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Abstract: A widespread increase in the relative abundances of Asterionella formosa and Fragilaria crotonensis has oc-
curred in oligotrophic alpine lakes across the western United States. Previous investigations have suggested that en-
hanced atmospheric nitrogen (N) deposition is driving these shifts in diatom community structure; however, little
information is available on N requirements of these taxa. We examined the distributions of these two taxa in relation to
a variety of physicochemical parameters in a suite of lakes situated in the Beartooth Mountain Range (Montana–
Wyoming, USA). We also conducted a series of nutrient enrichment experiments to assess the response of these taxa to
changes in N, phosphorus (P), and silica (Si) supply. The distributions of both taxa were positively correlated with C:P,
N:P, and Si:P seston ratios, revealing that these taxa are abundant when P availability is very low and the supply of N
and Si are moderate to high. In the enrichment experiments, both taxa responded strongly to N additions, whereas P or
Si enrichment alone had no effect. While these two taxa are indicative of P enrichment in temperate lakes, our results
indicate that in these oligotrophic alpine lakes, N enrichment is driving their recent increase.

Résumé : Il s’est produit une augmentation généralisée des abondances relatives d’Asterionella formosa et de Fragila-
ria crotonensis dans les lacs alpins oligotrophes dans tout l’ouest des États-Unis. Des études antérieures ont proposé
que la déposition atmosphérique accrue d’azote (N) explique ces modifications de la structure des communautés de
diatomées, bien qu’on ait que peu d’information sur les besoins en azote de ces taxons. Nous avons examiné la
répartition de ces deux taxons en fonction d’une gamme de variables physico-chimiques dans une série de lacs de la
chaîne des monts Beartooth (Montana–Wyoming, É.-U.). Nous avons aussi mené une gamme d’expériences
d’enrichissement de nutriments afin d’évaluer la réaction de ces taxons à des changements dans les apports de N, de
phosphore (P) et de silice (Si). Les répartitions des deux taxons sont en corrélation positive avec les rapports C:P, N:P
et Si:P du seston, ce qui indique que ces taxons sont abondants lorsque la disponibilité de P est très faible et que les
apports de N et de Si sont moyens à élevés. Dans les expériences d’enrichissement, les deux taxons réagissent forte-
ment à une addition de N, alors que des enrichissements de P et de Si seuls restent sans effet. Alors que ces taxons
indiquent un enrichissement en P dans les lacs tempérés, nos résultats montrent que, dans les lacs alpins oligotrophes,
c’est l’enrichissement en N qui explique leur prolifération récente.

[Traduit par la Rédaction] Saros et al. 1689

Introduction

In alpine lakes in several regions of the world, sedimen-
tary diatom profiles indicate that rapid shifts in diatom com-
munity structure have occurred over the past century
(Psenner and Schmidt 1992; Wolfe et al. 2001; Saros et al.
2003). In alpine lakes of the western United States (see

Fig. 1), a widespread shift in diatom assemblages has oc-
curred, with Asterionella formosa and Fragilaria
crotonensis replacing typical alpine diatom taxa (e.g.,
Staurisirella spp., Aulacoseira spp., and stelligeroid
Cyclotella spp.) since the 1950s (see Fig. 2). Enhanced at-
mospheric N deposition has been invoked as the causal fac-
tor behind the increases in these diatoms. However, while
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both of these taxa are frequently reported in mesotrophic
temperate lakes (Reavie and Smol 2001), information on
their specific resource requirements, particularly for N, is
relatively sparse.

In temperate lakes, where Si and P are typically consid-
ered the principal nutrients that regulate seasonal diatom
succession (Reynolds 1984), A. formosa and F. crotonensis
appear to have similar Si and P requirements, so much so
that their R* values (equilibrium resource availability) for
these nutrients are essentially identical (Tilman 1981). Both
are excellent P competitors but have relatively high Si re-
quirements; thus, they can be abundant at times when Si:P
supply ratios are relatively high (Tilman 1982; Kilham 1986;
Interlandi et al. 1999). In addition, they are often found to-
gether, as predicted by the R* rule (Tilman 1982). Both taxa
are reported to increase with eutrophication in temperate
systems (Lotter 1998), presumably owing to increased P
loading and despite indications that both are excellent com-
petitors for P. However, in Lake Michigan, populations of
F. crotonensis also appear sensitive to N additions (Stoermer
et al. 1978), implying either unresolved resource
physiologies or the development of biogeographically dis-
tinct ecotypes.

