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Arctic and Alpine Research, Vol. 22, No. 3, 1990, 264-274 

PHYTOPLANKTON DYNAMICS IN THKREE ROCKY MOUNTAIN LAKES, 
COLORADO, U.S.A. 

DIANE M. MCKNIGHT, RICHARD L. SMITH, AND J. PLATT BRADBURY 
U.S. Geological Survey, P.O. Box 25046, Mail Stop 408 

Denver, Colorado 80225, U.S.A. 

JILL S. BARON AND SARAH SPAULDING 
National Park Service, Water Resources Laboratory 

105 Grasslands Laboratory, Colorado State University 
Fort Collins, Colorado 80523, U.S.A. 

ABSTRACT 

In 1984 and 1985 seasonal changes in phytoplankton were studied in a system of three lakes 
in Loch Vale, Rocky Mountain National Park, Colorado. Three periods were evident: (1) 
A spring bloom, during snowmelt, of the planktonic diatom Asterionellaformosa, (2) a mid- 
summer period of minimal algal abundance, and (3) a fall bloom of the blue-green alga 
Oscillatoria limnetica. Seasonal phytoplankton dynamics in these lakes are controlled par- 
tially by the rapid flushing rate during snowmelt and the transport of phytoplankton from 
the highest lake to the lower lakes by the stream, Icy Brook. During snowmelt, the A. for- 
mosa population in the most downstream lake has a net rate of increase of 0.34 d-l, which 
is calculated from the flushing rate and from the A. formosa abundance in the inflow from 
the upstream lake and in the downstream lake. Measurement of photosynthetic rates at dif- 
ferent depths during the three periods confirmed the rapid growth of A. formosa during the 
spring. The decline in A. formosa after snowmelt may be related to grazing by developing 
zooplankton populations. The possible importance of the seasonal variations in nitrate con- 
centrations were evaluated in situ enrichment experiments. For A. formosa and 0. limnetica 
populations, growth stimulation resulted from 8- or 16-micromolar amendments of calcium 
nitrate and sulfuric acid, but the reason for this stimulation could not be determined from 
these experiments. 

INTRODUCTION 

In European alpine and subalpine lakes the phyto- 
plankton is commonly dominated by flagellates (chryso- 
phytes, dinoflagellates, and cryptophytes) (Goldman and 
Home, 1983). After breakup of the ice cover in the 
spring, the phytoplankton maximum occurs at depth (as 
deep as 15 to 20 m) (Rott, 1988). This sequence has been 
interpreted as an avoidance of intense sunlight by the 
flagellates. Phytoplankton dynamics in alpine and sub- 
alpine lakes in the southern Rocky Mountains have not 

been studied as extensively; however, some significant dif- 
ferences are indicated. In Rocky Mountain lakes, diatoms 
are often abundant in the phytoplankton (Brinley, 1950; 
Olive, 1953; Keefer and Pennak, 1977; Shero, pers. 
comm., 1987) and in lacustrine sediments (Baron et al., 
1986). Furthermore, Koob (1966) reported blooms of the 
planktonic diatom Asterionella formosa occurring dur- 
ing snowmelt each year of a 3-yr study of two lakes in 
the Rawah Wilderness Area of Colorado. The purpose 
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of our study was to develop a better understanding of 
seasonal phytoplankton dynamics in a lake system in the 
Front Range of the Colorado Rocky Mountains. Phyto- 
plankton dynamics were observed in Loch Vale Water- 
shed over 2 yr, and possible limitations to growth were 
explored with short-term enrichment and acidification ex- 
periments. The phytoplankton ecology of Rocky Moun- 
tain lakes is important in (1) evaluating potential impacts 
of changing atmospheric deposition from urban or indus- 
trial development and (2) using lacustrine sediments as 
records of past climatic conditions (Baron et al., 1986). 

