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Abstract

Deposition of atmospheric nitrogen from urban and agricultural sources has caused
surface water nitrate concentrations to increase in the Front Range of the Colorado
Rocky Mountains. To investigate the effects of sustained increases in nitrate
concentrations on phytoplankton dynamics in an alpine lake, we conducted nutrient
enrichment experiments in mesocosms amended with nitrate, phosphate, and
phosphate plus nitrate on four dates in July and August 2002. During this period,
phytoplankton species composition shifted as diatoms decreased in abundance.
Phytoplankton chlorophyll a increased in the phosphate and phosphate plus nitrate
enrichments, but did not increase in the nitrate only enrichments. Analysis of the
phytoplankton community using Principal Component Analysis showed that 34% of
the variance was accounted for by the primary axis, which was associated with
different time periods, and 21% of the variance was explained by the secondary axis,
which was associated with treatments. The response to phosphorus enrichment was
taxon-specific, and the two chlorophyte species which became more abundant,
Chlamydomonas sp. and Scenedesmus sp., were strongly weighted on the secondary
axis. These results indicate that the productivity of this phytoplankton community is
phosphorus-limited throughout the summer. Therefore, additional inputs of nitrogen
are not expected to directly alter the productivity of the phytoplankton community.
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Introduction

Mobilization of reactive nitrogen by human activities has
increased nitrogen availability over large regions (Vitousek et al.,
1997). Although the recent increase in anthropogenic nitrogen
deposition is especially severe in the northeastern United States,
high elevation alpine systems in the Colorado Front Range have
moderately high deposition rates, which are increasing steadily
(Lewis and Grant, 1980; Fenn et al., 1998, 2003; Baron et al., 2000;
Williams and Tonnessen, 2000; Burns, 2003). By the 1980s,
ambient concentrations of anthropogenically fixed atmospheric
nitrogen were 30 times greater than pre-industrial concentrations
(Fahey et al.,, 1986). Studies of the spatial distribution of
atmospheric nitrogen deposition in Colorado have shown
relatively high deposition rates in the Front Range (Lewis et al.,
1984; National Atmospheric Deposition Program: http://nadp.
sws.uiuc.edu/). For example, Niwot Ridge, located 6 km east of
the Continental Divide in northern Colorado, has experienced an
increase in deposition of inorganic nitrogen as wetfall at a rate of
0.32 kg ha ! yr™! over the last 20 years; and annual rates of
deposition approximately doubled between 1984 and 1996
(Williams and Tonnessen, 2000). This increase is a function of
both increasing precipitation and increasing concentrations of
nitrogen in wet deposition (Baron et al., 2000). Because alpine
watersheds have extensive areas of exposed bedrock, limited
vegetation, and thin soils, and because they accumulate deep
snowpacks in winter, the inorganic nitrogen deposited in winter is
mobilized during snowmelt and rapidly flushed into alpine aquatic
ecosystems, making these ecosystems particularly vulnerable to
changes in atmospheric nitrogen deposition (Lewis and Grant,
1979; Williams et al., 1996; Seastedt et al., 2004).
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Unlike terrestrial alpine plant communities, phytoplankton
growth rates are on the scale of days and respond rapidly to
changes in nutrient availability and other environmental condi-
tions. In addition, some members of the phytoplankton commu-
nity (the diatoms, division Bacillariophyta) leave a fossil record in
sediments of lakes. Shifts in diatom communities from oligotro-
phic to mesotrophic diatoms have been documented in alpine
lakes in the Colorado Front Range (Wolfe et al., 2001). A recent
study of a sediment core in the Green Lakes Valley of Colorado
indicates that there have been significant shifts in diatom species
composition with planktonic species becoming less abundant than
benthic species in Green Lake 4 since the 1940s, coincident with
the introduction of nitrogen fertilizers for agriculture (Waters,
1999).

Although phosphorus availability limits primary production
in many temperate lakes, there are many examples of temperate
freshwater ecosystems that are limited by nitrogen (Elser et al.,
1990; Axler et al., 1994; Kilham et al., 1996; Lafrancois et al.,
2003a). Morris and Lewis (1988) showed that phytoplankton in
Colorado mountain lakes can be limited by either nitrogen or
phosphorus, and the limiting nutrient can change seasonally.
Atmospheric nitrogen deposition could cause a shift from nitrogen
limitation to phosphorus limitation of phytoplankton production.
Jassby et al. (1994) found that in Lake Tahoe there was a shift
from colimitation by nitrogen and phosphorus to phosphorus
limitation in response to atmospheric nitrogen deposition.
Alternatively, in historically phosphorus-limited systems, increases
in atmospheric nitrogen deposition would not be expected to alter
the status of the system. The ratio of dissolved inorganic nitrogen
(DIN) to total phosphorus (TP) is shown to be a good predictor of
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the nutrient limitation status in lakes (Morris and Lewis, 1988;
Axler et al., 1994). In Green Lake 4, average DIN:TP ratios from
1995 to 2000 during late June through early August were 7.14 *
1.46 (NWT-LTER database: http://www.culter.colorado.edu).
DIN:TP ratios greater than 4 are indicative of phosphorus
limitation (Axler et al., 1994).