The N requirements of these diatoms in alpine lakes re-
main unclear, as prior investigations either focused on Si and
P requirements or did not isolate N as the causal factor in
observed changes. Yang et al. (1996) found that both
A. formosa and F. crotonensis increased in Kootenay Lake
(British Columbia) when it was enriched simultaneously
with N and P. In a lake of the Colorado Front Range,
McKnight et al. (1990) found that calcium nitrate or sulfuric
acid additions stimulated the growth of A. formosa; thus, the
reason for the stimulation was unclear. The distributions of
both taxa in Yellowstone Lake were positively correlated
with total N (TN) : total P (TP) as well as total Si:TP ratios
(Interlandi et al. 1999).

Michel (2003) measured the resource requirements of
these two taxa in alpine lakes of the central Rocky Moun-
tains (Beartooth Mountain Range). Both A. formosa and
F. crotonensis had very low P requirements, similar to those
of a typical alpine diatom taxon, but moderate N require-
ments (Table 1), suggesting that greater N availability is pro-
moting the widespread increase in these two taxa. In an
effort to decipher which factors are driving the observed dia-
tom community shifts in alpine lakes of the western United
States, we explored the distribution of A. formosa and
F. crotonensis in a suite of lakes in the Beartooth–Absaroka
Wilderness in relation to a variety of physicochemical pa-
rameters including dissolved nutrient concentrations as well
as seston nutrient ratios. We also examined the response of

both taxa in two sets of nutrient enrichment experiments. In
the first set, whole lake water was enriched with N, P, or
N + P. In the second set, manipulations consisted of the fol-
lowing nutrient supply ratios: high N:P, low N:P, high Si:P,
and low Si:P. Our overarching objective is to reconcile dia-
tom resource physiology with paleoecology as a rigorous
methodology for the interpretation of sediment diatom
stratigraphies.

Materials and methods

Site description
The Beartooth Mountain Range comprises much of the

Absaroka–Beartooth Wilderness and is located on the south-
west Montana – Wyoming border, directly adjacent to the
northeast entrance of Yellowstone National Park (Fig. 1).
There are over 600 permanent alpine lakes in this region
whose watersheds are highly sensitive to atmospherically de-
posited N owing to sparse vegetation, shallow soils, and
large expanses of unbuffered crystalline bedrock. As a result
of the slow weathering rates, lakes in this region are highly
dilute with generally low Si and P concentrations (Saros et
al. 2003). The concentration of N in precipitation and sur-
face waters, although increasing, has remained relatively low
(<2 kg N·ha–1·year–1 in precipitation and <10 µmol N·L–1 in
surface waters; Saros et al. 2003); increased bulk precipita-
tion rates over the past century (Western Regional Climate
Center 2001) may have increased N loading to these lakes.
Depending on elevation, lakes in this area are typically ice-
free from mid-June – early July until mid- to late October.

Paleolimnological methods
The data displayed in Fig. 2 were determined using the

methods outlined in Saros et al. (2003) and Wolfe et al.
(2003). Briefly, organic sediments were collected from each
lake with a modified K-B gravity corer (Glew 1989) and ex-
truded in consecutive 0.5-cm increments in the field. The di-
atom species composition of each sample was determined by
preparing slides from digested (30% H2O2) sediment sam-
ples. The processed samples were settled onto coverslips and
mounted onto slides with Naphrax®. A minimum of 300
valves per slide was counted under oil immersion on a
Nikon E400 Eclipse microscope (Nikon Inc., Melville, New
York) with phase-contrast under oil immersion at 1000×
magnification. Diatom taxonomy was based primarily on
Krammer and Lange-Bertalot (1986–1991) and Camburn
and Charles (2000).

