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Abstract To demonstrate the sensitivity of aquatic
ecosystems to forecasted increases in nitrogen depo-
sition along the eastern ranges of the Canadian Rocky
Mountains, we conducted midsummer limnological
surveys of 29 remote alpine lakes and ponds via
helicopter in 2007. Chemical analysis of water and in
vitro nitrogen-enrichment bioassays of phytoplankton
collected from each site were performed to estimate
nutrient limitation. Use of a common chemical index
for nutrient limitation (total dissolved inorganic nitro-
gen: total phosphorus; DIN:TP) together with sup-
portive experimental evidence revealed nitrogen
limitation in only 14% of the cases. Shallow (<1 m
maximum depth) ponds were more likely to be
nitrogen-limited than lakes, especially as the former
exhibited a significantly lower mean DIN:TP ratio of
7.4 during the late summer. Chemical and bioassay-
based inferences of nitrogen limitation agreed in
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74.5% of the cases, owing mainly to evidence of
phosphorus limitation of the surveyed lake ecosystems
(mean DIN:TP = 18) being supported by nonsignif-
icant responses of their phytoplankton to nitrogen
amendment. Our findings reveal that increased nitro-
gen deposition should not result in immediate wide-
spread eutrophication of the Canadian Rockies;
however, certain alpine ponds appeared nitrogen-
limited, making them sensitive early indicators of the
potential effects of anthropogenic nitrogen deposition
in remote mountainous regions.
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Introduction

Anthropogenic nitrogen deposition is a key stressor
defining the impacts of global change on aquatic
ecosystems (Sala et al., 2000; Bergstrom & Jansson,
2006). While pronounced levels of nitrogen deposi-
tion (e.g., 25 kg N ha~' year™') often occur near
urban centers, rates are also increasing in remote
areas, such the California Sierra Nevada and Colo-
rado Front Range (Fenn et al., 2003). Although
nitrogen deposition rates along the eastern front
ranges of the Canadian Rockies have varied from 5 to
10 kg N ha™' year™! over the past decade (Alberta
Environment, unpublished data), these are expected
to similarly increase as a consequence of expanding
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human development (Schindler & Smol, 2006;
Schindler et al., 2006).

Several lines of evidence suggest that mountain
lake ecosystems in certain regions of North America
are limited by the availability of nitrogen, making
them highly sensitive to increased nitrogen deposition.
Chemical analysis of water collected from mountain
lakes has provided indirect evidence of nitrogen
limitation. Specifically, a ratio of dissolved inorganic
nitrogen (DIN) to total phosphorus (TP) below a value
of one has been used to infer nitrogen limitation of
phytoplankton in Colorado mountain lakes (Morris &
Lewis, 1988), Sierra Nevada lakes (Sickman et al.,
2003), and Canadian alpine ponds (McMaster &
Schindler, 2005). Paleolimnological studies have also
inferred that recent increases in nitrogen deposition
best explain shifts in algal and diatom communities of
mountain lakes (Saros et al., 2003; Das et al., 2005).
Further, in situ and in vitro experiments have demon-
strated nitrogen limitation of phytoplankton in high-
elevation lakes of Colorado (Morris & Lewis, 1988),
Alaska (Levine & Whalen, 2001), and Wyoming
(Lafrancois et al., 2003; Nydick et al., 2004). The
positive effect of nitrogen on phytoplankton abun-
dance often depends on phosphorus availability
(Schindler, 1977), which can vary across mountain
lakes and ponds (McMaster & Schindler, 2005).
However, a meta-analysis of the literature indicated
that nitrogen limitation is relatively rare compared to
co-limitation by both nitrogen and phosphorus in
freshwater ecosystems based on evidence from in vitro
nutrient-amendment bioassays (Elser et al., 2007).

The main aim of our study was to determine the
potential sensitivity of phytoplankton to nitrogen
deposition across alpine lakes and ponds of the
eastern front range of the Canadian Rockies, using
two indices of nitrogen limitation. We generated
DIN:TP ratios for 29 water bodies surveyed during
summer 2007 to infer the nature of their nutrient
limitation (i.e., nitrogen-, phosphorus-, or co-limita-
tion). Also, we conducted in vitro nitrogen-enrich-
ment experiments using water and extant
phytoplankton from each of the surveyed sites to
corroborate our chemically based inferences of
nutrient limitation. We hypothesized that inferred
nitrogen limitation would be more pronounced in
ponds than in lakes. The rationale for our hypothesis
was based on an earlier report by McMaster &
Schindler (2005), which indicated that ponds along
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the eastern front ranges of the Canadian Rockies
often contain undetectable concentrations of dis-
solved inorganic nitrogen, while phosphorus levels
are relatively elevated owing to internal loading of
phosphorus from the sediments.