Nutrient limitation of phytoplankton growth commonly has
been studied using short-term mesocosm experiments to determine
changes in biomass in response to nutrient additions, and taxon-
specific responses have been investigated in a few studies. Nydick
et al. (2004a) conducted enclosure experiments in two small alpine
lakes in the Rocky Mountains and observed increases in
cyanobacteria and chlorophytes in response to nitrogen and
nitrogen plus phosphorus enrichments. Diatom species composi-
tion shifts with nutrient enrichment have been shown to occur in
alpine lakes in the Yellowstone region (Interlandi and Kilham,
1998). Comparable shifts in the total algal community composi-
tion have also been observed in several warm monomictic lakes
(Gonzalez, 2000).

The goals of the research presented here were to evaluate the
potential influence of nutrient limitation on the density and species
composition of phytoplankton in an alpine lake during the
summer ice-free period. We hypothesized that the growth of the
phytoplankton community in the lake is limited by phosphorus.
We also hypothesized that phosphorus limitation persists through
the temporal changes in community composition during the
summer. Moreover, based on the changes in diatom species
distribution observed in lake sediments (Waters, 1999), we
anticipated that there would be a taxon-specific shift in response
to nutrient enrichment. We addressed these hypotheses by weekly
sampling of the water column and by employing in situ nutrient
enrichment experiments in the epilimnion of Green Lake 4, a well-
studied alpine lake in the Front Range of the Colorado Rocky
Mountains.

Methods
SITE DESCRIPTION

The Green Lakes Valley (GLV) within the Colorado Front
Range is located about 6 km east of the Continental Divide and is
one of many alpine basins located west of large agricultural and
urban areas between Fort Collins and Colorado Springs,
Colorado. GLV is located within the Silver Lake Watershed,
which provides approximately 40% of the water supply for the
City of Boulder, Colorado. Public access is prohibited throughout
the watershed. GLV has been studied as part of the Niwot Ridge
Long Term Ecological Research (NWT-LTER) project. Niwot
Ridge has been the location of a continuous climate record since
1951, and data on atmospheric chemistry have been collected since
the 1970s (Lewis and Grant, 1980; Grant and Lewis, 1982;
Sievering et al., 1996). In addition, long-term hydrological and
surface water chemistry data, including water temperature, snow
depth, ice thickness on lakes, and discharge have been collected for
over 30 years by Caine (1995).

The GLV watershed consists of two catchments (Fig. 1). The
upper catchment is an alpine ecosystem of about 2 km? located
above treeline, and includes Green Lakes 4 and 5. Green Lake 4,
which is indirectly fed by the Arikaree Glacier, is an oligotrophic,
alpine lake with low annual primary production (mean chloro-
phyll a: 2.37 + 0.28 ug L™'; Gardner, unpublished data). The
current study is focused on Green Lake 4, which has been studied
previously (McNeely, 1983; Toetz and Windell, 1984, 1993;
Waters, 1999). Table 1 provides morphometric information for
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Green Lake 4. The GLV watershed receives most of its pre-
cipitation in the form of winter and spring snowfall. Green Lakes
4 and 5 are ice-free only during the short growing season from late
June or early July until early to mid October. Residence time of
the lake is as low as one week during snowmelt, and by mid
October it rises to around 40 days (Waters, 1999). This study took
place in the summer of 2002, which was a time of severe drought
throughout most of Colorado. Streamflow at the outlet to Green
Lake 4 during the summer of 2002 was 60% (£15%) of recent
historical averages (1983-1999).

Monitoring of seasonal changes in community composition of
phytoplankton within the water column has shown that diatoms
comprise the largest portion of biovolume in the lake and that there
are seasonal shifts within the diatom community (Waters, 1999;
Gardner, unpublished data). Historically, the upper two lakes were
fishless, but due to accidental stocking in 1998, Yellowstone
cutthroat trout now inhabit both Green Lakes 4 and 5.