The chronology of recent sediments was based on 210Pb
distillation and alpha spectrometry methods (modified from
Eakins and Morrison 1978), and dates and sedimentation
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N P Si

Staurosirella pinnata 0.003 (0.056) 0.0003 (0.005) 3.82 (1.09)
Asterionella formosa 0.041 (0.038) 0.0009 (0.003) 3.35 (3.38)
Fragilaria crotonensis 0.028 (0.063) 0.0008 (0.065) 0.78 (0.97)

Note: A lower half-saturation constant value indicates a lower requirement for that nutrient.
Staurosirella pinnata is a historically abundant diatom in alpine lakes of the southern and central Rocky
Mountains. Standard error estimates are indicated in parentheses (modified from Michel 2003).

Table 1. Half-saturation constants (µmol) measured for three resources using populations
isolated from alpine lakes of the Beartooth Mountains.



rates were determined according to the constant flux : con-
stant sedimentation rate (CF:CSR) model (Oldfield and
Appleby 1984). The results are essentially the same as those
from the constant rate of supply model, but the CF:CSR
model provides a more conservative sedimentation rate. The
stratigraphy of 210Pb activity also verifies the stratigraphic
integrity of the core.

Distribution patterns in central Rocky Mountain lakes
The distribution of phytoplankton in the Beartooth region

was examined by collecting a series of vertical profiles from
seven lakes during June and July of 2001 and 2002 (Ta-
ble 2). Two of these lakes, Island and Beartooth, were re-
peatedly sampled every 3 days during a 3-week period
starting at the end of June in 2002. This approach was in-
cluded here because this 3-week period encompassed ice-off
and the establishment of thermal stratification. Because the
majority of wet deposition in alpine regions falls as snow, al-
pine lakes typically receive the largest influx of nitrate dur-
ing the spring thaw (Baron and Campbell 1997); thus,
nutrient concentrations were rapidly changing over the
course of this sampling period. The other five lakes in the
data set were stratified when sampled. None of the lakes had
low oxygen concentrations in the hypolimnion.

For each profile, samples were collected every 3 m in the
water column down to 21 or 24 m with a horizontal van Dorn
bottle. The chlorophyll maximum, located between 9 and
12 m in all lakes, was measured using in vivo fluorometry
and confirmed by total cell counts. Samples for phytoplankton
enumeration were preserved with Lugol’s iodine solution. A
suite of physical and chemical variables were measured: tem-

perature, pH, conductivity, photosynthetically active radia-
tion, TN, TP, nitrate, soluble reactive P, dissolved Si, and par-
ticulate C, N, Si, and P. These particulate data were used to
calculate C:N, C:P, N:P, Si:N, and Si:P seston ratios.

Temperature, pH, conductivity, and photosynthetically ac-
tive radiation were measured with a Hydrolab® multi-
parameter probe (Hach Environmental, Loveland, Colorado).
Dissolved nutrient samples were collected by filtering
through prerinsed 0.4-µm polycarbonate filters and analyzed
by standard methods (American Public Health Association
2000). Nitrate plus nitrite was measured by the Cd reduction
method and soluble reactive P by the ascorbic acid method.
Dissolved Si was measured by the heteropoly blue method.
Material retained on the polycarbonate filters was analyzed
for particulate P by persulfate digestion followed by mea-
surement of soluble reactive P and for particulate Si by so-
dium carbonate digestion followed by measurement of
soluble reactive Si. Particulate C and N were collected on
Whatman GF/F filters (Whatman Inc., Clifton, New Jersey)
and measured via combustion and gas chromatography with
a Carlo Erba 1106 elemental analyzer (Carlo Erba Instru-
ments, Milan, Italy). TP and TN were estimated by summing
dissolved and particulate measurements of each nutrient
(micromoles per litre). This approach provides conservative
low-end estimates of total nutrient pools because dissolved
organic fractions are not represented.