Materials and methods

The survey spanned 29 water bodies located across
Banff and Yoho National parks (Fig. 1). All sites
were fishless, non-glacial, and situated above tree line
(>2,100 m asl). At each site, sampling was per-
formed from its deepest point from an inflatable one-
person boat during early July and again in late August
2007. Lake depth was measured using a depth
sounder. Air temperature was measured using a
mercury thermometer, while underwater tempera-
tures were recorded at 1-m depth intervals using a
YSI temperature probe to 1 m above sediments in
lakes, and to the water—sediment interface in ponds.
The penetration of light was measured using a Secchi
disk, which was deployed from the shaded side of the
boat. We defined the depth of euphotic zone at each
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Fig. 1 Locations of surveyed alpine water bodies in national
mountain parks of Canada. Site numbers correspond with
geographic locations shown in Appendix, Electronic Supple-
mentary Material
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site by a doubling of the Secchi depth (Wetzel &
Likens, 2000), which was truncated in the surveyed
ponds (<1 m maximum depth) where it surpassed the
maximum depth of the sediments.

The maximum depth of both the sampled water
body and its euphotic zone influenced how we
sampled for water. Water was collected usually from
the top, middle, and bottom of each euphotic zone
using a 2-1 Van Dorn bottle, and pooled into an acid-
washed 10-1 cubitainer. If the euphotic zone extended
to the bottom of a lake, then water was collected from
the top, middle, and 1 m above the sediments. In the
sampled ponds, surface water collections were per-
formed. At each site, an unfiltered 2-1 subsample was
stored in an opaque Nalgene container for total
nutrient analysis, while a 1-1 sample of unsieved
water was filtered onto a Whatman GF/F filter to
concentrate phytoplankton. The filtrate was stored in
a 500-ml Nalgene for total dissolved nutrient anal-
yses, and the filter placed in a petri dish wrapped with
tinfoil. Another 1-1 of unsieved water was filtered
through an ashed Whatman GF/F filter for analysis of
particulate C, N, P. All samples were stored on ice
and transported back from each remote site to
Canmore AB via helicopter. Thereafter, samples
were transported 500 km to the University of Alberta
to conduct nutrient bioassays and chemical analysis.
The remaining unfiltered water was sieved through a
stainless steel sieve (64-um mesh size) to remove
crustacean zooplankton and rotifers, and stored in an
acid-washed 2-1 amber Nalgene container until con-
ducting the nitrogen-amendment bioassay. The bio-
assays were started within 3 days of water collection.

Analysis of water chemistry was performed at the
University of Alberta Biogeochemical Analytical
Facility (URL link: http://www.biology.ualberta.ca/
facilities/limnology). Total nitrogen (TN), total dis-
solved nitrogen (TDN), ammonia (NH,), and nitrate/
nitrite (NO3 4+ NO,) were measured colorimetrically
via NaOH-persulfate oxidation and cadmium reduc-
tion using a Lachat Quikchem 8500 FIA automated
ion analyzer with detection limits of 7, 7, 2, and
1 pg 17", respectively. Particulate nitrogen (PN) was
determined using an Exeter 440 CHN analyzer. Dis-
solved organic carbon (DOC) was measured using a
Shimadzu 5000A TOC Analyzer with a detection
limit of 0.1 mg 17", Total phosphorus (unfiltered) and
total dissolved phosphorus (0.45-um filtered) were
determined via automated ascorbic acid reduction

using a Lachat QuickChem 8500 multichannel flow
analyzer with a detection limit of 1 ug 1~'. DIN:TP
ratios were calculated based on weight (i.e., pg
DIN:ug TP) to enable direct comparison with values
reported previously by Morris & Lewis (1988) and
Sickman et al. (2003).

To test for nitrogen limitation in each water body,
we performed a single-factor (control, nitrogen-
amended) experiment in triplicate for a total of six
culture vessels. Sieved water from each water body
was mixed vigorously and transferred into 250 ml
clear, vented, polystyrene culture vessels (Corning,
USA). Three culture vessels were enriched with N to
a final concentration of 1 mg 1™' by adding 1 ml of
an ammonium nitrate solution, while 1 ml of double
deionized water was added to the controls. We
conducted the experiment in a growth chamber at
12°C using Phillips® 44 watts fluorescent bulbs to
produce 4,100 1x over a 12-h light:dark cycle. During
the 12-day experiment, the culture vessels were
shaken every 3 days, and randomly repositioned.