MONITORING STUDY

Discharge was measured at a gauge located at the outlet of
Green Lake 4 (NWT-LTER database: http://www.culter.
colorado.edu). Water samples were collected from the water
column for chemical analysis and algal biomass on 25 June; 2, 9,
16, 23, and 30 July; and 6 August 2002. The first sampling date
occurred shortly after the ice had melted on Green Lake 4.
Samples were collected with a Van Dorn sampler from the deepest
part of the lake at the surface and at depths of 3 and 9 m.
Subsamples were taken for phytoplankton biomass, community
composition, and chemical analysis. All samples were collected
between 09:00 and 11:00 MST. Dissolved oxygen (DO), temper-
ature, and solar irradiance were measured at the three depths.

Samples for chemical analysis were filtered within 4-8 hours
of collection with 47 mm Gelman A/E glass-fiber filters (effective
pore size of approximately 1 um) in a syringe filtration system,
and then refrigerated in the dark until analysis. Samples were
analyzed for total dissolved phosphorus (TDP), TP, and
ammonium by colorimetric autoanalyzer and nitrate (NO; ™) by
ion chromatography. Chlorophyll ¢ samples were filtered within
12 hours through Whatman glass fiber filters (pore size 1.2 um)
with a hand-pump filtration system, and filters were frozen in
aluminum foil until they were processed. Chlorophyll was
removed from the filters by hot ethanol extraction, and quantified
by the spectrophotometric method of Marker et al. (1980) and
Nusch (1980), and included a phaeopigment correction. Phyto-
plankton samples were preserved with Lugol’s solution (1%)
within 6 hours of collection. A subsample (5-50 mL depending on
concentration of cells) was settled in Utermohl settling chambers
overnight and identified to the genus level, or the species level
when possible, at 1000X with an inverted microscope. Phyto-
plankton identification guides (Smith, 1950; Patrick and Reimer,
1966; John et al., 2002), were the basis of identifications. A
minimum of 400 cells were identified and counted in each sample.
Community composition data are archived in the NWT-LTER
database. Biovolume estimates for specific algal taxa were
determined by Flanagan (unpublished data). Specifically, biovo-
lumes were determined by measuring mean cell dimensions (Sick-
Goad et al., 1977).

NUTRIENT ENRICHMENT EXPERIMENTS

Nutrient enrichment experiments were performed four times
for a duration of five days each throughout the summer of 2002
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(11-16 July, 18-23 July, 25-30 July, and 1-6 Aug) following
methods similar to those outlined in Lewis et al. (1984). Briefly,
water was pumped from the depth of incubation (2 m) into 20-L
polyethylene carboys, spiked with nitrogen (N), phosphorus (P),
both (N + P), or neither, and suspended from an incubation raft at
a depth of 2 m for five days. Two replicates of each treatment were

TABLE 1

Morphometric characteristics of Green Lake 4.

Characteristic Value
Elevation (m) 3560
Surface Area (ha) 5.34
Volume (m?) 214,960
Average Depth (m) 4.0
Maximum Depth (m) 13.1
Depth of stratification (m) 8.0

Map of study site. Inset shows a bathymetric map of Green Lake 4. Location of nutrient enrichment experiments is marked with

incubated with the exception of the ‘N + P’ treatment in
incubation 3. Sample water was not filtered to remove grazers.
Nitrogen was added as potassium nitrate (KNO;) dissolved in
deionized water. Phosphorus was added as monobasic potassium
phosphate (KH,PO,) dissolved in deionized water. Target
concentrations for the spike additions were 930 ug L™' NO5~
(double background concentrations) and 93 ug L~' TDP (ap-
proximately 10X background concentrations) (following target
concentrations used by Morris and Lewis, 1988).

Samples were taken from the carboys directly after spiking
with nutrients and after incubations for chemical analysis in three
of the four incubations. Only post-incubation samples and an
initial sample from the water column were taken during the first
incubation for chemical analysis. Samples for chemical analyses
were collected in 250 mL Nalgene bottles, and were processed
using the methods described for the monitoring project.

At the beginning of each incubation period, separate 500-mL
samples were taken from the water column at a depth of 2 m for
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FIGURE 2. Surface temperature and discharge as a function of
time in Green Lake 4. Note that ice out occurred on 9 June. Time
periods for incubations 1-4 are indicated by brackets on the x-axis.

chlorophyll analysis and phytoplankton identification. After each
five-day incubation, samples for chlorophyll analysis and phyto-
plankton analysis were taken from each of the eight carboys.
Chlorophyll samples and phytoplankton counts were processed as
described above.