Phytoplankton species composition at each depth was de-
termined in duplicate by settling 50-mL aliquots of water in
an Utermöhl-style chamber and examining through a Nikon
TS-100 inverted phase-contrast microscope (Nikon Inc.) at
400× magnification. Four transects were generally counted
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Fig. 1. Locations of three alpine regions of the western United States from which lacustrine sediment cores were collected: the Zirkel
Wilderness and Rocky Mountain National Park (RMNP) of Colorado and the Beartooth Mountains of Montana and Wyoming. Data
collected at these locations (National Atmospheric Deposition Program/National Trans Network 1984–1996) were used to draw the
total N deposition contours. Nitrogen deposition patterns reveal that the Beartooth Mountains are an area of lower total N deposition
than the Colorado Rockies.



for each sample, but additional transects were added when
needed to ensure a minimum count of 500 cells per sample.
Cell counts for each taxon were converted to the percentage

of the total assemblage that each comprised. The
distributions of A. formosa and F. crotonensis were exam-
ined separately following Interlandi et al. (1999) using
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Fig. 2. Dated (by excess 210Pb activities) sediment profiles of Asterionella formosa and Fragilaria crotonensis from a set of representa-
tive lakes in the (a) central (Beartooth–Absaroka Wilderness) and (b) southern (Colorado) Rocky Mountains of the United States. In-
creases in either taxon generally begin after 1950. Diatom relative abundances and 210Pb chronologies were determined by the methods
outlined in Saros et al. (2003) and Wolfe et al. (2003).

Lake Location
Elevation
(m)

Area
(ha)

Zmax

(m)
Chl max.
(m)

1% PAR
depth (m)

DOC
(mg·L–1) pH

Conductivity
(µS·cm–1)

Alkalinity
(mg·L–1)

Beartooth Park Co., Wyoming 2713 44.5 26.2 12 14.5 1.1 7.6 30.0 19.7
Beauty Park Co., Wyoming 2874 36.4 35.1 9 22.8 0.8 6.9 7.0 7.2
Fossil Carbon Co., Montana 3018 66.7 45.7 16 26.1 0.5 6.7 6.0 2.4
Heart Park Co., Wyoming 3162 16.2 45.7 11 14.0 NA 7.3 6.4 NA
Island Park Co., Wyoming 2901 59.1 30.5 9 11.0 1.4 7.1 7.0 5.8
Kersey Park Co., Montana 2460 47.8 20.7 8 8.2 2.1 7.2 20.0 11.0
Long Park Co., Wyoming 2941 32.4 13.4 9 8.4 1.5 7.0 10.0 7.1

Note: Light profiles were collected in July 2003, and water chemistry data are based on one sample collected from a depth of 2 m in each lake at that
time. Zmax, maximum depth; Chl max., depth of the chlorophyll maximum when the light profiles were collected; PAR, photosynthetically active radiation;
DOC, dissolved organic carbon; NA not available.

Table 2. Location and select characteristics of the seven lakes used to assess distribution patterns of Asterionella formosa and
Fragilaria crotonensis in the Beartooth Wilderness.



Spearman’s rank correlation analysis because most of the
data were not normally distributed. To test which variables
had the strongest effect on the distribution of each taxon, we
explored relationships between the relative abundance of
each phytoplankton taxon and the suite of measured physical
and chemical variables for the entire data set (n = 66). Be-
cause there were 30 correlations attempted per species (15
variables tested in all lakes as well as Beartooth Lake alone),
a level of significance of p ≤ 0.002 (= 0.05/30) was used as
a test criterion. The software JMP (SAS Institute Inc., Cary,
North Carolina) was used for all correlation analyses.

