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Abstract The effects of alpine glaciers on the
hydrology, physical features, and biogeochemistry of
lakes have been investigated over contemporary time
scales. However, the influence of these factors on algal
communities over longer time scales remains unclear,
yet is critical to paleolimnological interpretation of
environmental change in alpine regions. We examined
sedimentary algal pigments and fossil diatom assem-
blages in two proximal lakes with equivalent local
climates, one glacier-fed and one snow-fed, in the
central Rocky Mountains (USA) to determine how
glacier meltwater has altered algal records over the
last 3,000 years. Differences between the records of
the two lakes intensified during the Medieval Climate
Anomaly and the Little Ice Age, with the glacier-fed
lake exhibiting an overall increase in fossil algal
pigment concentrations and greater diatom
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assemblage turnover. Starting 1,000 years ago, the
glacier-fed lake in this study showed evidence of
nitrogen enrichment from glacier meltwater, as indi-
cated by increasing relative abundances of Asterio-
nella formosa and, to a lesser extent, Fragilaria
crotonensis. Since the Little Ice Age, diatom species
richness declined in the glacier-fed lake, and further
decreased following the 1950s, while assemblage
turnover increased. These results demonstrate that
glaciers can strongly alter the algal sedimentary record
and should be considered when interpreting high-
elevation lake records.
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Introduction

Fossil algal records are a key tool for deciphering
climate-driven change in montane regions through the
Holocene (Stone and Fritz 2006; Stevens et al. 2000;
Hobbs et al. 2010). These records can provide higher
temporal resolution than pollen-based reconstructions
because algae have shorter generation times than
terrestrial vegetation, and so respond more rapidly to
climate and environmental changes. Sedimentary
archives using fossil algae and pigments can also
extend climate inferences beyond what is possible
from tree-ring reconstructions, which are often limited
to the past millennium. The use of lake sediments to
reconstruct past environmental settings requires the
appropriate integration of the ecological characteris-
tics of biological indicators (chemical optima, habitat
preference, within-lake ecological processes) as well
as site-specific features (landscape, basin morphology,
climate, hydrology) of a given lake.

In alpine regions, glaciers are a key landscape
feature linked to climate, with changes in glacier
meltwaters strongly affecting the hydrology (Schin-
dler and Donahue 2006), chemistry (Thies et al. 2007;
Saros et al. 2010) and water transparency (Hylander
et al. 2011) of lakes. In turn, these physical and
chemical changes affect aquatic production (Vine-
brooke et al. 2010; Slemmons and Saros 2012) and
diversity (Koenings et al. 1990; Milner et al. 2009).
While the effects of glacier meltwater on lake
hydrology and turbidity are long recognized (Irwin
1974; Jansson et al. 2003; Hylander et al. 2011), the
influence of meltwater on the nutrient chemistry of
lakes has only recently been documented (Robinson
and Kawecka 2005; Saros et al. 2010; Hobbs et al.
2011). The observed effects show a high degree of
spatial and likely temporal variability. At present,
lakes in the Rocky Mountains of the US that are fed by
both glacial and snowpack meltwaters (GSF) have
nitrate (N) concentrations up to 200 times greater than
counterpart snow-fed (SF) lakes (Saros et al. 2010),
have higher rates of primary production, are limited by
P rather than co-limited by N and P, and have a lower
species richness (Slemmons and Saros 2012).

The effects of elevated anthropogenic N deposition
on alpine SF lakes over the past 150 years are well
documented (Saros et al. 2005a, 2011; Holtgrieve
et al. 2011). While the mechanisms behind elevated
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nitrate concentrations in GSF lakes have been
explored (Williams et al. 2006; Wynn et al. 2007;
Baron et al. 2009), the source of this N is unresolved.
This raises the question of whether N-enriched
meltwater is a recent phenomenon apparent only with
elevated anthropogenic N deposition during the
twentieth century (NADP 2011), or has alternatively
occurred at other times prior to this. The concentrating
action of glaciers on atmospheric constituents (Daly
and Wani 2005) suggests that GSF lakes may have
experienced N-enriched meltwaters even with pre-
industrial N deposition rates. A 270-year chemical
analysis from the Upper Fremont Glacier in the
Central Rocky Mountains (Wind River Range) indi-
cates slight N enrichment intermittently throughout
the record, with sections from AD 1717-1740 and AD
1890 showing elevated N  concentrations
(>20 pg L), with particularly high enrichment from
AD 1985 to present (>100 pg L™'; Schuster et al.
2000). Amounts of N extracted from numerous ice
cores (GISP2, 20D, Mount Logan, Sentik Glacier and
South Pole) correlate to snow accumulation rate
throughout the last 800 years (Yang et al. 1996),
indicating atmospheric deposition was the source of
elevated N concentrations in glacial ice. Alternatively,
others have suggested a bedrock source of this N,
made available via microbial redox transformations of
nitrogenous compounds in subglacial environments
(Skidmore et al. 2000; Boyd et al. 2011) or photolysis
and nitrogen processing in the glacial ice (Naftz et al.
2011).