On day 12, each culture vessel was shaken
rigorously for 30 s and 150 ml of its contents
concentrated onto Whatman GF/F filters to determine
final total chlorophyll concentration. An Agilent 1100
Series high performance liquid chromatography
(HPLC) unit equipped with a Varian Microsorb-
100A C18 column was used to perform a standard
procedure for quantifying chlorophyll concentrations
(Vinebrooke et al., 2002). Chlorophylls were identi-
fied using in-line diode array and fluorescence
detectors having tested detection limits of 0.2 and
0.1 pg 17!, respectively. Total chlorophyll concen-
trations were quantified via calibration equations and
an electronic spectral library constructed using stan-
dards of chlorophylls a, b, and ¢ purchased from DHI
Water and Environment (Agern Alle 5, DK-2970
Hoersholm, Denmark).

We tested statistically for both significant predic-
tive relationships between measured chemical vari-
ables and total chlorophyll using regression analysis,
and differences in total chlorophyll between controls
and nitrogen-amended phytoplankton communities
using analysis of variance (ANOVA). Two-way
ANOVAs were also conducted to determine if
phytoplankton response to nitrogen amendment
depended on water body type (lake vs. pond), or
period of sampling (early vs. late summer). Regres-
sion analysis and ANOVA were performed using
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SPSS Version 11 for Macintosh®. Data were log10-
transformed prior to analysis to improve normality
and homogeneity of variance.

Results

Limnological conditions varied substantially among
the surveyed alpine sites (Appendix in Electronic
Supplementary Material). TDN varied from 15 to
935 pug 17!, while dissolved inorganic nitrogen
(NH, + NOy) ranged from only 1 to 373 pg 17",
indicating that a large portion of TDN was organically
bound, especially in the shallow water bodies. In
comparison, TP varied from 1 to 72 pug 17" across the
surveyed sites. As a result, DIN:TP ratios ranged from
<1 to 109. DOC concentrations were relatively low
(<2 mg 17", except in certain visibly stained ponds
(e.g., Snowflake ponds). Similarly, total chlorophyll
levels were relatively low (<10 pg 17') across most
sites, reflecting their oligotrophic status. Significant
chemical predictors of total chlorophyll concentra-
tions were DIN (r = 0.52, P < 0.001), TP (r = 0.51,
P < 0.001), and DOC (r = 0.45, P = 0.001).

The surveyed alpine ponds were more chemically
concentrated than the lakes (Fig. 2). TN levels were
over two-fold times greater in ponds than in lakes,
owing primarily to higher concentrations of TDN.
DIN levels were only slightly elevated in ponds
relative to lakes, while TP concentrations were three-
fold times greater in ponds. Consequently, the mean
DIN:TP ratio of 7.4 was significantly (F,34 = 6.23
P = 0.01) lower by 50% in the ponds compared to
the lakes. Ponds also contained significantly
(F1335 = 9.11, P = 0.004) greater concentrations of
total chlorophyll than did lakes, averaging
04pgl™ ' £129SE and 0.1 pg1™' +0.16 SE,
respectively.

Inferences of nutrient limitation based on DIN:TP
ratios revealed that most surveyed water bodies were
likely limited by phosphorus and not nitrogen (i.e.,
DIN:TP >4), especially during early summer (Fig. 3).
However, DIN:TP ratios were lower for many sites
sampled during late summer, resulting in several
relatively shallow ecosystems (Elk Lake, Sparrow-
hawk Pond 1, Upper Sue Lake, Snowflake Ponds 2
and 3) appearing to be co-limited or limited by
nitrogen. Only certain ponds (Snowflake Ponds 1 and
4, Cathedral Pond) showed sufficiently low DIN:TP
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Fig. 3 Dissolved inorganic nitrogen to total phosphorus ratios
(DIN:TP) for surveyed lakes and ponds from the early (solid
bars, July 10-20), and late (open bars, Aug 7-Sep 13)
sampling periods. Values above the solid line (DIN:TP >4) are
inferred to be phosphorus-limited. Values below the dashed
line (DIN:TP <1) are categorized as nitrogen-limited. Inter-
mediate values falling between the solid and dashed lines are
inferred to be co-limited by nitrogen and phosphorus
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ratios to be considered nitrogen-limited (i.e., DIN:TP
<1).