Response to nutrient enrichment
To augment the observations of natural phytoplankton

communities, we conducted two sets of nutrient enrichment
experiments. In the first set, lake water was collected from
the depth of the chlorophyll maximum (8 m) in Beartooth
Lake in July 2002; both A. formosa and F. crotonensis were
among the dominant phytoplankton in this lake at the time
(initial nutrient conditions in this water are described in Ta-
ble 3). Lake water was filtered through a 153-µm mesh to re-
move large grazers, and four nutrient treatments were
created in triplicate: no added nutrients (control), N enrich-
ment (18 µmol N), P enrichment (5 µmol P), and N + P en-
richment (18 µmol N + 5 µmol P). Nitrogen was added in the
form of NaNO3; P was added in the form of NaH2PO4. The
amended water was added to 500-mL clear polycarbonate
bottles and incubated in the lake for 5 days at a depth of 3 m
and a temperature of 14–15 °C. The optical properties of
Beartooth Lake are provided in Table 2. At the end of the
experiment, triplicate 50-mL subsamples were collected
from each bottle and preserved with Lugol’s iodine solution
for enumeration of phytoplankton, as described above.

In the second set of enrichment experiments, the design
and setup were the same except lake water was collected
from 9 m in Beauty Lake in July 2003 (Table 3) and five
nutrient treatments were created in triplicate based on dif-
fering supply ratios: no added nutrients (control), high N:P
enrichment (18 µmol N, 1 µmol P), low N:P enrichment

(18 µmol N, 5 µmol P), high Si:P enrichment (100 µmol Si,
1 µmol P), and low Si:P enrichment (100 µmol N, 5 µmol P).
Silica was added in the form of Na2SiO3. The average tem-
perature over the course of the experiment was 11 °C.

Within each set of experiments, a one-way ANOVA was
used to identify whether the mean population size for each
species differed among treatments. Data were log trans-
formed to meet the assumptions of normality and homogene-
ity of variance (as assessed with Shapiro–Wilk’s test and
Levene’s test of equality of error variances). When signifi-
cant differences were found, pairwise comparisons between
the control and any of the nutrient treatments were per-
formed using Tukey’s honestly significant difference test to
protect against inflation of type I errors that can result from
making multiple comparisons. The software SPSS (SPSS,
Inc., Chicago, Illinois) was used in these analyses.

Results

Distribution patterns in central Rocky Mountain lakes
The main phytoplankton taxa across all lakes in the data

set were A. formosa and Dinobryon sp. Average cell densi-
ties across all lakes were 184 cells·mL–1 for A. formosa and
64 cells·mL–1 for Dinobryon sp. Fragilaria crotonensis,
Tabellaria flocculosa, and Aulacoseira alpigena were also
abundant with average cell densities of approximately 10
cells·mL–1 for each of these taxa. Cryptomonads such as
Rhodomonas sp. and dinoflagellates such as Gymnodinium
sp. were also occasionally present. In general, Dinobryon sp.
dominated phytoplankton assemblages in the hypolimnia of
all lakes, where the chlorophyll maximum occurred, whereas
A. formosa and F. crotonensis were the dominant taxa in the
epi- and metalimnia. Average seston nutrient ratios for each
lake are provided in Table 4.

The distribution of A. formosa across all lakes was posi-
tively correlated with C:P, N:P, and Si:P seston ratios (Ta-
ble 5). For F. crotonensis, the strongest correlation was with
conductivity, with this diatom comprising a greater percent-
age of phytoplankton assemblages when the conductivity ex-
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Dissolved nutrients Seston ratios

Lake PO4 NO3 Si C:N C:P N:P Si:N Si:P Total N Total P

Beartooth 0.04 1.34 36.0 9.9 197 19.9 0.88 17.5 3.94 0.17
Beauty <0.015 1.43 29.7 10.8 323 30.0 — — 4.00 0.09

Note: All nutrient concentrations are reported in µmol and are based on duplicate measurements of the lake water sample.

Table 3. Initial nutrient conditions in the lake water used in the enrichment experiments.