Regardless of the N source, the type and mass
balance of a glacier will influence the quantity and
composition of its runoff. Given that the mass balance
of alpine glaciers has varied through the late Holocene
(Carrara 1989), a key question for paleolimnological
interpretation is how these various effects from
glaciers are integrated to influence past lake commu-
nities and affect the accuracy of paleolimnological
inferences. In this study, we examined how algal
communities responded to glacial meltwater through
the late Holocene ( ~ present to 3000 years BP; years
before present) in the central Rocky Mountains of the
US by comparing records from a GSF alpine lake,
Jasper Lake, to those of a neighboring SF lake, Albino
Lake (Fig. 1). We measured fossil algal pigments and
diatom assemblage structure and turnover, as well as
sediment geochemistry in these paired lakes.
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Study site

The Beartooth Mountains, part of the central Rocky
Mountains, are located along the Montana and Wyo-
ming border. This region contains in excess of 600
lakes, many of which are above 2,700 m and above
treeline (Fig. 1). The geology of the region is
composed primarily of 2.8-3.2 billion year old
Precambrian granite and crystalline metamorphic
rock. Slow bedrock weathering rates lead to low

conductivity (average of 11 uS cm™', Arnett et al.
2012) and phosphorus concentrations in lakes in this
area (Saros et al. 2005b). Since the beginning of the
twentieth century, the area covered by glaciers in this
region has declined by ~42 % (Fountain et al. 2007),
with only 25 small glaciers and remnant ice patches
remaining today. Low N deposition rates
(<200 kg N km™2 year™'; NADP 2011) in the region
result in very low N concentrations (<10 pg NO; -N L™;
Saros et al. 2010) in SF lakes, with many of the lakes in
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this region N limited (Saros et al. 2005a). Fossil
diatom assemblages suggest that enhanced N deposi-
tion during the twentieth century elicited changes in
phytoplankton assemblages after 1980 in SF lakes in
this area (Saros et al. 2005a).

Glacier advance and retreat in the central Rocky
Mountains through the late Holocene (~ 3000 years
BP) have exhibited temporal and spatial variation
(Whitlock and Bartlein 1993) and are largely con-
trolled by the interplay between the Pacific Decadal
Oscillation (McCabe and Dettinger 2002) and EI Nifio
events (Barron and Anderson 2011). In particular,
during the late Holocene, major glacial fluctuations
included advances during the Little Ice Age
(100-500 years BP), and the Neoglacial period
(2500-3400 years BP), and recession during the
Medieval Climate Anomaly (750-1150 years BP;
Carrara 1989). Evidence suggests that glaciers in this
region did not grow to their maximum extent until the
end of the Little Ice Age (~AD 1850). Although
determining the age of the glaciers is difficult,
evidence suggests that they date to approximately
7000 years BP (Carrara 1989). Over the last
150 years, glaciers have rapidly receded due to a
sizable decrease in winter snowpack in conjunction
with hot, dry summers, resulting in recession rates up
to 100 m year™' during the period of AD 1917-1941
(Pederson et al. 2004).

We selected two lakes in this region, Jasper Lake,
fed by a remnant glacier (area <0.1 km?), and Albino
Lake, fed by snowmelt alone (Fig. 1), to examine
patterns of change in fossil algal records. Given that
glaciers did not grow to their maximum extent until the
end of the Little Ice Age, the glacial history of Albino
Lake prior to that time is unknown. However, Albino
Lake did not receive glacial meltwater during the Little
Ice Age. While separated hydrologically, these two
lakes are in close proximity and share similarities in
many physical and chemical characteristics (Table 1;
Saros et al. 2010; Slemmons and Saros 2012). The two
lakes are similar in area and maximum depth. The
study lakes have similar water transparencies, with
1 % attenuation depths for photosynthetically active
radiation (PAR), as determined from diffuse attenua-
tion coefficient (Ky) values (Z; ¢ = 4.6/K4 par), of
15 m for Jasper and 14 m for Albino. Total phosphorus
concentrations were also similar (Jasper = 9 pg L™",
Albino = 10 pg L™"). Silica concentrations are
higher in Albino Lake (2,104 ug L™") compared to