Principal components analysis (PCA) was used to assess the
importance of incubation (time) and treatment (control, N, P, or
N + P) in determining variance in the phytoplankton community.
Given that using Euclidian distance can be problematic for species
abundance data, chord distance was used as a metric to examine
the relationship between incubations (Legendre and Gallagher,
2001). The data were fourth root transformed prior to the analysis
to account for large differences in species abundance (Clarke and
Warwick, 1994). The Matlab code provided by Legendre and
Gallagher (2001) was used to run the PCA. The PCA scores of the
variables were plotted with respect to the primary and secondary
axes as a means to analyze the differences in community
composition between incubations.

Results
LIMNOLOGICAL CONDITIONS

In 2002, ice-out occurred on 9 June, almost three weeks earlier
than the previous two summers, and surface temperatures in the
lake reached a maximum of 14°C in mid July (Fig. 2). Discharge
reached an initial peak during snowmelt and then decreased
throughout the summer. Two lesser discharge peaks occurred in
late July and early August, coincident with large rainfall events
(Fig. 2). The lake was thermally stratified throughout the summer
(Fig. 3a). Both the surface and 3 m sampling depths were in the
epilimnion; there was no marked difference in temperature between
these depths on any sampling date. The 9 m sampling depth had
consistently lower temperatures than the surface and 3 m sampling
depths. Epilimnetic chlorophyll « concentrations peaked at
4 ug L™" in late July (Fig. 3b). Chlorophyll a concentrations were
consistently higher at 9 m than at the surface or 3 m. There was no
difference in TDP or nitrate concentrations across depths. Average
TDP concentrations from three depths in the water column were
consistently low during the summer indicating oligotrophic condi-
tions (Table 2). Nitrate concentrations decreased as the summer
progressed but were on the upper end of concentrations reported in
a survey of high elevation lakes in the Colorado Front Range
(Lafrancois et al., 2003b). The peak chlorophyll @ concentration on
23 July occurred shortly before the peak in the average TDP
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FIGURE 3. (a) Water temperature and (b) chlorophyll a concen-
trations with depth and time. Time periods for incubations 1-4 are
indicated by brackets on the x-axis.

concentration on 30 July. The ratio of DIN:TP in the epilimnion
over the course of the study was consistently above 4 and averaged
16.3 = 2.76.

The algal taxa found in Green Lake 4 during the summer of
2002 are listed in Table 3. The shifts in the dominant taxa typically
occurred at all three depths sampled, despite the greater
chlorophyll @ concentrations at depth (NWT-LTER database:
http://www.culter.colorado.edu). The relative importance of Ba-
cillariophyta decreased steadily throughout the summer primarily
due to the decrease in the abundance of Synedra sp. However, it is
worth noting that biovolumes of the species of Bacillariophyta are
greater than most other taxa; ranging from 58 to 115 um®. One of
the diatom species found by Wolfe et al. (2001) to be an indicator
of atmospheric nitrogen deposition, Asterionella formosa, was only
found early in the summer and at a depth of 9m. The
Chrysophyta, Cryptophyta, and Haptophyta all reached maxi-
mum abundances later in the summer, including increases in
Chromulina sp. (Chrysophyta), Plagioselmis sp. (Cryptophyta),
and Chrysochromulina sp. (Haptophyta). Chrysococcus sp. (Chry-
sophyta) was the taxa with the greatest biovolume found in this
study (523 um®); while other taxa from the Chrysophyta,
Cryptophyta, and Haptophyta range in biovolume from 6 to

TABLE 2

Nitrate (NO3 ) and total dissolved phosphorus (TDP) concentra-
tions in the water column of Green Lake 4 (average of 3 depths).

Date NO; (ugL™h TDP (ug L")
25 Jun 1139 5.27
02 Jul 998 2.79
09 Jul 861 3.10
16 Jul 743 2.17
23 Jul 627 2.48
30 Jul 652 5.58
06 Aug 655 372




TABLE 3

Species of algae found in Green Lake 4. The abundance of each taxa found at the end of each incubation as well as the ambient abundance in
the epilimnion of the lake is denoted by ‘++++ for taxa with total cell concentrations greater than 100,000 cells mL~!, taxa with cell
concentrations from 10,000 to 100,000 cells mL ! are indicated by ‘+++,” taxa with cell concentrations ranging from 1000 to 10,000 are
indicated by ‘++,” taxa with concentrations from 100 to 1000 are denoted by “+,” and rare taxa with concentrations less than 100 cells mL ™"
are denoted by a ‘—’ symbol. The incubations are separated by time. Concentrations in replicate incubations were averaged. Given that control
incubations were grouped with N-only treatments, and P treatments were grouped with N + P treatments in the PCA output, concentrations in
the controls were combined with those in the N-only treatments and concentrations in the P-only treatments were combined with those in the N
+ P treatments. The PCA weightings for each taxa are also shown.