Bioassays showed that nitrogen amendment did
not significantly (Fj,65 = 2.1, P = 0.15) increase
final total phytoplankton chlorophyll concentration
across all of the water bodies sampled during either
early (Fig. 4) or late summer 2007 (Fig. 5). Although
phytoplankton collected from ponds showed several
positive responses to nutrient amendment, the effect
of nitrogen on total chlorophyll did not differ
significantly (nitrogen—water body interaction;
Fi65 = 0.02, P=0.96) between pond and lake
communities. Harvested final total chlorophyll con-
centrations from the bioassays were significantly
(water body effect; Fz63 = 2.9, P = 0.05) higher
for ponds than lakes.

A comparison of our chemically inferred and
bioassay-based lines of evidence of nitrogen limita-
tion revealed a level of agreement equaling 74.5%
(Appendix in Electronic Supplementary Material).
Chemical inferences of nitrogen limitation (i.e.,
DIN:TP <1) was coupled with significant positive
algal responses to added nitrogen in four cases,
namely Capricorn Lake, Cathedral Pond, Snowflake
Ponds 1 and 4 (Appendix in Electronic Supplemen-
tary Material). Otherwise, chemically inferred nitro-
gen limitation was not supported by a positive
chlorophyll response only in the case of David Lake
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Fig. 4 Final total chlorophyll concentrations for nitrogen
bioassays conducted in the early sampling period (July 10—
20). Solid bars depict controls, while open bars represent
nitrogen-enriched communities

87

5,00 -

%4,59-

s 400 4

2

ES.SI!J—

£

2 3.00 4

2

= 2.50 -

:

= 2.0 4

2

3

L‘l.Sﬂ-

-]

3 i

£

£ 0.50

: b I |

000 W DNERN g HNHINANE e 10,
- = - - E
SEEETzE¢sEscn iR aggnt
§gfEd" 5953445 33C335328E+
= 2 55 ﬁC_E 22222 AR ESeE B B B
- "% 2% #3°53F PEE &S
z & z =
= 5: Tz 2:2:2 5

F&

Fig. 5 Final total chlorophyll concentrations for nitrogen
bioassays conducted in the late sampling period (Aug 7-Sep
13). Solid bars depict controls, while open bars represent
nitrogen-enriched communities

(Appendix in Electronic Supplementary Material).
High DIN:TP ratios (i.e., >10) indicating phosphorus
limitation were supported by nonsignificant effects of
nitrogen enrichment on total chlorophyll, except in
few cases. Here, DIN:TP ratios greater than 10
underestimated the positive effect of nitrogen amend-
ment on the total chlorophyll content of phytoplank-
ton collected in July (e.g., B95, Middle Devon,
Sparrowhawk Pond 1, Sue Lake) (Fig. 4). Similarly,
high DIN:TP ratios for certain sites sampled during
late summer 2007 ran counter to increased levels of
chlorophyll in the experimentally nitrogen-enriched
phytoplankton (e.g., Elk Lake, McConnell Lake,
Nymph Pond, Opabin Lake, Snowflake Lake)
(Fig. 5).

Discussion

Our limnological survey and bioassays of phyto-
plankton from the eastern front ranges of the
Canadian Rockies generated two lines of evidence
suggesting that most will not respond to rising levels
of anthropogenic nitrogen deposition. The chemical
inferences of nutrient limitation in these ecosystems
agreed with our experimental evidence in most cases.
The surveyed lakes and many ponds contained high
DIN:TP ratios and phytoplankton that did not usually
show significant positive responses to nitrogen
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enrichment, suggesting that phosphorus limitation of
aquatic ecosystems is common place in this region.
Low DIN:TP values coupled with positive increases
in chlorophyll following experimental enrichment
with nitrogen revealed that certain ponds were
nitrogen-limited, and thus, shallow aquatic alpine
ecosystems can function as useful indicators of
increases in nitrogen deposition. Therefore, synoptic
surveys of water chemistry from this area appear in
most cases to provide information that is consistent
with bioassay-derived evidence regarding nitrogen
limitation and the sensitivity of the lakes and ponds to
elevated nitrogen deposition.

Several potential explanations exist for the few
discrepancies that we detected between the survey-
based and experimental evidence of nutrient limita-
tion. Specifically, nitrogen enrichment on eight
occasions enhanced the total chlorophyll content of
phytoplankton collected from sites that were chem-
ically inferred to be phosphorus-limited (i.e., DIN:TP
>10). Depletion of dissolved gaseous nitrogen (N,)
in the culture vessels may have impeded N,-fixation
(Schindler, 1998), thereby generating false positive
responses to nitrogen enrichment during the bioas-
says. Further, we chose a relatively long incubation
period of 12 days to better insure detection of
changes in chlorophyll given initially sparse phyto-
plankton concentrations; however, this may have
worsened the lack of N, and contributed to limitation
of N,-fixation. In comparison, potential carbon lim-
itation owing to the poor availability of gaseous
carbon dioxide in the culture vessels was unlikely
given the water used in the bioassays were collected
from slightly alkaline (pH 8-9), carbonate-rich lakes
and ponds. Another possible explanation involves the
lack of grazing pressure in nutrient-enrichment
bioassays (Schindler, 1998), which may have enabled
certain highly edible phytoplankton that are other-
wise suppressed by predation in the lakes and ponds
to respond positively to nitrogen enrichment. We are
confident that our reported DIN:TP ratios provided
reliable indication of nutrient limitation and were not
skewed by sampling or analytical error since our
values were consistent with earlier chemical reports
(McMaster & Schindler, 1995) for many of these
sites.

