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Castle Lake is a subalpine lake located in northern California.
Thermal stratification is well developed soon after ice-thaw and persists
until fall overturn. The epilimnion during the major portion of the growing
season (mid-June to mid-September) is characterized by relatively constant
temperature and depth (19Ï3 C, 5i2m respectively), high transparency
(M = 0.21 m~ ), low phytoplankton productivity (»"3 mg G m hr~ at midday),
and low levels of dissolved inorganic nitrogen (<5 »g N 1~ ) and phosphorus

T^ *
(<1 |ig P 1~ )• Nitrogen-fixing algae are not present in the water column
and nutrient inputs derived from precipitation and surface inflow are
generally negligible by early July.

Experimental procedures have been developed to determine the
nutritional condition of natural populations of algae and to predict their
growth response to increased levels of nutrients. Previous studies con-
ducted at Castle Lake suggested that phytoplankton growth could be limited
by low levels of dissolved inorganic nitrogen during the summer growing
season. H C0~, NH/i» «oTi axi/^ N0~ were used to determine the rates
of inorganic carbon and nitrogen uptake by the natural phytoplankton
community and their response to nitrogen enrichment. All water samples
were collected from the mid-epilimnion of the central lake basin.

The bioassay techniques, using isotope-labelled substrates, were:
1. Long-term CO« uptake in the light: Water samples were

filtered (80 a) to remove Zooplankton, spiked with H CO", and then
—1distributed into 500 ml flasks. Nutrient additions (50 ug N 1~ or

5 jig Mo l"~ ) were then made in triplicate and the flasks resuspended in
the lake at the sampling depth. Subsamples were removed daily, filtered
onto 0.45 p membrane filters, and the accumulated radioactivity counted.

2. Short-term C0? uptake in the light: In these experiments,
water samples were preincubated with nutrients, in situ, for 16-24 hours
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in large glass bottles. Each treatment was then subsampled into 3—5
smaller (125 ml) bottles which were inoculated with H C0~ and incubated
i_n situ for 4 hours at midday. Subsequent sample processing was identical
to that of the long— term experiments.

3. Short-term CO* uptake in the dark: This procedure was reported
to be an indicator of nitrogen deficiency in algae by Morris e^ al. (l97l)
and Yentsch et al. (1977)« Enhanced uptake of inorganic carbon in the dark
as a response to ammonium enrichment (80-400 jig N 1~" ) was assumed to reflect
an increase in carboxylation reactions associated with an increased rate of
ammonium assimilation. Ammonium and H CO, were added simultaneously and
the water samples allowed to incubate for 6—8 hours at the sampling
temperature. Additional treatments with the specific nitrification inhibitor
N-serve were used to control for contributions of nitrifying bacteria to
dark-CO- uptake (see Gersberg et al., 1980 ).

t£ «•*• OTOTM

4. Ammonium uptake in the dark: Fitzgerald (19̂ 9) proposed a bio-
assay for J3— deficiency based on enhanced maximum NH,— uptake in the dark by
nitrogen deficient algae relative to algae grown with an adequate supply
of nitrogen. The experiment was conducted by enriching water samples with
50 ug N l" (as NH^) relative to controls (N-deficient) which contained
<5 jig (Nut'-Ur) 1~ , and then preincubating both sets in situ for 24 hours.
The water was then apportioned into darkened 1 litre bottles and 70 fig
(15NHt-N) I"1 added to the controls, and 20 <jig(15Mj-N) l"1 to the 14MHt-
enriched samples. The incubations were terminated after 6 hours by filtering
the particulate material onto precombusted GF/C filters. * The levels of
ammonium addition were chosen so that N- uptake rates would be maximal
(substrate saturated) and so that no differences in ammonium concentration
would occur between treatments during the -^N incubations. The methods
used for analyzing the N̂ filters are fully described in Axler et al.
(1980) and Axler (1979).

5. Ammonium and nitrate uptake in the light: These experiments
can be considered to be bioassays for determining limitations of nitrogen
uptake due to low substrate concentration (Dugdale, 1967). Serial addi-
tions of either ̂ NHt or 1̂ NO~ in the range of 2-50 jig ^N 1~ were made
to 1 or 2 litre water samples which were then incubated in situ for
24 hours. We also used differences in the maximum rate of -'NO" uptake
as a function of molybdenum and ammonium enrichments, relative to un—
amended controls, to examine the role these nutrients play in the assimila-
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tion of nitrate by phytoplankton. The effect of added nitrate on the short-
term rate of nitrate uptake was determined using the radiotracer H. The
10 minute half—life precluded in—lake studies, but allowed rate determina-
tions during time intervals of a few minutes (Gersberg ert â L., 1978;
Axler, 1979).

The results (see Axler and Goldman, in press) indicated that the
phytoplankton were nitrogen deficient throughout the growing season. The
N and N studies demonstrated that ammonium uptake was rate-limited by

the external concentration of ammonium and that nitrate uptake was regulated
by the availability of nitrate and molybdenum, and potentially by the
assimilation of ammonium (Bioassay—5). Nitrogen deficiency was also
indicated by increased uptake of NH. and H CO" in the dark in response
to ammonium additions (Bioassays-3 and -4). Although N-enrichment enhanced
C- photosynthesis in short-term experiments during the early portion of

the growing season, the photosynthetic response was initially negative
during midseason, and a positive response did not occur until 2-3 days had
elapsed. This suggests that a lack of stimulation, or even inhibition, of
inorganic carbon uptake upon nitrogen enrichment does not necessarily pre-
clude W-deficiency and therefore, interpretation of these data (Bioassays-1
and —2) must take into consideration the duration of the experiment.
Healey (1973) reviewed much of the literature regarding algal nutrient
deficiencies and suggested that a short term suppression of inorganic carbon
fixation might be expected upon readdition of a limiting nutrient. Competi-
tion for ATP or reductant between the inorganic carbon and nitrogen assimila-
tion processes would temporarily favour N—assimilation until the nitrogen
deficit is relieved, after which enhanced growth would occur.

It is concluded that in many aquatic ecosystems chemical analyses
of the nutrient content of the water and the seston can offer considerable
insight toward the identification of algal nutrient deficiency (Healey, 1978).
However, in unproductive systems such as Castle Lake, the interpretation of
these data is difficult because ambient concentrations of dissolved nutrients
are near detection limits (e.g. NO~-N, M̂ -Nr PO~3-P) and because algal bio-
mass and nutrient content are not easily differentiated from the detrital
component of the suspended particulate matter. In these systems, it is
the rate of supply of biologically available nutrients which ultimately
controls ecosystem production (Dugdale, 1967) and therefore, it is necessary
to estimate both rates of regeneration and rates of uptake for the nutrient
in question in order to evaluate its importance to algal growth.
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In Castle Lake, we have used the isotopes C, •)'St and N in order
to evaluate the relative importance of N0~ and NH. to phytoplankton growth
and to determine the factors which regulate their availability for biological
assimilation. There still appears to be no failsafe assay for identifying
algal growth limitation by nitrogen. Dependence on uniparameter bioassays
is certainly much more likely to yield erroneous interpretations of the
results than a multiparameter approach (Arneson, 1979)» In particular, a
neutral or even negative response of CO. uptake to E-enrichment in short-
term experiments does not necessarily preclude a nitrogen deficiency. The
results of short-term and long-term experiments are likely to answer different
questions, and are subject to different types of valid criticism.
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