Lake C:N C:P N:P Si:N Si:P

Beartooth (n = 26) 10.4 (0.54) 164.9 (9.4) 17.0 (1.3) 0.79 (0.05) 12.0 (0.59)
Island (n = 25) 9.9 (0.23) 227.0 (36.5) 23.4 (3.9) 0.53 (0.03) 11.3 (1.9)
Kersey (n = 3) 8.1 (0.4) 189.4 (17.7) 24.0 (3.3) 0.34 (0.03) 9.3 (1.8)
Beauty (n = 3) 8.7 (0.8) 227.2 (19.9) 26.3 (2.3) 0.47 (0.02) 12.4 (1.5)
Heart (n = 2) 7.5 (0.05) 46.6 (0.5) 6.25 (0.15) 0.94 (0.06) 5.9 (0.26)
Long (n = 4) 11.0 (1.6) 144.1 (48.5) 11.9 (2.8) 0.32 (0.18) 4.9 (3.0)
Fossil (n = 3) 7.1 (0.74) 168.5 (34.8) 23.7 (2.8) 0.11 (0.02) 2.7 (0.8)

Table 4. Average seston nutrient ratios (determined on a molar basis) in each of the seven lakes investigated,
with standard error given in parentheses.



ceeded 10 µS·cm–1, which only occurred in two lakes in the
area. Of the lakes in this data set, the absolute abundance of
F. crotonensis is by far the greatest in Beartooth Lake,
which is situated at the base of a sedimentary butte and has a
conductivity that varies around 30 µS·cm–1. When the distri-
bution of F. crotonensis within Beartooth Lake over the 3-
week study period is isolated from the rest of the data set,
the relationship with conductivity is no longer significant,
and positive correlations with C:P, Si:P, and pH are apparent
(Table 5); while seston N:P and F. crotonensis appeared to
be positively correlated, the p value of this association fell
just outside the significance level accepted here. In contrast,
when the distribution of A. formosa is examined in
Beartooth Lake alone, the strength of the nutrient correla-
tions remains approximately the same as those in the entire
data set.

Response to nutrient enrichment
Final cell counts for each treatment in the enrichment ex-

periment in Beartooth Lake are displayed in Fig. 3. For both
diatoms, one-way ANOVAs revealed differences among the
treatments (p = 0.001). Tukey’s post hoc comparison be-
tween the control and each enrichment treatment revealed
that N additions stimulated the growth of A. formosa (con-
trol:N, p = 0.039; control : N + P, p = 0.015), whereas P ad-
ditions had no effect (p = 0.63). The number of
F. crotonensis cells increased approximately threefold with
N enrichment (p = 0.001), whereas P additions alone had no
effect (p = 0.95). With the N + P addition, F. crotonensis
populations were six times greater than in the control (p <
0.0001), indicating that this diatom was primarily N limited
but upon releasing this limitation also responded to P addi-
tions.

In the Beauty Lake enrichment experiment, although
F. crotonensis was present initially in the samples, the popu-
lation in each bottle was relatively small (<5 cells·mL–1),
yielding high variability in the final cell numbers. This is
consistent with the observation about the conductivity toler-
ance of F. crotonensis, as the conductivity in Beauty Lake is
7 µS·cm–1. Unfortunately, we were unaware of this constraint
prior to establishing the experiment. Therefore, the results
for this taxon are not reported here.

Differences among the means of the treatments were ob-
served for A. formosa (p < 0.0001) (Fig. 4). Compared with
the control, A. formosa populations were greater in the high-
N:P treatment (p < 0.0001) followed by the low-N:P treat-

ment (p = 0.039). However, a comparison of the means be-
tween the high- and low-N:P treatments indicated no signifi-
cant difference (p = 0.10), so either combination of N and P
enrichment stimulated the growth of this diatom. As men-
tioned above, the amount of N added in either case was the
same; only the concentration of P was altered, with more be-
ing added to the low-N:P treatment. Neither treatment in-
volving Si and P enrichment promoted growth above that
observed in the control (Fig. 4).