Incubation: 1 2 3 4 PCA Weighting

Treatment: Ambient C/N P/(N+P) Ambient C/N P/(N+P) Ambient C/N P/(N+P) Ambient C/N P/(N+P) Axis 1 Axis 2
BACILLARIOPHYTA
Asterionella formosa®
Synedra sp. ++ ++ +++ ++ +H+ ++ + ++ + — ++ + —0.58 0.18
Fragillaria sp. — + + — + ++ — ++ + — ++ + 0.18 0.29
Navicula sp. — — — — + ++ — + ++ — + ++ 0.45 0.05

CHLOROPHYTA

Ankyra sp. + ++ ++ + + — + — — — + — —0.36 —0.04
Chlamydomonas sp. + ++ ++ — + + — + ++ — + ++ -0.22 —0.41
Chlorella minutissima + ++ ++ + H+ ++ +H+ -+ + ++ +H+ 0.06 —0.21
Coenochloris polycocca®
Monomastix sp."
Raphidocelis microscopica — + ++ — + — + — — — — —0.34 0.00
Scenedesmus sp. ++ ++ ++ + ++ +++ ++ + ++ + ++ ++ 0.15 —0.32
Unknown — + + — ++ + — — — ++ — —0.01 0.48
CHRYSOPHTYA
Chromulina sp. — + — — + + + — + + + ++ 0.09 0.10
Chrysococcus sp. — — + — — + — — — — — + 0.02 —0.21
Dinobryon sp. — — — — — ++ + — ++ — + + 0.18 —0.38
CRYPTOPHYTA
Plagioselmis sp. + ++ ++ + + + ++ + ++ + ++ ++ 0.16 0.17
HAPTOPHYTA
Chrysochromulia sp. — + + + + + + — — + + — —0.18 —0.11
CYANOPHTYA
Aphanocapsa delicatissima™ -+ ++ +++ ++ -+ +++ +++ ++ -+ ++ +++ ++ 0.09 0.25
Aphanothece clathrata™
Aphanothece minutissima™
Dactylococcopsis sp.+
Oscillatoria limnetica®
Rhabdoderma sp. + ++ + + ++ + + ++ ++ + + + —0.07 0.15

Rhabdogloea sp.’

" Taxa not found in epilimnetic waters.
* Taxa grouped together in PCA data set.

46 pm®. The Cyanophyta and Chlorophyta consistently accounted
for a large percentage of the phytoplankton based on cell
numbers. There was a change in the relative abundance of species
within the Chlorophyta. For example, Ankyra sp., Raphidocelis
microscopica, and Chlamydomonas sp. decreased, while Chlorella
minutissima remained abundant throughout the summer. With the
exception of Chlamydomonas sp. (Chlorophyta) (70 um?), the
Cyanophyta and Chlorophyta tend to have slightly smaller
biovolumes than species from other divisions.

ENRICHMENT INCUBATIONS

At the beginning of each incubation nitrogen treatments had
an average of 1240 ug NO;~ L™! and phosphorus treatments had
an average of 93 ug L' TDP. The concentrations were double the
background nitrate concentrations and 10 times the background
TDP concentrations. Nitrate concentrations were consistently
lower at the end of each incubation, indicating a net uptake by the

plankton. The percentage change in nitrate concentrations ranged
from —20% to —81%, and were highest in P-treatment samples
(Table 4). The percent change in TDP concentrations during each
incubation varied from —100% (net uptake of all available TDP)
to +88% (net release of TDP).

Figure 4 shows the chlorophyll a concentrations for each of
the treatments in all four incubations. Average chlorophyll
a concentrations plus or minus two standard deviations are
presented to allow for easier determination of significant
differences. In all four incubations, controls showed a decrease
in algal biomass, as measured by chlorophyll a concentration,
compared to the initial in-lake ambient concentrations. The in-
lake ambient concentrations measured at the end of each
incubation do not show a consistent trend with respect to the
control concentrations measured at the same time. Algal biomass
did not increase significantly in comparison with the control when
nitrate alone was added. In contrast, there was a significant
increase in algal biomass in comparison with the control when
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TABLE 4

Nitrate (NO3 ) and total dissolved phosphorus (TDP) concentrations for background (water column), control group, and three treatment

groups. Background concentrations are an average of three depths and were taken at the end of the date range listed. Incubation concentrations

are an average of two replicates and are displayed here as concentrations at the beginning of the incubation, with percent change over the 5-day

period in parentheses. A positive percent change indicates release by the plankton community, and a negative percent change indicates uptake
by the plankton community.

