 

The dynamics of N/P ratios closely resembled those of C/P, which was due to 
the relative constancy of C/N ratios (Fig. 2). Highest N/P ratios in the phytoplank- 
ton fraction (N/Pp) were found in L227 (maximum, - 8 0 ) ,  where the N/P of the 
bacterial fraction (N/Pb) was lowest ( - 1 7 ) .  The dynamics of N/Pp in L240 and 
L110 were similar. However, at the start of the sampling season in L240 N/Pb was 
low ( <  15) but increased during the first 30 days. This change reflects the steady 
decline in bacterial fraction P over this period and the constancy of bacterial N (Fig. 
1). Of the ratios determined, N/P ratio was the most variable among the lakes and 
size fractions (Table 2). 

Dynamics of N and P Flux 

The magnitude and direction (i.e., uptake vs. release) of nutrient flux were differ- 
ent for phytoplankton and bacterial size fractions in each of the lakes (Fig. 3). In 
L240, both size fractions consistently took up P in the dark (Fig. 3A). Uptake rates 
were higher for the phytoplankton fraction than for the bacterial fraction for all but 
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Fig. 3. Dark uptake or release of N and P by bacterial (triangles) and phytoplankton (circles) size 
fractions. A, L240. B, LII0. C, L227. Solid symbols designate flux determinations that were 
statistically significant (P < 0.05) based on t-tests comparing final nutrient concentrations in the 
< 1.0-1xm size fraction and initial values (bacterial fraction) or comparing final nutrient concentrations 
in the whole-water and < 1.0-1xm size fraction (phytoplankton fraction). 

one date, although the bacterial fraction at times accounted for >30% of the total P 
uptake. The dynamics of N flux in the two fractions in L240 contrasted strongly. 
N-flux for the phytoplankton fraction was generally low for the entire sampling 
season. On the other hand, the bacterial fraction took up N early in the season, but 
uptake declined steadily until bacteria were releasing >0.03 IxM/h by JD 202. 
N-release rates declined over the final month of the sampling period. 

In L110, both phytoplankton and bacterial fractions took up P, and with the 
exception of a late-season peak in P uptake in the phytoplankton fraction, uptake 
rates did not change appreciably throughout the sampling period (Fig. 3B). Similar 
to phytoplankton in L240, L110 phytoplankton took up N at a constant low rate 
(Fig. 3B). Unlike the bacterial fraction in L240, however, L110 bacteria released N 
throughout the sampling season (Fig. 3B). 

In fertilized L227, P- and N-debt values were considerably greater than rates 
found in the other lakes (Fig. 3C). The phytoplankton size fraction always took up 
N and P, and there was a strong increase in phytoplankton P uptake over the first 30 
days of the summer. The <l.0-1xm fraction took up P throughout the season. 
However, bacterial fraction N flux was positive (i.e., uptake) during the first half of 
the season, but was frequently negative (i.e., release) during the latter part of the 
season. 

One of the goals for our study was to compare the dynamics of nutrients and 
nutrient limitation in the > 1.0-1xm fraction to that of the < 1.0-~xm fraction. To 
make this comparison, we normalized N- and P-flux estimates to C contained in 
that fraction. Such normalization is subject to the potential sources of error de- 
scribed earlier. Given that detrital contributions lead to overestimates of bacterial 
biomass based on measurements of < 1.0-txm seston, C-normalized flux values for 
the bacterial size fraction estimated in this way are therefore conservative estimates 
of nutrient flux per unit of bacterial biomass. 