Discussion

The distributions of both A. formosa and F. crotonensis
were associated with the same nutrient parameters, showing
positive correlations with C:P and Si:P seston ratios;
A. formosa was also strongly correlated to seston N:P ratios.
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Fragilaria crotonensis Asterionella formosa

Parameter All lakes Beartooth Lake All lakes Beartooth Lake

Conductivity 0.46 (0.0003) 0.35 (0.10) 0.20 (0.13) 0.31 (0.14)
pH 0.33 (0.01) 0.70 (0.0001) 0.37 (0.004) 0.67 (0.0003)
C:P 0.078 (0.56) 0.71 (0.0002) 0.44 (0.0005) 0.44 (0.04)
N:P 0.0059 (0.97) 0.56 (0.008) 0.43 (0.001) 0.51 (0.02)
Si:P 0.032 (0.81) 0.71 (0.0002) 0.48 (0.0001) 0.41 (0.05)

Note: Correlation coefficients in bold were significant (p ≤ 0.002), with p values given in parentheses. All
nutrient ratios are based on micromolar values.

Table 5. Spearman’s rank correlation coefficients for the two taxa and environmental parameters
that were significant in at least one case, with coefficients reported for the entire data set (All
lakes) as well as with data from Beartooth Lake separated out.

Fig. 3. Results of the nutrient enrichment experiments in
Beartooth Lake for (a) Asterionella formosa and (b) Fragilaria
crotonensis with nutrient treatment indicated for each treatment
(n = 3). Error bars reflect standard error estimates.



These taxa are thus abundant at times when P availability is
very low. This further suggests that these diatoms have mod-
erate to high N and Si requirements in these systems, similar
to those observed in large lakes of the Greater Yellowstone
Ecosystem (Interlandi et al. 1999) and consistent with the re-
sults of Michel (2003). The positive correlation between
F. crotonensis and conductivity may explain why increases
in this species are not as widespread in dilute alpine lakes of
the western United States as those of A. formosa.

In all cases in our experiments, both taxa responded
strongly to N enrichment, whereas P enrichment alone had
no effect on either species. In addition, although distribution
patterns in the Beartooth lakes and previous studies of tem-
perate ecotypes of A. formosa indicate a high Si requirement
(Tilman 1981), Si enrichment in the Beauty Lake experiment
did not stimulate its growth.

The resource requirements of A. formosa and
F. crotonensis populations have been previously investigated
at lower elevations in the Greater Yellowstone Ecosystem.
Interlandi (2002) estimated N-limited Monod-type growth
parameters for both species and found that A. formosa had a
significantly lower half-saturation constant value than
F. crotonensis. Roh (2000) evaluated Si and N limitation
among these and other species and found both A. formosa
and F. crotonensis to have relatively low N requirements us-
ing both internal stores and growth rate data. That study also
showed a distinction between these species, indicating that
F. crotonensis had higher N requirements than A. formosa.
Together, these studies suggest that F. crotonensis may be
more dependent than A. formosa on increases in N availabil-
ity in the Beartooth lakes but that it would not take much ad-
ditional N availability to allow both species to flourish.
These two species appear to be good at competing for N
compared with some other commonly studied diatom taxa
(e.g., Tabellaria sp. and Synedra sp.), but A. formosa is the
better of the two.

The role of low-P conditions favoring the growth of
A. formosa and F. crotonensis should not be overlooked,
however, as several lines of field evidence point in this di-
rection. As mentioned above, the positive correlations of
A. formosa and F. crotonensis with C:P, N:P, and Si:P ratios
found in our study and others in the region (Interlandi et al.

1999) are strong evidence of this connection. Paleo-
limnological surveys in the Yellowstone area also yielded
strong correlations between fossil abundance of A. formosa
and sediment C:P, N:P, and Si:P ratios, in direct agreement
with data from the living communities in these lakes
(Interlandi et al. 2003). Whether the mechanism regulating P
drawdown in the Beartooth region is greater N availability
or something else, like longer growing seasons owing to cli-
mate moderation, may remain a bit of a question; however,
the evidence for higher N levels is strong.