In temperate lakes, seasonal changes in phytoplankton 
abundance and species distribution are related to 
ecological interactions and seasonal changes in physical 
and chemical conditions, such as light intensity, hydro- 
logic mixing, nutrient availability, and temperature 
(Wetzel, 1983; Reynolds, 1984). In this context, ice 
breakup and snowmelt are extreme, coincident events that 
could be dominant controls on phytoplankton dynamics 
in Rocky Mountain lakes. In some lakes, ice breakup 
causes a sudden shift from light-limited conditions under 
snow and ice cover to high light intensities with only 
minimal attenuation by particulates and dissolved mate- 
rials. Melting of the accumulated winter snowpack causes 
both rapid flushing rates and changes in the concentra- 
tions of dissolved constituents. During snowmelt, Keefer 
and Pennak (1977) reported a flushing rate of 58% of 
the lake volume per day for Long Lake in Colorado. For 

some constituents, such as major cations, inflowing water 
during snowmelt is more dilute than the lakewater, which 
is freeze concentrated by ice formation. For constituents 
which are deposited with the snowpack or flushed from 
upper soil horizons, concentrations may increase during 
snowmelt (Lewis and Grant, 1979). Two ecologically 
significant constituents which increase during snowmelt 
in lakes in Rocky Mountain National Park are dissolved 
organic carbon and nitrate, a major nutrient for phyto- 
plankton (McKnight et al., 1988). 

Because of the possible importance of the increased 
nitrate during snowmelt, we conducted enrichment ex- 
periments to assess phytoplankton sensitivity to increased 
nitrate and acidity. Individual species, especially of 
diatoms, are reported to have narrow pH tolerance ranges 
(Charles, 1986), and indices of lake acidity status have 
been developed from the pH preferences of diatom 
assemblages (Renberg and Hellberg, 1982). Since little 
work has been done on the responses of Rocky Moun- 
tain phytoplankton to increasing acidity (Baron et al., 
1986), and since there is concern over the potential for 
lake acidification, we ran in situ acidification experiments 
on both spring and late summer phytoplankton. While 
much of the acidic deposition in northeastern North 
America and Scandinavia has been related to sulfuric acid 
deposition, concentrations of S04 and NO3 are roughly 
equal in volume-weighted mean annual precipitation at 
Loch Vale (Baron and Bricker, 1987). 

STUDY AREA 

This study was conducted during 1984 and 1985 pri- 
marily at The Loch, the most downstream of three lakes 
in the Loch Vale watershed in Rocky Mountain National 
Park, Colorado, and to a lesser degree in Glass Lake and 
Sky Pond (Figure 1A). Each lake occupies a glacially 
formed cirque. Morphometric data for all three lakes are 
summarized in Table 1. All lakes are dilute and circum- 
neutral (pH 6.0 to 6.8), as shown by the lake-water- 
chemistry data in Table 2. The lakes are connected by an 

intermittent stream, Icy Brook. Two other streams, 
Andrews Creek and Little Loch Creek, flow into Icy 
Brook just upstream from its inlet to The Loch. The lakes 
do not become thermally stratified. The Loch usually was 
sampled at a site over a depression near the southeastern 
shore of the lake (Figure 1B). The Loch is surrounded 
by a spruce and fir forest and, at an elevation of 3048 
m above sea level, is classified as a subalpine lake 
(Pennak, 1963). 

MATERIALS AND METHODS 

Samples were collected, using a VanDorn' sampler, at 
three depths from The Loch, Glass Lake, and Sky Pond 
during 1984 and 1985. The lakes were sampled between 
May and October on 10 occasions in 1984 and on 13 occa- 
sions in 1985. Samples for phytoplankton enumeration 
(1 L) were preserved promptly with formaldehyde (5% 
in water). Zooplankton were collected using a Schindler- 
Patalas zooplankton sampler (30.5 L sample volume). 
Plankton species were identified and counted using set- 
tling columns and a Leitz inverted microscope following 

'The use of trade or firm names in this report is for identifi- 
cation purposes only and does not constitute endorsement by 
the U.S. Geological Survey. 

the method of Lund et al. (1958) for phytoplankton. Dup- 
licate phytoplankton samples were enumerated on 10 July 
and 8 August 1985, and the range in total cell count was 
?5% and ?30% on the two days, and the species 
distribution was very similar for the duplicates (McKnight 
et al., 1988). Samples for chlorophyll a determinations 
were filtered through Gelman GFC glass-fiber filters, ex- 
tracted in acetone, corrected for phaeopigments using the 
method described by Strickland and Parsons (1972), and 
analyzed using a Turner Designs model-10 series 
fluorometer. 