11-16 July* 18-23 July 25-30 July 01-06 August
NO;™ (ug'L™) TDP(ugL™) NO; (ugL™) TDP(ugL™) NO; (ugL™') TDP(ugL™) NO; (ug'L™') TDP (ug'L™")
Background 744 2.17 626 2.48 651 5.58 657 3.72
Controls n/a n/a 657 (—53%) 0.93 (+88%) 601 (—23%) 3.41 (+87%) 639 (—29%) 4.03 (—100%)
N Treatment n/a n/a 1321 (—44%) 4.96 (—70%) 1507 (—28%) 3.41 (+14%) 1209 (—20%) 3.41 (—34%)
P Treatment n/a n/a 657 (—79%) 115.3 (—4%) 604 (—79%) 78.1 (—10%) 645 (—81%) 85.3 (—12%)
N+P Treatment n/a n/a 1214 (—36%) 74.4 (—7%) 1426 (—29%) 79.4 (+2%) 1476 (—32%) 96.4 (—23%)

* For the first incubation (11-16 July), only post-incubation water chemistry samples were taken; therefore, nutrient concentrations and percent uptake/release are

unavailable for this time period.

phosphate was added, either alone or with nitrogen (three of four
incubations).

Chlorophyte abundance increased in the P and the N + P
treatments in three of four incubations (Fig. 5). For the most part,
the abundances of the ambient in-lake phytoplankton were similar
to the abundances in the control treatments at the end of the
incubations. The species within the Chlorophyta that increased the
most consistently in response to the P and N + P treatments were
Chlorella minutissima, Scenedesmus sp., and Chlamydomonas sp.
(Table 3). In the first incubation, the treatments did not change
the abundance of the dominant diatom species. However, in all
three subsequent experiments, in the P and the N + P treatments
the abundance of Synedra sp. decreased and the abundance of
Navicula sp. increased. The abundance of Fragilaria sp. decreased
in the P and the N + P treatments in the latter two experiments.
Asterionella formosa was not found in any incubation during the
course of the study. Among the chrysophytes, the abundance of
Dinobryon sp. increased from rare to moderately abundant in the
P and the N + P treatments for the second and third experiments.
The species or taxonomic groups in the other divisions did not
respond in a consistent manner to the nutrient additions. With
a few exceptions, taxa in the epilimnion at the end of the
incubations were slightly lower in abundance than were the same
taxa in the control and N-alone treatments.

PRINCIPAL COMPONENTS ANALYSIS

The first and second axes of the PCA accounted for 34% and
21%, respectively, of the variance in the community composition
among the samples. Axis 1 clearly separated the samples by
incubation, a proxy of time (Fig. 6). All samples from incubation 1
had low scores on Axis 1, while subsequent incubations had higher
scores on this axis. The species which were strongly weighted on
Axis 1 are from several divisions. The species that was most
positively weighted on Axis 1 was the diatom Navicula sp.
(Table 3). Further, the diatom Synedra sp. and the chlorophytes
Raphidocelis microscopica and Ankyra sp. were most negatively
weighted on Axis 1.

Similarly, Axis 2 separated the samples based on treatment.
With only a few exceptions, samples from the control and N-alone
treatments had positive scores on Axis 2, whereas samples from P
and N + P treatments had negative scores on Axis 2 (Fig. 6). The
results of a two-sample z-test for the two-tailed hypothesis show
that the samples from the control and N-alone treatments had
a significantly greater score on Axis 2 than did the P and N + P
treatments (p < 0.01). Two of the three species with strong
negative weightings on Axis 2 were species of Chlorophyta. The
chlorophyte Chlamydomonas sp. had the strongest negative
weighting on Axis 2, followed by the chrysophyte Dinobryon sp.
and the chlorophyte Scenedesmus sp.
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FIGURE 5. Average abundances (= two standard deviations) of each division for each treatment in incubations 1-4. Also shown are the in-
lake ambient abundances measured in the epilimnion at the end of the incubations. Note different scale for the three divisions in the

right column.