Only four ponds and two shallow lakes showed
evidence that consistently demonstrated nitrogen- or
co-limitation (Appendix in Electronic Supplementary
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Material). These sites had low DIN:TP values (i.e.,
<4) and contained phytoplankton that increased in
total chlorophyll following enrichment with nitrogen.
Their responsiveness to nitrogen may be attributed to
a variety of factors. Wind-driven events can facilitate
rapid nitrogen assimilation by benthic biofilms,
thereby outcompeting phytoplankton by drawing
down DIN Ilevels in the water column (Axler &
Reuter, 1996). Further, the relatively elevated TP
levels found in these high-elevation ecosystems
suggest that internal loading of phosphorus is suffi-
cient to negate the possibility of phosphorus limita-
tion. Wind-driven resuspension of sediments and
pronounced release of phosphorus into the water
column occur more frequently in shallower systems
where the smaller volume of water does not allow for
dilution as it would in larger lakes (Schallenberg &
Burns, 2004). Interestingly, evidence of nitrogen
limitation in our study originated most often with
samples collected during late summer, suggesting
that elevated nitrogen deposition that occurs in the
form of summer rainfall would have more pro-
nounced immediate impacts on these shallow eco-
systems than nitrogen inputs from melting snow
packs in June.

Although DIN:TP and chlorophyll responses to
nitrogen enrichment both indicated that certain shal-
low ecosystems were either co-limited or limited by
nitrogen, these indicators were not supported by the
Redfield index of the nutritional status of the phyto-
plankton, namely, particulate nitrogen:particulate
phosphorus (PN:PP). In comparison, DIN:TP is con-
sidered to better reflect the nutrient supply to the
phytoplankton because it incorporates both the exter-
nal availability of nitrogen and internal cellular storage
of phosphorus (Morris & Lewis, 1988). The six
phytoplankton communities that responded positively
to nitrogen enrichment exhibited a mean PN:PP of
14.9, which suggested a deficiency in phosphorus.
Similar disagreement between DIN:TP and PN:PP
estimates of nutrient limitation in high-elevation have
been previously reported, and attributed to the poten-
tially confounding effect of micronutrient limitation
involving trace metals (Sickman, 2001). Another
potential confounding factor involves DOC affecting
the bioavailability of the dissolved nitrogen fraction of
TN. In particular, large differences between TDN and
DIN levels within the nitrogen-limited ponds indicated
that a large proportion (82%) of the dissolved nitrogen
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was organically bound, and therefore, not likely
directly available for uptake by the phytoplankton
(Antia et al., 1991). Similarly, remote shallow lakes in
the Andes, Antarctica, and Himalayas also appear to
be nitrogen-limited, containing low TN concentrations
consisting mainly of organic nitrogen (Rogora et al.,
2008).

An important question arising from our findings is
whether the observed general lack of nitrogen limita-
tion in water bodies along the eastern front ranges of
the Canadian Rockies is attributable to recent anthro-
pogenic events or long-term natural conditions. For
example, shifts toward increased phosphorus limita-
tion of phytoplankton in high-elevation lakes have
been attributed to high levels of anthropogenic nitro-
gen deposition (Goldman et al., 1993; Sickman, 2001;
Bergstrom et al., 2008). However, moderately elevated
levels of nitrogen deposition are considered relatively
recent phenomena in the less developed Canadian
Rockies (Schindler et al., 2006), and paleolimnolog-
ical evidence suggests that nitrogen levels in several of
the non-glaciated alpine lakes have remained stable
over the past century (R.D. Vinebrooke, unpublished
data; Bunting et al., 2010). Therefore, widespread
phosphorus limitation of these and other large alpine
lake ecosystems in the region likely reflects their
natural trophic status. In comparison, evidence of
nitrogen limitation being pond-specific reflects the
stronger land—water linkage between nitrogen-limited
terrestrial and shallow freshwater ecosystems (Gra-
ham et al., 2006).
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