With the exception of the bacterial fraction in L240, normalized N-flux rates for 
phytoplankton and bacterial size classes were relatively constant and generally 
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Fig. 4. Same as for Figure 3, but for dark N and P uptake normalized to particulate C concentration 
(units, Ixmoles N or P (p~mole C)-I/h -1) in bacterial (triangles) and phytoplankton (circles) size 
fractions. A, L240. B, L110. C, L227. The arrow on the Y-axis indicates the threshold value [see 16] 
for C-normalized uptake indicative of moderate N-limitation (N flux/C) or P-limitation (P flux/C) of 
algal growth. Error bars indicate -+ 1 SD for mean values for three replicates. 

lower than the threshold value given by Healey and Hendzel [16] as indicative of 
moderate N limitation (Fig. 4). Exceptions to this include N flux for both size 
fractions early in the season in L227 when values briefly approached or exceeded 
the Healey and Hendzel threshold (Fig. 4C). Normalized P flux during this interval 
was low (Fig. 4C) but increased dramatically later in the season. Thus, it appears 
that the brief, early season period of N limitation triggered the initiation of the 
cyanobacteria bloom that continued to develop for the rest of the season under 
P-limited conditions. In L240 normalized N flux for the bacterial fraction was 
considerably higher than the Healey and Hendzel threshold but declined steadily 
during the ensuing period, with bacterial N flux becoming negative (i.e., bacterial 
N release) around JD 180 and reaching a minimum around JD 200. In contrast to 
generally low normalized N flux in the three lakes, normalized P flux for bacterial 
and phytoplankton size fractions was generally high in all three lakes and com- 
monly exceeded the threshold value indicative of moderate P limitation [16]. In 
L227, normalized P flux for the phytoplankton was often indicative of severe P 
limitation [ 16], and the bacterial fraction had normalized P flux values as high as, 
or higher than, those for the phytoplankton fraction (Fig. 4C). 

Relationships Between N and P Flux and Elemental Ratios 

We examined correlations between elemental ratios and normalized N- and P-flux 
rates for phytoplankton and bacterial size fractions to evaluate how uptake or 
release rates changed given shifts in planktonic elemental composition. Analyses of 
data for the phytoplankton size fractions in L110 and L240 revealed no relation- 
ships between any elemental ratio (C/P, C/N, or N/P) and normalized N- or P-flux 
rate. However, normalized P- and N-flux rates and elemental ratios for the phyto- 
plankton fraction in L227 displayed interesting relationships during the onset and 
establishment of the cyanobacteria bloom. Normalized N flux and N/Pp were 
negatively correlated during the study period although the relationship was rela- 
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Fig. 5. Relationship between 
normalized P-flux (units, I-tmoles 
P (p~mole C) 1/h-I) and N/P 
ratio in the phytoplankton size 
fraction in L227. Numbers 
associated with each data point 
indicate the sampling date 
represented by each point. 

Fig. 6. Relationship between 
normalized N-flux (units, Ixmoles 
N (Ixmole C)- l /h  - l )  and N/P 
ratio in the bacterial size fraction 
in the three study lakes. Positive 
flux rates indicate net uptake of N 
during the incubation; negative 
values indicate that bacteria 
released N during the 24-h 
incubation period. 

tively noisy (P < 0.07, r = 0.54). These data indicate that when phytoplankton 
were rich in N (relative to P) their capacity for dark uptake of N declined. A more 
interesting relationship was observed between N/Pp and P uptake (Fig. 5). These 
data suggest a nonlinear relationship, with a threshold cellular N/P ratio (437:1) 
above which a maximum capacity for dark uptake of P was reached. Labeling 
individual points on this figure with the sampling date from which each was 
obtained makes it clear that this hyperbolic relationship reflects the onset of P-lim- 
ited growth of the cyanobacteria bloom over the first 4 weeks of the sampling 
season. 

Although no relationships were found between bacterial elemental ratios and 
normalized P flux, the most striking pattern that emerged from comparison of these 
data was for N/P b and normalized N flux. Normalized bacterial N flux decreased 
strongly with increasing N/Pb (Fig. 6). More importantly, the data cross the X-axis 
between 20 and 25, indicating that bacteria took up N when their elemental ratio 
was less than this threshold but released N at higher ratios. Data from both L227 
and L240 contributed to this pattern, because positive early season N flux (i.e., 
NH 4 uptake) rates in these systems coincided with relatively low N/Pp values. L 110 
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data lie entirely on the right-hand side of the figure because bacteria in this system 
always had high N/P ratios and released N during flux measurements. 