Discussion

PHOSPHORUS LIMITATION OF PHYTOPLANKTON
GROWTH IN GREEN LAKE 4

The results of this study as a whole indicate that the
phytoplankton community in Green Lake 4 is nitrogen insensitive,
even well into August when nitrate concentrations approach annual
minima. The high epilimnetic DIN:TP ratios found throughout the
summer indicate consistent phosphorus limitation. These results
suggest that if nitrate concentrations continue to increase in this
watershed over time, a current trend (Williams and Tonnessen,
2000), this increase alone would not drive increases in phytoplank-
ton productivity within the lakes. In order for the lakes to become
eutrophic (or even mesotrophic), an increase in phosphorus
availability would be necessary. The results of this study cannot
identify the historic limitation status of Green Lake 4 phytoplank-
ton. However, if the growth of the Green Lake 4 phytoplankton was

historically nitrogen-limited, as is the current status of some other
alpine lakes in the western U.S. (e.g. Fenn et al., 2003; Lafrancois et
al., 2003a), it is possible that a shift from nitrogen to phosphorus
limitation of phytoplankton growth has occurred.

The results of the nutrient enrichment experiments in Green
Lake 4, showing an effect of addition of P and N + P throughout
the summer, contrast with the results reported by Nydick et al.
(2004a) for two alpine lakes in Wyoming. Nydick et al. observed
no response to phosphorus addition but consistent increases in
productivity in response to N and N + P additions. The differences
in the response may reflect differences in the level of nitrogen
enrichment from anthropogenic sources, differences in phospho-
rus availability in the lake systems, as well as differences in the
dominant phytoplankton species in the lakes. In a study of high
elevation lakes in Colorado, Morris and Lewis (1988) found that
of the eight lakes studied, the lake closest to Green Lake 4 was the
only lake with a primarily phosphorus-limited phytoplankton
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FIGURE 6. PCA scores for all phytoplankton species counts. Points are labeled by treatment and incubation date, 1-4.

community. Lafrancois et al. (2004) found that in Shelf Lake 4, an
alpine lake with low nitrate concentrations, that phytoplankton
chlorophyll @ and productivity increased in response to additions of
nitrogen, nitrogen plus acid, and nitrogen plus acid and phospho-
rus, but did not respond to additions of phosphorus alone. In
contrast, Lafrancois et al. (2004) found that in the Loch, a high
nitrate lake with nitrate concentrations more similar to those
measured in Green Lake 4, phytoplankton productivity increased
slightly in response to phosphorus additions as well as nitrogen plus
acid plus phosphorus additions. In the Wyoming lakes studied by
Nydick et al. (2004a), species of chrysophytes were abundant in the
controls and phosphorus additions throughout the summer, and
cyanobacteria and chlorophytes became more abundant with N and
N + P additions; whereas in Green Lake 4 chlorophytes and diatoms
were dominant in the controls and nitrogen additions. In both lakes
studied by Lafrancois et al. (2004) there was a shift in community
composition in response to the nitrogen plus acid and nitrogen plus
acid plus phosphorus additions. Shelf Lake 4 showed a shift in
community composition toward increased chlorophyte abundance;
whereas there were increases in chlorophytes, chrysophytes, and
a dinoflagellate species in the Loch.

Phosphorus limitation of phytoplankton growth in Green
Lake 4 may be partly a function of the fact that Green Lake 4
drains an area comprised mainly of rock and talus. In a study of
three subalpine lakes in the Colorado Front Range that are
impacted by high levels of atmospheric nitrogen deposition, the
limiting nutrient for phytoplankton growth was largely dependent
upon watershed characteristics (Nydick et al., 2003). Specifically,
phytoplankton phosphorus limitation was greatest in lakes that
drain watersheds dominated by rock and talus.

TAXON-SPECIFIC RESPONSES TO NUTRIENT ADDITIONS

The temporally sequential separation of the samples along
Axis 1 of the PCA reflects the seasonal change in phytoplankton
species in the Green Lake 4 ecosystem. The finding that for a given
experiment there is little spread in the samples along Axis 1
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provides further evidence that seasonal effects are important in
determining community composition. Temporal variation of various
species within the phytoplankton community is commonly observed
in lakes (Reynolds, 1984; Soylu and Gonulol, 2006), and the results
of recent monitoring of phytoplankton in Green Lake 4 suggest that
these seasonal changes are driven primarily by hydrological changes
throughout the summer. In snowmelt-dominated catchments such as
the Green Lakes Valley, peak discharge occurs in the late spring and
early summer during snowmelt. As the summer progresses, discharge
decreases to baseflow conditions. Given the large number of species
observed in Green Lake 4 in concert with the small number of
potentially limiting resources, the temporal shifts in species
composition observed in this study may be a result of competition
between species (Huismann and Weissing, 1999) as well as
hydrological changes.