@ Springer

Table 1 Select characteristics of the study lakes (Saros et al.
2010; Slemmons and Saros 2012)

Metric Jasper Lake Albino Lake
(GSF) (SF)
Elevation (m a.s.l.) 3,089 3,045
Lake area (km?) 0.22 0.16
Zonax (M) 33 45
Mixing depth (m) 6 8
Epilimnion temperature (°C) 11 11
Z, ¢ PAR (m) 15.0 14.0
pH 8.2 7.7
NO;™-N (g L™h 125 2
Silica (ng L™h 1,321 2,104
Chlorophyll (ug L™ 42 1.4
Total phosphorus (pg L= 9 10

One percent attenuation depths for photosynthetically active
radiation (PAR) determined from diffuse attenuation
coefficient (Ky) values (Z; ¢, = 4.6/Ky par). Quantification
limits for all nutrient analyses were 1 pug L™'; values for
soluble reactive phosphorus were <1 pg L™" and are therefore
not included. Nitrate and chlorophyll concentrations are
average water-column measurements

Jasper (1,321 pg L™"). While silica requirements vary
among diatom species (~average 55 pg L™'; Tilman
et al. 1982), the concentrations in these lakes are more
than adequate for phytoplankton growth. A key
difference at present between the two lakes is their
nitrate concentrations, with 125 pg NO3 N L™! in
Jasper compared to 2 pg NO3 N L™ in Albino.
Subsequently, average water column chlorophyll con-
centrations are three times higher in Jasper Lake
(4.2 pg L™") than in Albino Lake (1.4 ug L™Y). Sed-
imentation rates differ dramatically between Jasper
and Albino Lakes largely given the glacial meltwater
input into Jasper Lake.

Materials and methods
Core collection, dating and characterization

A 71.5-cm core was extracted from Jasper Lake and a
64.5-cm core was extracted from Albino using a rod-
operated piston corer in July of 2010. Cores were dated
using 2'°Pb activity counted by using a high purity
germanium well detector with a low background
graded lead shield for thirteen (Jasper) and nine
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(Albino) samples (Appleby and Oldfield 1978).
Counts were conducted over a 24 h period for most
samples. Position of the Cesium peak was used to
verify 21%pp  dates (Eakins and Morrison 1978).
Chronology was based on the constant rate of supply
model (Appleby and Oldfield 1978). Radiocarbon
dating was conducted on concentrated pollen isola-
tions from depths of 27, 40, and 62.5 cm in Jasper
Lake and 11.5, 17.5, 20, and 40 cm in Albino Lake.
Pollen was isolated by screening with a 6-pum Nitex
nylon mesh to remove clay particles <6 pm, processed
with hydrofluoric acid to remove excessive biogenic
silica (Bsi) in a few cases, and separated by centrifu-
gation using POLY-GEE sodium polytungstate (den-
sity 2.8) powder (GEOLiquids Inc.,). Samples were
dated at the Lawrence Livermore Center for Acceler-
ator Mass Spectrometry (CAMS). The age model and
error estimates was created using R package, BChron
(version 2.12.2) which determined the most likely age-
depth estimate using Bayesian probability techniques.
All radiocarbon dates were calibrated to calendar
years using CALIB 5.0 (M. Stuiver, PJ Reimer and R.
Reimer) and will be referred to herein as calibrated
ages in years BP.