Discussion 

Our results have significant methodological implications for studies of planktonic 
nutrient status using measurements of elemental ratios and N/P flux rates. The 
studies of Healey and Hendzel [16] and others [c.f., 5, 27, 29] that established the 
threshold values of elemental ratios and other physiological parameters indicative 
of phytoplankton growth limitation have generally involved work with axenic 
cultures or cultures where algal biomass dominated over bacterial biomass. Thus, 
threshold values established by these studies indicate the condition of algae specif- 
ically and are assumed not to be affected by bacteria. However, most field studies 
of elemental ratios or other physiological characteristics (such as N or P dark 
uptake) involve whole lake or ocean water [4, 7, 10, 18, 33, 38, others], containing 
phytoplankton, bacteria, protozooplankton, and detritus. If representative of condi- 
tions found in other systems, the data we present here indicate that such approaches 
are likely to be compromised by substantial contributions of bacteria to the total 
amount of sestonic elements (Table 1) and to the flux of nutrients in measurements 
of dark uptake (Fig. 3). Because bacterial and phytoplankton size fractions differed 
considerably in elemental ratios (especially C/P and N/P; Fig. 2), substantial 
contribution of bacterial elements to the total seston elements would lead to inaccu- 
rate assessments of the elemental condition of the phytoplankton. In our study, 
bacterial C/P and N/P ratios were frequently much lower than those of the phyto- 
plankton (especially in L240 and L227), and thus the severity of P limitation of 
phytoplankton growth in these lakes would be underestimated if the C/P or N/P of 
the seston were considered as a whole. To estimate the magnitude of this potential 
error, we compared C/P and N/P ratios of the total material filtered onto GF/F filters 
to ratios corrected for the contribution of small (< 1.0-1xm) particles. In L110, C/P 
and N/P ratios of whole-water seston and 1.0-1xm corrected seston were quite 
similar: whole-water ratios were --91% of the corrected estimates. Underestimates 
were most substantial in L227, where whole-water C/P and N/P ratios were --75% 
of 1.0-1xm corrected estimates. This underestimate would have been sufficient to 
bring early-season phytoplankton C/P ratios (Fig. 2) to levels below the threshold 
indicative of severe P limitation [16]. The influence of bacteria on data aimed at 
assessing phytoplankton elemental ratios could be minimized by using filters with 
poor retention of small particles (< 1 Ixm, such as GF/C glass fiber filters), but 
such approaches would potentially simultaneously undersample autotrophic pico- 
plankton. 

Substantial contributions of bacterial metabolism to the total flux of nutrients 
during dark uptake measurements would also confound interpretations of the nutri- 
ent status of phytoplankton if the flux in the whole-water sample was considered 
alone. For example, during the early part of the season in L240, virtually all of the 
N uptake was due to bacterial-sized particles with little flux into phytoplankton- 
sized particles (Fig. 3A). If the dynamics in the whole lakewater were considered as 
indicative of phytoplankton nutritional state during this period, the erroneous 
conclusion would be made that phytoplankton growth was limited by N during this 
period. 
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Further methodological complications regarding the application of nutrient up- 
take assays such as dark uptake of N and P for assessment of phytoplankton nutrient 
status are indicated by our results for phytoplankton in L227. Although there 
appeared to be a continuous (but noisy) relationship between phytoplankton ele- 
mental ratios and dark uptake of N, the hyperbolic relationship for P uptake (Fig. 5) 
indicates that phytoplankton (or at least cyanobacteria such as those that dominate 
in L227) have a limited capacity for dark uptake and storage of P, and thus 
measurements of P dark uptake capacity may underestimate the actual extent of P 
limitation. Early applications of dark nutrient flux (N- and P-debt) [15] in the study 
of cyanobacteria blooms also noted the occurrence of nonlinear relationships be- 
tween cellular nutrient contents and N- and P-debt during the development and 
collapse of blooms. More specifically, chemostat studies [14] indicated that P-debt 
is more sensitive to the onset of P-deficiency (as indicated by decreased cellular P 
content) than to relief from P-deficiency. This suggestion is supported at least 
partially by our field observations, in which P-debt increased markedly above a 
threshold N/P ratio (indicative of cellular P-content). However, we cannot evaluate 
whether this relationship exhibits the hysteresis suggested by Healey and Hendzel' s 
culture studies [14], because late-season N/P ratios did not decline to values below 
the N/P value that accompanied the initial increase in P-uptake capacity. 