Samples for chemical analysis were filtered through 
0.4-n^m Nuclepore filters into 250-ml, acid-washed, 
deionized-water rinsed, plastic bottles. Analyses for 
nutrients and other constituents were performed by the 
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A. Location of study lakes and instrumentation 

Taylor Glacier 
Sky Pond 

LOCH VALE 

Glass Lake The Loch 

Explanation 
A Streamflow gaging site 
O Weather station 

B. Bathymetry of the Loch and location of sampling sites 

N 

1 

A Sampling site 

FIGURE 1. Plan view of Loch Vale Watershed (A) and bathymetric contours (m) of The Loch (B) show- 
ing main sampling site (X) and sites used on 17 September 1985 (A and B) because of strong winds. 

U.S. Geological Survey's Water Quality Laboratory, 
Denver, Colorado, using methods described by Skougstad 
et al. (1979). Alkalinity was measured by using a Gran's 
titration and reported in milligram per liter as CaCO3. 
The intensity of photosynthetically active radiation (PAR: 
from 400 to 700 nm) and water temperature were mea- 
sured at 0.5- or 1-m depth intervals in each lake, using 
a LI-COR lightmeter. 

On three dates at The Loch (the most accessible of the 
lakes in Loch Vale), rates of photosynthesis at different 
depths were measured by in situ incubation using the 
general procedure described by Vollenweider (1969). On 
3 June and 8 August 1985, three 300-ml samples in bio- 
chemical oxygen demand (BOD) bottles (two light bot- 
tles and one dark bottle) were collected at site X at 1-m 

TABLE 1 
Morphometric characteristics of the study lakes 

Lake 

The Loch 
Sky Pond 
Glass Lake 

Surface 
Elevation area 

(m) (ha) 

Lake 
volume 

(m3) 

3048 4.98 61,099 
3322 3.03 121,684 
3292 1.01 25,690 

Average Maximum 
depth depth 
(m) (m) 

1.5 
4.5 
2.8 

4.7 
7.3 
4.7 

depth intervals (0, 1, 2, 3, and 4 m) and were spiked us- 
ing 0.5 ml of a '4C-HCO3 (New England Nuclear) tracer 
solution. The samples were placed on an anchored line 
suspended from a buoy at the depth of collection and in- 
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cubated for the same period (several hours) during mid- 
day. On 17 September 1985, samples were collected and 
incubated at the surface and at a depth of 1 m at a shallow 
site (A) closer to shore because strong winds prevented 
collecting samples from the usual sampling site. Black 
plastic shields were used to prevent exposure of the 
samples to surface light during handling. On all three 
dates, the maximum light intensity during the incubation 
was 1900 to 2000 E m-2 s-' at the lake surface. The 
minimum light intensity at the lake surface was 750 
tE m-2 s-' on 3 June, 1500 tE'm-2 s- on 8 August and 

400 AE m-2* s-l on 17 September. After incubation of the 
samples, one 200-ml, or two 100-ml, aliqouts from each 
BOD bottle were filtered through a GFC glass-fiber filter. 
The filters were stored in glass scintillation vials in 5 ml 
of 5% acetic acid in methanol to purge inorganic '4C and 
dried on arrival at the laboratory; radioactivity on the 
filters was counted (after addition of 10 ml of Aquasol) 
using a model LS7800 Beckman scintillation counter. On 
8 August, other methods of handling the samples after 
incubation were tested; we determined that (1) GFC filters 
yielded the greater recovery of labelled particulate mate- 
rial than GN-6 filters, (2) recovery was the same for purg- 
ing inorganic '4C by fuming with HCl or by addition and 
evaporation of 5% acetic acid in methanol, and (3) about 
20% of the total fixed carbon was released as dissolved 
organic carbon (McKnight et al., 1988). 