The second axis of the PCA for our enrichment study
corresponds to a separation based on treatment, leading us to
further hypothesize that there is taxon-specific phosphorus limita-
tion, and refuting the null hypothesis that nutrient enrichment will
not result in changes in the productivity or community composition
of the phytoplankton. The observation that the changes in species
distribution are well represented by Axis 2 for all four experiments
indicates that the chlorophyte species with the potential to grow
rapidly in response to increases in phosphorus availability are present
in the water column throughout the summer. Others have also
observed taxon-specific responses to nutrient addition in studies of
alpine lakes (e.g. Lafrancois et al., 2004; Nydick et al., 2004a), and the
results for Green Lake 4 further indicate that assumptions regarding
an equal limitation among different divisions of the phytoplankton
community may not be valid.

Taxa within the Chlorophyta showed a much larger and more
consistent response to phosphorus additions than taxa from other
divisions, which has been shown in other nutrient enrichment
experiments (e.g. Pollingher et al., 1988; Gonzalez, 2000). The
observation of differences in response among the diatom species
suggests that the diatom record in alpine lake sediments may
provide some indication for changing nutrient limitation in alpine



lakes along with other documented effects, such as exposure to
ultraviolet radiation (Saros et al., 2005). Moreover, the importance
of a given taxa in lakes with similar morphometric characteristics is
likely to vary between basins (Kolesar et al., 2002). This finding
provides further support for examining taxon-specific responses in
investigations of nutrient limitation of phytoplankton.

CONSEQUENCES OF INCREASING NITRATE
FOR PHYTOPLANKTON

The two most common consequences of nitrogen saturation
of surface waters are eutrophication and acidification (Stoddard,
1994). Given that low phosphorus availability may constrain
eutrophication of the water column, acidification due to increasing
concentrations of nitrate (a strong acid), may be a more likely
consequence in the Green Lakes Valley. Episodic acidification has
been documented in the headwaters of this catchment (Caine,
1995; Williams and Tonnessen, 2000), and the buffering capacity
of weakly buffered mountain lakes in Colorado declined
significantly between the 1940s and 1980s (Lewis, 1982). Potential
acidification of Green Lake 4 may result in shifts in phytoplank-
ton productivity and community composition. In an in situ
acidification experiment in a nearby alpine lake, McKnight et al.
(1990) found that photosynthetic rates decreased in the late
summer during a cyanobacteria bloom but remained elevated
when diatoms were the dominant taxa in early summer. In
a nutrient enrichment and acidification experiment in two alpine
lakes, phytoplankton community composition shifted in response
to both nutrient enrichment and acidification (Lafrancois et al.,
2004). However, it is also possible that benthic uptake of nitrate in
Green Lake 4 and subsequent denitrification may increase the
alkalinity of the system and act as a buffer against any potential
acidification. It has been observed that in shallow oligotrophic
lakes, the benthic community was responsible for more uptake of
nitrate than the phytoplankton (Nydick et al., 2004a, 2004b).

While it is evident that nitrogen saturation is occurring in many
high-elevation aquatic systems in the Rocky Mountains (e.g.
Williams et al., 1996), it is unclear whether the growth of Green
Lake 4 phytoplankton has been historically phosphorus-limited, or
if there has been a shift from nitrogen limitation or colimitation of
phosphorus and nitrogen to phosphorus limitation. It is possible that
a shift in phytoplankton species composition has already occurred in
response to changing chemical conditions, as indicated for diatom
assemblages by sediment core studies in the area (Waters, 1999;
Wolfe, et al., 2001). Some locations, particularly on the Western
Slope of the Continental Divide, have not shown evidence of
biological nitrogen saturation (Kaushal and Lewis, 2003). However,
for lakes in Rocky Mountain National Park, on the Eastern Slope,
Baron (2006) suggested that the ecological critical load for nitrogen
deposition has been exceeded. Research comparing the Eastern and
Western Slope of the Colorado Rockies indicates that there is
a regional pattern of greater nitrogen concentrations in surface
waters east of the Continental Divide (Baron et al., 2000), as also
indicated by deposition maps (Lewis et al., 1984; National
Atmospheric Deposition Program data). This pattern suggests that
regional biological nitrogen saturation due to anthropogenic
nitrogen deposition may be underway on the Eastern Slope. The
results of this study show that the Green Lake 4 phytoplankton
community is nitrogen insensitive and that an increase in
phosphorus concentrations would be necessary to increase phyto-
plankton productivity. Furthermore, taxon specific responses within
the Green Lake 4 phytoplankton have been observed in response to
phosphorus enrichment. However, it is possible that increasing

nitrate concentrations could act to acidify the system resulting in
potential shifts in phytoplankton community composition.
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