The elemental characteristics of bacterial and phytoplankton size fractions 
clearly differed in our study lakes. While C/N ratios for the two fractions differed 
appreciably only in L110, C/P and N/P ratios in the bacterial size fraction were 
consistently and substantially lower than those in the phytoplankton size fraction 
(Fig. 2). Previous studies have also indicated that bacteria have a higher specific 
P-content than do phytoplankton [20]. The relatively low coefficients of seasonal 
variation of bacterial C/N ratio are consistent with an interpretation of homeostasis 
of bacterial C/N. With the exception of L110 (where variation in bacterial fraction 
C/P and N/P ratios was relatively low and somewhat less than variation in C/N), 
variation in C/P and N/P ratios in the bacterial size fraction exceeded variation in 
the bacterial fraction C/N. Culture studies suggest that bacterial N/P ratio is roughly 
constant at a value of --20:1 across a broad range of N/P supply ratios >25:1 (T.H. 
Chrzanowski, unpublished data). However, when supply ratios are low, bacterial 
N/P ratios decrease. Observed dynamics of N/P in the bacterial size fraction suggest 
that bacteria in our study lakes experienced high N/P supply ratios (i.e., bacterial 
N/P ratios generally exceeded 20:1), with some occasions where low ambient N/P 
supply ratios drove bacterial N/P ratios to lower values (Fig. 2). 

P uptake or release from bacteria did not correlate with bacterial N/P ratios; the 
bacterial size fraction consistently took up P in the dark at all N/P ratios. Reasons 
for this lack of relationship may be related to differences in how bacteria process P 
relative to N. It is clear that the variation in bacterial N/P ratios arose primarily as a 
result of variation in P- rather than N-content, because coefficients of seasonal 
variation for bacterial C/N were generally lower than those for bacterial C/P. Thus, 
bacteria appear to be less physiologically flexible in their regulation of cellular N 
than in their regulation of cellular P and thus might be expected to have a more 
distinct threshold for N release/uptake than for P. An alternative explanation for the 
lack of relationship between N/P b and P uptake or release is that the P availability in 
our lakes was always low relative to the requirements of the bacteria. In that case, 
our data resemble those of Vadstein et al. [42], who found that in Lake Nesjovatn 
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(Norway) bacteria were a sink for P, due to their high P-content and that the 
contribution of bacteria to P regeneration was primarily in the role of P-rich food 
particles for microconsumers that then recycled P. 

In contrast to P uptake, periods of bacterial N-release in flux experiments in L240 
and L227 were associated with high bacterial N/P ratios (Fig. 6). When bacteria 
have low N/P ratios, they may function as sinks for NHa-N and thus as potential 
competitors for N with phytoplankton. However, when bacteria have high N/P 
ratios, they may release NH4-N from organic substrates and thus function as a 
source of N to fuel phytoplankton growth. Uptake or mineralization of nutrients 
also depends on the nutrient ratios of the substrates available [39, 40]. Thus, the 
unexplained variation in the relationship between N flux and N/P b (Fig. 6) might 
largely reflect the co-dependence of N flux on substrate N/P as well as bacterial 
N/P. The studies of Tezuka [39, 40] did not examine a large number of substrate 
N/P ratios, but it did appear that P was released when substrates had N/P <17:1 
while N was released when substrate N/P was >17:1. This value corresponds 
reasonably well with the threshold (ca. 17-25:1) for N release vs. uptake in our 
measurements of bacterial N flux (Fig. 6) and also generally corresponds to the 
maximum N/P ratio that bacteria attain at high N/P supply ratios (T.H. Chrza- 
nowski, unpublished data). We suggest that the stoichiometric relationship of both 
substrate and bacteria determine the functional role of bacteria (sinks vs. sources) in 
nutrient cycles in pelagic ecosystems. This conclusion is similar to that of Gold- 
man, Caron, and colleagues regarding the functional role of bacterivorous mi- 
croflagellates in nutrient cycling [2, 6, 9]. In their view, the stoichiometric balance 
of the prey (bacteria) and predator (microflagellate) was critical in determining 
whether microflagellates remineralized or accumulated limiting nutrients. Thus, it 
appears that a fuller understanding of the ecological stoichiometry of the microbial 
food web will be required for a complete picture of the role of microbes in 
biogeochemical processes. 