On 3 June and 17 September 1985, photosynthetic rate 
was measured for duplicate samples amended with con- 
centrations of Ca(NO3)2, HNO3, and H2S04 ranging 
from 3.2 to 808 zM (as final concentrations in the incu- 
bated samples). The amendment solutions were analyzed 
for trace metals (Al, Cd, Co, Cu, Fe, Mn, Ni, Pb, and 

TABLE 2 
Representative data for dissolved chemical constituents 

in The Loch during snowmelt (3 June) and lowflow 
(20 August 1985)" 

Hydrologic Regime 

Snowmelt Lowflow 

pH - 6.5 
Alkalinity (peq L-1) 38 40 
Chlorophyll a (ug L-1 1.2 2.3 
Constituent (tM) 

NO3 82 38 
NO2 1.4 0.7 
NH4 1.0 1.5 
P04 0.4 0.1 
SiO2 33 21 
Ca 37 27 
SO4 18 11 
Fe 0.6 0.3 
Mn 0.02 0.03 

aComplete data set for sampling dates in 1984 and 1985 are 
presented, with results of replicate analyses, by McKnight et al. 
(1986, 1988). 

Zn) by inductively coupled plasma spectrometry. The 
trace-metal concentrations in the incubated samples were 
similar to or less than the detection limit, corresponding 
to concentrations of less than or equal to 0.1 to 0.05 zM. 
On 3 June, the amended samples were collected and in- 
cubated at a depth of 2 m and on 17 September they were 
collected and incubated at a depth of 1 m. Further ex- 
perimental details are described by McKnight et al. (1988). 

RESULTS 

PHYTOPLANKTON ABUNDANCE IN LAKES OF LOCH VALE 
The phytoplankton abundance in The Loch and in Sky 

Pond during 1984 and 1985 is presented in Figure 2, and 
the discharge at the outlet of Icy Brook from The Loch 
is presented in Figure 3. The complete data for phyto- 
plankton identification and enumeration are presented 
by McKnight et al. (1986, 1988). Throughout the open- 
water period, the phytoplankton-species composition in 
the three lakes in Loch Vale was usually similar 
(McKnight et al., 1986, 1988); the main difference among 
the lakes was the greater abundance in Sky Pond than 
in The Loch (Figure 2). This difference in algal abundance 
also accounted for the 2- to 10-fold greater chlorophyll 
a concentrations in Sky Pond (McKnight et al., 1988). 
A snowmelt bloom of Asterionella formosa and a fall 
bloom of Oscillatoria limnetica, with an intervening 
period of greater chlorophyte abundance, were dominant 
and recurring events in 1984 and 1985 (Figure 2). 

As stated previously, diatoms are commonly abundant 
in Rocky Mountain lakes, and Asterionella formosa is 
a common species (Brinley, 1950; Olive, 1953; Koob, 

1966; Keefer and Pennak, 1977; Baron et al., 1986; Shero, 
pers. comm., 1987). Asterionellaformosa was the domi- 
nant species in two lakes in the Rawah Wilderness Area 
of Colorado, forming blooms during snowmelt for three 
successive years and in the fall of one year (Koob, 1966). 
Asterionellaformosa from The Loch is shown in Figure 4. 
Asterionella formosa is susceptible to parasitism by the 
chytrid Rhizophydium planktonicum (Canter and Jawor- 
ski, 1978), and such parasitism was observed in studies 
by Koob (1966) and in samples collected from The Loch 
in early winter (S. Spaulding, unpublished data). 

The net rate of increase for A. formosa population in 
The Loch on given days was calculated based on the 
abundance of A. formosa in the Icy Brook inflow, the 
average abundance of A. formosa in The Loch, and the 
flushing rate for The Loch computed for that day from 
discharge measurements. These net within-lake growth 
rates for 1985 are tabulated in Table 3; the average rate 
from 3 June to 23 July was 0.34 d-1. These rates were 
slower than the actual rate of cell division for A. formosa 
in The Loch because: (1) The effects of any settling, graz- 
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ing, or other in-lake losses were not accounted for; and 
(2) all the A. formosa cells in the inflow were assumed 
to be viable and "in good condition" despite their previous 
passage down Icy Brook, which is turbulent and has more 
suspended material during snowmelt. These computed 
rates are slower than maximum growth rates for A. for- 
mosa in continuous culture experiments, 1.34 ? 0.16 d-1 
(Sommer, 1983) and 0.76 d-1 (Tilman and Kilham, 1976). 
This comparison shows that A. formosa population in 
The Loch was growing at a rate within its physiological 
range. 