The fraction of organic sediments was calculated by
weight of loss on ignition at 550 °C for 2 h. The
percent inorganic material in sediment was measured
following combustion at 950 °C (Heiri et al. 2001).
Minerogenic flux, used as an alternative measure of
glaciofluvial output, was calculated using Pb*'® dates
and loss on ignition values. BSi, a measure of the
amorphous silica content of sediment that is used to
infer overall diatom productivity over time (Conley
1998; Conley and Schelske 2001), was quantified
based on the procedures outlined in Conley (1998).
Freeze-dried sediment (30 mg) was digested by add-
ing 40 mL of 1 % Na,COs and placing in a shaker bath
at 85 °C and 100 rpm. At 2, 3, 4 and 5 h of digestion
time, samples were allowed to cool to room temper-
ature and 1 mL aliquots were extracted and placed into
10 mL sample vials containing 9 mL of 0.021 N HCI.
These diluted extracts were analyzed for dissolved
reactive silica via the heteropoly blue method (APHA
2000) with a Varian Cary-50 UV-VIS Spectropho-
tometer. Given the high weight percentage of silica in
these sediments, digested sediment was examined to
verify complete dissolution. These sediments were
compared to samples that were digested in a 5 %
Na,COj3 solution. Least squares regression analysis

was used to determine the intercept from the change in
dissolved silica concentration versus time. Taking into
account sample weight and dilutions the intercept of
this equation is typically the BSi concentration of the
sediment (Conley 1998). However, in cases of high
Bsi concentrations such as in these samples, concen-
trations do not increase with digestion time and
therefore determining silica concentrations based on
an increasing slope cannot be calculated. As a result,
the mean concentration from the sub-samplings was
used to estimate the Bsi concentration (Conley 1998;
Conley and Schelske 2001).

Pigment analysis

Pigments derived from photosynthetic organisms can
be used to estimate past lake primary production and,
since pigments have some taxonomic specificity, can
provide information regarding past algal assemblage
structure (McGowan 2013). Sedimentary pigments
were quantified using standard high performance
liquid chromatographic separations of chlorophylls
(chls), carotenoids and associated derivatives (Leavitt
and Findlay 1994). Pigments were extracted, filtered,
and dried under N, gas. Extracts were separated in an
Agilent 1200 series separation module with quaternary
pump following methods developed by Chen et al.
(2001). Pigments were identified by spectral charac-
teristics and chromatographic mobility and compared
to unialgal cultures, which were also used to calibrate
pigment concentrations (Chen et al. 2001). Analysis
included pigments from all algae and plant chloro-
phylls (chlorophyll a and derivatives, B-carotene),
chlorophytes (chlorophyll b and derivatives, lutein),
total cyanobacteria (zeaxanthin), colonial cyanobac-
teria and zooplankton (canthaxanthin), diatoms (di-
atoxanthin, fucoxanthin), cryptophytes (alloxanthin),
chrysophtes (fucoxanthin, diatoxanthin), and dino-
flagellates (diatoxanthin). Total algal biomass was
based on the sum of B-carotene and pheophytin a, two
chemically stable indicators found in all algal groups
(Leavitt and Carpenter 1990). Pigment concentrations
were normalized to sediment organic matter and were
measured at ~2.0 cm resolution.

Diatom enumeration

Diatom assemblages were determined in every 0.5 cm
increment throughout each core. Samples for diatom
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analysis were treated with 10 % HCIl to remove
carbonate material, followed by 30 % H,O, to remove
organic matter. Diatom slides were prepared accord-
ing to standard procedures (Battarbee 1986) and
examined using an Olympus BX51 microscope with
differential interference contrast. A minimum of 300
diatom valves were identified and enumerated from
random transects from each slide under oil immersion
at 600x magnification. Diatoms were identified using
Krammer and Lange-Bertalot (1986-1991) and Cam-
burn and Charles (2000). The ratio of planktic to
benthic (P:B) diatoms was calculated for each depth in
the cores based on ecology of the species (Krammer
and Lange-Bertalot 1986; Spaulding et al. 2010).
Tychoplanktic and meroplanktic species were
included in the planktic component of the assemblage.
Comparisons were made excluding these species from
the analysis to determine if P:B yielded similar
patterns.

Statistical analyses

Principal components analysis was conducted on
pigment concentrations from each lake to express
dominant trends or patterns of variation over time
using R (version 2.12.2; Legendre and Birks 2001).
Detrended correspondence analysis (DCA) in R
(version 2.12.2) was used to summarize the dominant
trend in diatom assemblage structure and the amount
of compositional change or turnover (Hill and Gauch
1980; Legendre and Birks 2001). Analysis included
the percent relative abundance of all diatom species,
square root transformed, with down-weighting of rare
taxa. To identify the change in species richness
through time, average diatom species richness was
calculated with a consistent sample size of 300
individuals using rarefaction analysis (Analytic Rar-
efaction 1.3, Steven M. Holland). Relative species
richness was normalized to the average deviation of
the mean and will be referred to hereafter as species
richness unless otherwise indicated.