Our measurements of C/P ratios in sestonic size fractions are relevant to recent 
studies of P-based food quality constraints on zooplankton that suggest the exist- 
ence of threshold C/P ratios for zooplankton food at which animal growth shifts 
between limitation by C (energy) to limitation by P. Most studies have focussed on 
Daphnia and have found C vs. P limitation thresholds of approximately 130-361:1 
(C/P by atoms) [19, 26, 36, 41]. Sommer [34] determined a C/P threshold 
(2,600:1), above which Daphnia reproduction was impossible. C/P ratios in phyto- 
plankton and in bacteria in our study lakes generally exceeded the threshold C/P 
ratios for P limitation of Daphnia growth rates. However, unlike data in the study 
of seston elemental ratios by Elser and George [7], seston ratios never exceeded 
Sommer's [34] threshold for reproduction. 

The observation in our study lakes of high C/P ratios for seston components 
relative to zooplankton requirements has three main implications. First, it implies 
that elemental food quality is a potentially important factor determining the growth 
and reproduction of zooplankton with high P demands (e.g., Daphnia) in these 
P-deficient systems. However, other zooplankton taxa with lower P demands (and 
consequently higher threshold C/P ratios for P limitation) might not face such 
constraints; for example, the threshold C/P for Bosmina (335:1) reported by Urabe 
and Watanabe [41] is much closer to C/P values commonly observed in our lakes, 
and we would predict then that food-quality constraints are less of a factor for taxa 
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such as Bosmina. Second, the consistently lower C/P ratios present in bacteria 
(particularly pronounced in L227) suggest that zooplankton with relatively high P 
demands that are potentially limited by the P content of their food might alleviate 
these constraints by feeding on bacteria in addition to phytoplankton. A similar 
suggestion has recently been made to explain shifts in the intensity of bacterivory in 
response to P limitation by mixotrophic algae [25]. Because the ability of crusta- 
ceans to feed on bacteria is a function of fixed body morphology [8], the stoichio- 
metric implications of differing bacterial and phytoplankton C/P ratios could most 
appropriately be evaluated by examining rates of bacterivory in zooplankton spe- 
cies that differ in P demand. It is also important to point out that another means by 
which zooplankton might alleviate food-quality constraints imposed by low food P 
content would be to feed in water layers where seston has lower C/P ratios. 
Zooplankton in our study lakes are highly migratory (N.A. MacKay, unpublished 
data), but our seston data pertain only to the epilimnion. Vertical profiles indicate 
that C/P ratios of seston are considerably lower in the metalimnetic and hypolim- 
netic layers of these lakes (J .J .  Elser et al., unpublished data); we are currently 
testing the hypothesis that zooplankton balance their elemental demands by varying 
their feeding rates in different water layers during the 24-h migration cycle. Third, 
the low P content of seston in these study lakes relative to the demands of common 
zooplankton taxa implies that zooplankton in these study lakes will be inefficient 
recyclers of P [35]. Thus, as argued by Sterner et al. [37], the effect of zooplankton 
on the relative availability of N and P is likely to only further accentuate the severity 
of P-limited growth that prevails during the summer growing season in lakes such 
as these. 
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