Although late summer blue-green algal blooms are 
common in temperate lakes (Wetzel, 1983), there is little 
documentation of such blue-green algal blooms in alpine 
lakes in Colorado (Pennak, 1949). In September 1988, 

The Loch 

four other alpine lakes within 10 km of Loch Vale were 
sampled for phytoplankton to assess the occurrence of 
cyanophyte dominance (McKnight, unpublished data). In 
Bierstadt Lake, which had the greatest algal abundance 
(1.0x 105 cells/ml), several species of blue-green algae 
were dominant. For the other lakes, with cell densities 
from 2 x 103 and 9 x 103 cells/ml, the phytoplankton was 
dominated by chrysophytes and cryptophytes (Bear Lake 
and Nymph Lake) or chlorophytes (Sprague Lake). 

ZOOPLANKTON ABUNDANCE IN THE LOCH 
The most abundant zooplankters in The Loch were 

rotifers Polyarthra sp. (3 x 103 to 5 x 103 organisms/m3) 
and Notholca sp. (1.3 x 103 organisms/m3). The peak 

Sky Pond 
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FIGURE 2. Abundance of major algal phyla in The Loch (A) and Sky Pond (B) in 1984 and 1985. 

268 / ARCTIC AND ALPINE RESEARCH 

E 

, 

en 
0 
o 
0 



abundance of rotifers occurred during and after the 
decrease in the flushing rate and was coincident with the 
minimum in the A. formosa population (McKnight et al., 
1988). The anatomy of these rotifer species make them 
capable of consuming A. formosa by breaking the 
frustule and ingesting the cellular contents (Pennak, 1978; 
May, 1980). In a study of a Scottish lake, May (1980) 
reported that under favorable temperature regimes (less 
than 10?C), the abundance of the rotifer Notholca 
squamula was related to the abundance of A. formosa. 
The decrease in flushing rate as snowmelt ended may have 
allowed for the development of rotifer populations, and 
zooplankton grazing may have caused the midsummer 
decrease in the phytoplankton populations (Crumpton 
and Wetzel, 1982). 

The Loch Outlet 

1.5 

c, 
co 
E 1.0 
a5 

C, 
0 

c] 

PRIMARY PRODUCTIVITY IN THE LOCH 
The results of the primary productivity depth profiles 

for 3 June, 8 August, and 17 September 1985 are listed 
in Table 4. Primary productivity was greatest on 3 June 
1985, during the A. formosa bloom, which is consistent 
with the relatively rapid rates of increase of that popula- 
tion. Primary productivity was lowest on 8 August 1985, 
during the algal minimum. Because primary productivity 
was measured only during the latter period of the 0. 
limnetica bloom, these rates may not be representative 
of the actively growing population. The photosynthetic 
rates measured during August and September 1985 are 
typical of rates reported for temperate lakes during the 
summer (Wetzel, 1983; Sakamoto et al., 1984). The 
10-fold faster photosynthetic rate during June 1985 indi- 

The Loch Outlet 
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FIGURE 3. Discharge measured at the Icy Brook outflow of The Loch during 1984 (A) and 1985 (B). 

FIGURE 4. Scanning electron micrographs of Asterionellaformosa from The Loch at 3200 (A) and 10,000 
(B) times magnification. 
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cates the importance of rapid real biological growth dur- 
ing the snowmelt period. 

Photoinhibition is a possible effect of exposure to 
greater light intensities after ice break-up. The change in 
light regime with ice breakup depends upon the accumula- 
tion of snowpack on the lake ice, which in turn depends 
on wind and other climatic conditions. Strong winds are 
common in Loch Vale, and the lake ice is usually free 
of snow during the winter. The primary productivity 
depth profile indicates that a photoinhibition effect was 

confined to the upper meter of the water column im- 
mediately after ice breakup on 3 June. No evidence of 
photoinhibition was detectable on 8 August or 17 
September 1985. 