Results
Core chronology and characterization

Ten 2!°Pb dates and three '*C dates were calculated in
the Jasper Lake (GSF). For Jasper Lake, the age-depth
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relationship was highly collinear and the age model
produced an inferred age at the bottom of the 71.5 cm
core as ~ 3000 years BP. Eight 2'°Pb dates and three
14C dates were calculated in Albino Lake (SF) and the
age-model was calculated in the same manner as
Jasper Lake. For Albino Lake, there was some
disagreement between the *'°Pb dates and the '*C
dates. Results from the *'°Pb and '*C dating models
for Jasper (Fig. 2a) and Albino (Fig. 2b) reveal that
the sedimentation rate in Jasper is greater than that in
Albino, with 71 cm representing ~3000 years BP in
Jasper and ~ 18 cm representing the same time frame
in Albino. As a result, only the first 18 cm of Albino
were used in further analyses.

Both lakes had sediments that were largely com-
posed of inorganic material (Jasper 86-92 %; Albino
85-91 %, Fig. 3). Minerogenic flux was greater in
Jasper Lake (GSF) relative to Albino (SF). Minero-
genic flux ranged from 0.022 to 0.041 g cm ™2 year ™'
in Jasper, and 0.004-0.009 g cm ™~ year™ " in Albino.
The percent organic content of the Jasper core (GSF;
Fig. 3a) showed little  directional  change
(~10-10.5 %) throughout the record until approxi-
mately the middle of the LIA when it decreased,
possibly owing to greater influx of inorganic material
from glacier meltwater. Albino Lake (SF) also had a
similar organic content (10-10.5 %) throughout the
record until the end of the LIA, and then increased
throughout the twentieth century (Fig. 3b). Jasper Lake
only exhibited this increase at the top of the core. BSi
concentrations were high in both lakes (Jasper aver-
age = 29.7 % weight SiO,, Fig. 3a; Albino = 21.8 %
weight SiO,, Fig. 3b). The BSi profile in Jasper Lake
showed a marked decline at the start of the MCA;
concentrations remained low throughout the LIA, and
then increased since 1850 AD. Bsi in Albino Lake was
highly variable but with no directional change. Bsi
accumulation rates were higher in Jasper Lake
(0.007-0.014 g cm ™2 year™') compared to Albino
Lake (0.0003-0.005 g cm™~ year™').

Pigment analysis

PCA scores were strong estimators of the major
patterns in algal change in Jasper Lake (GSF; axis 1
explained 44.5 % of the variance; Fig. 3a) and to a
lesser degree in Albino Lake (SF; axis 1 explained
32.5 %; Fig. 3b). In Jasper Lake (GSF) a substantial
increase in the total algal biomass (j-carotene and
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pheophytin a), total chlorophyll pigments (chlorophyll
a, pheophytin a and b, and phaeophorbide a), lutein—
zeaxanthin (chlorophytes and total cyanobacteria),
canthaxanthin (colonial cyanobacteria) and alloxan-
thin (cryptophytes) occurred during the start of the
MCA (circa 1150 years BP) and peaked at the middle
of the LIA (AD 1700). Prior to this, these pigments had
low concentrations and showed minimal directional
change. In contrast, diatoxanthin (diatoms, dinoflag-
ellates, chrysophytes) concentrations declined during
the MCA and remained lower during the LIA (average
4.5 nmol g~ organic carbon). Concentrations of this
pigment gradually increased at the end of the LIA and
throughout the modern period (present to AD 1950;
average = 7.1 nmol g~ '). Trends in average diato-
xanthin concentrations over a given period reflect
those of the average Bsi concentrations (pre-MCA
average = 28.7 % weight SiO,; MCA aver-
age = 21.3 % weight SiO,; modern aver-
age = 34.3 % weight SiO,). In Albino Lake (SF),
total algal biomass was fairly constant throughout the
entire record with highs occurring in the mid-Neogla-
cial (2750 years BP), the end of the MCA
(~750 years BP), and recent times (AD 1997—pres-
ent) and lows occurring mid-Neoglacial (2230 and
2660 years BP), and recent times (AD 1971). Diato-
xanthin and lutein—zeaxanthin increased towards the
end of the Neoglacial (~2600 years BP) and
remained high until the start of the MCA. In contrast

to Jasper pigments, alloxanthin, lutein—zeaxanthin and
canthaxanthin declined throughout the MCA and most
of the LIA, and rebounded during the twentieth
century. Similarly to Jasper pigments, diatoxanthin
declined during the MCA and LIA, and then
rebounded during the twentieth century.