While the P requirements of both diatoms appear to be
low in both alpine and temperate (Tilman 1981) lakes, TP
optima determined by modern sediment calibration sets in
temperate systems (Fritz et al. 1993; Reavie and Smol 2001;
Ramstack et al. 2003) are generally between 13 and 25 µg·L–1.
Hence, both diatoms are abundant in meso- to eutrophic wa-
ters. Asterionella formosa and F. crotonensis are two of sev-
eral diatom taxa indicative of modest eutrophication by P
enrichment in temperate lakes. In the Beartooth lakes, these
taxa have increased substantially over the last 30 years, but
TP concentrations in these lakes are almost always below
6 µg·L–1, and neither diatom responded to P enrichment
alone in our experiments. This suggests that, owing to the
formation of biogeographically distinct ecotypes, caution
must be exercised when extrapolating nutrient requirements
across a broad spectrum of ecosystems.

Our results confirm that the recent increases in these two
diatoms in western alpine lakes of the United States are the
result of N enrichment in these systems. Evidence suggests
that the source of this increased N loading is atmospheric
deposition of anthropogenically fixed N, as rates of N depo-
sition have increased across this region during the last half
of the twentieth century (Williams and Tonnessen 2000;
Interlandi et al. 2003) and δ15N values of sedimentary or-
ganic matter declined with the shifts in diatom assemblages
(Wolfe et al. 2001). Other potential changes in N
biogeochemistry may be associated with fish introductions,
primarily brook trout (Salvelinus fontinalis). However,
changes in sedimentary diatom profiles have been observed
in lakes both with and without stocked populations (Wolfe et
al. 2003). Furthermore, the phytoplankton community shifts
recorded in the Beartooth lakes postdate stocking by several
decades (Saros et al. 2003). Indeed, McNaught et al. (1999)
have suggested that trophic cascading in alpine lakes may be
weak or rare owing to the typically high C:P seston ratios in
these systems. Coupled with the absence of additional catch-
ment-scale human activities in these wilderness watersheds,
we surmise that atmospheric deposition of N is the only via-
ble mechanism to account for the dramatic and widespread
reorganizations of phytoplankton communities in western al-
pine lakes.

In conclusion, the indication that enhanced atmospheric N
deposition is driving increases in A. formosa and
F. crotonensis populations is not unexpected in the Colorado
Front Range, as this area is in close proximity (<50 km) to
agricultural, urban, and industrial centers along the Denver –
Boulder – Ft. Collins corridor. Enhanced limnetic dissolved
inorganic N concentrations (Caine 1995; Baron et al. 2000)
and episodic headwater acidification (Williams et al. 1996)
have already been reported on the eastern slope of the Front
Range, an area with some of the highest rates of N deposi-
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Fig. 4. Results of the nutrient enrichment experiment in Beauty
Lake for Asterionella formosa with the nutrient supply ratio indi-
cated for each treatment (n = 3). Error bars reflect standard error
estimates.



tion in the western United States (National Atmospheric De-
position Program/National Trans Network 1984–1996). The
Mount Zirkel Wilderness Area, 80 km to the northwest, has
a significantly lower population density but lies downwind
of large coal-fired power generating facilities at Hayden and
Craig (Colorado), which are deemed fully capable of aug-
menting N deposition to ecologically relevant levels. In con-
trast, lakes in the Beartooth Mountain Range are situated in
an area of low N deposition and thus might not be expected
to show signs of nutrient enrichment. However, in recent
years, the same shifts in diatom communities have occurred
here, which is consistent with the observation that alpine
lake communities have a low resistance to disturbance and
that the threshold at which community reorganizations can
occur is quite low. An additional point is that the largest
phytoplankton species reorganizations in the Beartooths
postdate those observed in Colorado alpine lakes by several
decades, which is entirely consistent with the progressive
regionalization of ecological impacts associated with
anthropogenic N deposition (Vitousek et al. 1997). The
widespread diatom community shifts reported here, coupled
with robust ecophysiological data supporting their associa-
tion with enhanced N availability, imply that more profound
ecological changes can be expected in alpine wilderness lake
of the conterminous United States if N deposition rates con-
tinue to increase. The integration of diatom resource ecology
and paleolimnology is a powerful new approach towards
pinpointing biogeochemical shifts associated with anthro-
pogenic nutrient fluxes.
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