RESPONSE TO NITRATE AND SULFATE ENRICHMENT 
An increase in nitrate concentration (from 73 ,uM to 

85 tiM) occurs during snowmelt in the lakes in Loch Vale 
(McKnight et al., 1988). After snowmelt, NO3 concen- 
trations gradually decrease to 25 AtM. The concentrations 

TABLE 3 
Abundance and estimated net growth of Asterionella formosa in The Loch 

during the snowmelt period of 1985 

Abundance (cells per milliliter) 

Flushing 
Discharge rate, R 

(m s-3) (d-) 

0.40 
0.47 
0.47 
0.40 
0.39 

0.56 
0.66 
0.66 
0.56 
0.55 

Effective rate 
of increase 

Inlet A,a Bb MC Sd Outlet ALe per day (/) 

966 
3238 
3238 
4288 
1988 

1390 
5197 
5197 
9159 
3806 

1362 
4885 
4885 
6844 
1420 

1732 
2840 
2840 
9060 
2954 

1420 
7043 
7043 
6930 
1889 

1576 
4991 
4991 
7988 
2517 

0.35 
0.36 
0.36 
0.48 
0.15 

aAbundance of Asterionella formosa in Icy Brook at inlet to The Loch. 
bBottom depth. 
CMid-depth. 
dSurface. 
eAverage abundance from the bottom depth, mid-depth, surface, and outlet. 
fCalculated using the equation: A = R (AL-A,)/Ai. 

TABLE 4 
Photosynthetic rate [(ug C-L-1) h-1], chlorophyll a (ag L-1) and photosynthetically 

active radiation (PAR tE'm-2 s-1) as a function of depth in The Loch 
during the open-water period of 1985 

Depth (m) 

Parameter 0 1 2 3 4 

3 June 

Photosynthetic rate 46 61 9 10 19 
(40-52)a (60.6-61.3) (7.6-10.4) (7.4-13.1) (17-20) 

Chlorophyll a 1.2 - 1.3 - 1.4 
PAR (1430 h) 750 250 170 - - 

8 August 

Photosynthetic rate 3.7 3.8 3.7 3.7 1.0 
(3.1-4.3) (3.5-4.3) (3.0-4.4) (3.1-4.3) (0.95-1.05) 

Chlorophyll a 1.0 - 1.3 - 1.5 
PAR (1045 h) 1250 750 650 300 400 

17 September 

Photosynthetic rate 8.0 7.4 - - - 
(7.3-8.3) (6.9-7.9) 

Chlorophyll a 1.4 - 1.5 -1.0 
PAR (1140 h) 1900 950 - - 

aRange of duplicates or triplicates shown in parentheses. 
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of P04, another important nutrient for phytoplankton, 
are very low (< 0.1 tIM) and do not change in a consis- 
tent seasonal pattern. Short-term enrichment experiments 
were conducted to evaluate the possible effect of this 
seasonal change in nitrate concentration. 

The sensitivity of the phytoplankton to nitrate and 
sulfate enrichment was assessed by adding amendments 
in duplicate to lake water samples that then were spiked 
with a 14C-HCO3 tracer and incubated in the lake. Nitrate 
was added as a calcium salt and as an acid to distinguish 
between effects from decreases in pH and from increases 
in nitrate. Sulfuric acid amendments were used to see if 
an amendment with an acid which was not a major 
nutrient had an effect. The amendment experiments were 
conducted in 1985 at the beginning of the diatom bloom 
(3 June) and the latter period of the cyanophyte bloom 
(17 September) as indicated in Figure 2. In situ incuba- 
tions were used to minimize stress associated with hand- 
ling and transport from the lake site. The results of these 
experiments are listed in Table 5. With the exception of 
the low pH amendments, the responses to the various 
amendments were similar on the two occasions despite 
the major differences in the phytoplankton composition. 
Amendments with Ca(NO3)2 and H2SO4 generally had 
more of a stimulatory effect than HNO3 amendments. 

On 3 June 1985, when an actively growing population 
of A. formosa dominated the phytoplankton, all the 
Ca(NO3)2 amendments stimulated the photosynthetic rate 
as measured by 14C-uptake. The greatest increase resulted 
from the 808-/,M amendment. All four HNO3 amend- 
ments caused a similar slight increase, including the 
amendment that decreased the pH to 3.17. The two 
H2SO4 amendments increased the measured photosyn- 
thetic rate to greater extents, with a threefold increase 
for the 808-/M amendment, which decreased to pH 3.27. 
The fact that sulfate amendments had a similar effect as 
Ca(NO3)2 amendments argues against a direct response 
to an increased nutrient (NO3) concentration. The low 
or below detection limit, trace metal concentrations in 
the amendment solutions (resulting in sample concentra- 
tions less than or equal to 0.1 to 0.05 lzM) limit the possi- 
bility of a trace metal stimulation. No other artefactual 
effect was identified. The stimulatory effect could be 
related to the dilute nature of the lakewater. In a study 
of phosphate uptake by A. formosa, Mackereth (1953) 
determined that uptake consistently was greater in lake- 
water than in distilled water. The stimulation of phyto- 
plankton growth by several nutrients and trace metals also 
was detected by Goldman (1960) in a lake on the Alaska 
Peninsula. The positive response in The Loch to such 
varying additions, although not readily explained, is at 
least consistent with these results. 

During the 0. limnetica bloom, intermediate amend- 
ments of Ca(NO3)2 and H2SO4 also caused increases in 
14C-uptake. The 8.1- and 16.2-tM amendments of 
Ca(NO3)2 caused about a 50% increase in the photosyn- 
thetic rate. The 808-ItM amendment had the same 
photosynthetic rate as that for the unamended controls. 

TABLE 5 
Effect of nitrate and sulfate enrichment on 

photosynthetic ratea 

Photosynthetic rate 
Amendment ([pg C L-1] h-1) 

Solutes added Concentrations (IM) 3 June 17 September 
None - 9 3.7 
Ca(NO3)2 3.2 27 
Ca(NO3)2 8.1 13 5.4 
Ca(NO3)2 16.2 32 5.4 
Ca(NO3)2 808 46 3.5 
H2SO4 8.1 - 5.9 
H2SO4 16.2 53 6.0 
H2SO4 808 34 0.24 
HNO3 3.2 15 - 
HNO3 8.1 14 3.5 
HNO3 16.2 12 4.2 
HNO3 808 12 1.8 

aOn 3 June 1985, samples were obtained from 2-m depths 
and were incubated at 2-m depths; on 17 September, the samples 
were obtained from 1-m depths and were incubated at 1-m 
depths. Values are averages for duplicate incubations, range was 
? 20% or less. 

For H2S04, the 8.1- and 16.2 AM amendments caused 
a 67%o increase in photosynthetic rate, but the 808-uM 
amendment, which decreased the pH to 3.2, decreased 
the '4C uptake to less than 10% of the rate in unamend- 
ed incubations. For HNO3, the 8.1- and 16.2-jtM amend- 
ments did not cause a substantial change in photosyn- 
thetic rates of 0. limnetica, and the 808-1sM amendment, 
which decreased the pH to 3.2, caused a two-fold decrease 
in photosynthetic rate. In these experiments, the in- 
termediate concentrations of Ca(N03) and HNO3, where 
there were no changes in pH, did not have the same 
stimulatory effect on growth, which again argues against 
a direct nutrient effect. 

An interesting contrast between the two amendment 
experiments, was that the A. formosa population was not 
inhibited by the low pH values of the maximum HNO3 
and H2SO4 enrichments and the 0. limnetica population 
was significantly inhibited. The inhibitory effect for 0. 
limnetica is consistent with the general observation that 
cyanophytes are not present in acidic environments (pH 
< 4.0) (Brock, 1973). Although A. formosa is classified 
as an alkaliphilic diatom species (pH 6.4 to 7.8) based 
on its distribution in Adirondack lakes (Charles, 1985), 
it is also moderately abundant in lakes in northern Quebec 
that range in pH from 4.5 to 6.4 (Hudon et al., 1986). 
One possible explanation of the short-term low pH 
tolerance of A. formosa in Loch Vale is that the A. for- 
mosa in Loch Vale may be a physiological subspecies 
distinct from the classical form found in temperate-zone 
lakes. 
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DISCUSSION 

In temperate lakes, two main influences on phyto- 
plankton succession are losses by zooplankton grazing 
and sedimentation (Crumpton and Wetzel, 1982) and in- 
terspecific resource-based competition (Carney et al., 
1988). The alpine-subalpine lake system studied here may 
be a system where hydrologic processes are as important 
as these processes in controlling the seasonal succession 
of phytoplankton. 

HYDROLOGIC CONTROL-ANALOGY TO CONTINUOUS 
CULTURES IN SEQUENCE 

Comparing the hydrologic data (Figure 3) to taxa abun- 
dance (Figure 2) emphasizes the importance of hydrology 
on bloom phenomena-A. formosa bloomed during 
high-flow conditions caused by snowmelt, and 0. 
limnetica bloomed during low-flow conditions. Phyto- 
plankton dynamics of the Loch Vale lakes may be com- 
pared with the dynamics of three continuous algal cultures 
connected in sequence. In this analogy, Icy Brook cor- 
responds to the "tubing," transporting the outflow from 
Sky Pond and any shallow groundwater inflows to Glass 
Lake, the next continuous culture in the sequence. Dur- 
ing the snowmelt period, the chemostat pumps can be 
thought of as being set on full speed, and only algae that 
are growing at a net rate that exceeds the flushing rate 
will increase in abundance. Under these conditions, more 
slowly growing species will be flushed out of the system. 
In addition to populations of more slowly growing algal 
species, populations of zooplankton may be limited by 
rapid flushing rates. 

As snowmelt ends, the flushing rates of the study lakes 
decrease which, in the comparison with three continuous 
cultures in sequence, corresponds to a decrease in the flow 
rate of the pump. During low flow, more slowly grow- 
ing algal species will remain in the system longer and, as 
a result of differences in grazing pressure or nutrient 
utilization, may become the dominant species and replace 
species with rapid maximum growth rates. In this con- 
text, it is interesting to note that in 1985 the 0. limnetica 
bloom developed earlier than in 1984. This difference may 
have been related to the earlier decrease in the flushing 

rate in 1985 as indicated by discharge (Figure 3). 

GRAZING AND NUTRIENT COMPETITION 
Decreases in flushing rate after snowmelt would allow 

for effects of zooplankton grazing and nutrient competi- 
tion to become more important controls on the phyto- 
plankton. In midsummer in 1985, the decrease in dis- 
charge and A. formosa populations were coincident with 
an increase in herbivorous rotifers. This is circumstan- 
tial evidence for a zooplankton grazing effect. 

On the basis of competition for nutrients, a decrease 
in flushing rate would also be expected to result in a 
change in algal dominance. In a unialgal continuous 
culture system with a constant inflow nutrient concen- 
tration, a decreased flow rate would result in greater cell 
densities and lesser nutrient concentrations in the cultures. 
In a lake system, decreasing nutrient concentrations 
would favor species that are capable of utilizing minimal 
nutrient concentrations. The importance of such a 
nutrient competition effect cannot be determined from 
the nitrate and sulfate enrichment experiments. At in- 
termediate concentrations (up to 16 1tM) both anions had 
stimulatory effects during the two periods of A. formosa 
and 0. limnetica dominance. These results leave open the 
possibility that the seasonal changes in nitrate concen- 
trations have an influence on phytoplankton dynamics; 
however, because both anions had a stimulatory effect 
they cannot be interpreted as demonstrating that nitrate 
is a limiting nutrient in this lake system. Gotham and 
Rhee (1981) studied the NO3 requirements of A. formosa 
and determined the average half saturation coefficient 
(Ks) to be 1.3 +0.3 zM. Halterman and Toetz (1984) 
reported that four species of freshwater diatoms had K, 
values ranging from 2.6 to 7 1M. These Ks values are less 
than NO3 concentrations in The Loch (85-25 /iM). The 
two other major nutrients that may be important are 
phosphate and silica. A. formosa can efficiently utilize 
minimal phosphate concentrations (Mackereth, 1953). 
The requirements of A. formosa for Si02 and P04 have 
been further studied in laboratory experiments using 
unialgal cultures (Titman, 1976; Tilman 1977). 

CONCLUSIONS 

Two main events in the phytoplankton succession in 
lakes in Loch Vale, Rocky Mountain National Park, were 
a bloom of the diatom Asterionella formosa during 
snowmelt in the spring and a bloom of the cyanophyte 
Oscillatoria limnetica during low flow in the fall. The 
hydrologic regime, which is dominated by snowmelt, ap- 
pears to be as important a control on the seasonal phyto- 
plankton dynamics as grazing and interspecific resource- 
based competition. The coincident occurrence of de- 
creases in the A. formosa population and discharge from 
the lake, and increases in zooplankton populations sug- 

gests that zooplankton grazing limits the diatom bloom 
after snowmelt. Nitrate and sulfate enrichment experi- 
ments showed stimulatory effects at concentrations in the 
range 8 to 16 ,tM. 
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