Diatom stratigraphy

A total of 110 diatom taxa were identified in the
sediment core from Jasper Lake (GSF; Fig. 4a). Jasper
showed significant shifts in the dominant species
throughout the core. Throughout the early portion of
the record, Achnanthes and Fragilaria (sensu lato)
species dominated. Taxa such as Pinnularia biceps W.
Gregory and Sellaphora pupula (Kiitzing) Meresch-
kovsky each comprised about 10 % of assemblages
over this time, while Aulacoseira alpigenaldistans
(Grunow) Krammer and Aulacoseira lirata (Ehren-
berg) R. Ross varied from about 0 to 10 % of
assemblages. Shortly before the MCA, the relative
abundances of the planktic species Discostella stelli-
gera (Cleve & Grunow) Houk & Klee and Asterio-
nella formosa Hassall, began to increase. During the
LIA, they sharply increased; Fragilaria crotonensis
Kitton also increased and Tetracyclus glans (Ehren-
berg) Mills showed a maximum peak, while Aula-
coseira species declined notably. During the twentieth
century, A. formosa, F. crotonensis, and D. stelligera
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Fig. 3 Biogeochemical stratigraphy of a Jasper Lake and
b Albino Lake. Biogenic silica based on percent weight of SiO,.
Percent organic based on loss-on-ignition analysis. Algal
pigment analysis included: alloxanthin, diatoxanthin, lutein—
zeaxanthin (lutein—zea), canthaxanthin, total algal biomass (sum
of B-carotene and pheophytin a), and total chlorophyll pigments

dominated diatom assemblages. During this same
time, there was a decline in small Fragilaria and
Achnanthes (sensu lato) species.

A total of 112 diatom taxa were found in the
sediment core from Albino Lake (SF; Fig. 4b) with the
dominant diatom species, D. stelligera and small
Fragilaria species, remaining relatively consistent
over the ~3,000 year period. There was a slight
increase in A. formosa during the twentieth century.

Diatom species richness in Jasper Lake (raw
richness values range = 23-47; mean = 36) was
relatively constant up until the LIA, at which point it
shifted downward, followed by an additional down-
ward shift during the twentieth century (Fig. 4a).
Likewise, planktic:benthic ratios indicate that diatom
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nmol/g organic carbon PCA axis 1 Score

(Tchl; a sum of chlorophyll a, pheophytin a and b, and
pheophorbide a). Principal components analysis (PCA) based
on entire pigment analysis. Light gray bars capture the Little Ice
Age (100-500 years BP), Medieval Climate Anomaly
(750-1150 years BP), and the Neoglacial period
(2500-3400 years BP)

communities were dominated by benthic taxa until the
start of the LIA, at which point these ratios progres-
sively shifted towards planktic domination (Fig. 4a).
Diatom species richness in Albino Lake (raw richness
values range = 28-47; average = 37) was less vari-
able than that in Jasper Lake (Fig. 4b) and did not
show a directional decline starting with the LIA as in
Jasper. Planktic:benthic ratio varied throughout the
Albino core but with no directional trends (Fig. 4b).

Assemblage change
The DCA axis 1 gradient length for Jasper was 1.9

with the axis 1 scores explaining 16.5 % of the
variation in diatom communities (Fig. 4a). The first
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Fig. 4 Diatom stratigraphy of a Jasper Lake, a glacially-fed
lake and b Albino Lake ordered by appearance in the record and
showing the relative frequencies of species composing at least
10 % of the assemblage at a given depth. Small colonial
Fragilariales included: Staurosira construen Ehrenberg, S.
construens var.venter (Ehrenberg) Hamilton, S. pinnata and
Fragilaria brevistriata Grunow. Planktic to benthic ratio, with

axis 1 gradient length for Albino was 0.96 with the
axis 1 scores explaining 6.5 % of the variation in
Albino communities (SF; Fig. 4b). Assemblage turn-
over (DCA axis 1 scores) in Albino was highly
variable throughout the core but demonstrated no
directional change, whereas in Jasper, assemblage
turnover was relatively stable until near the middle of
the MCA (~ 800 years BP), at which point turnover
increased.

Discussion

The fossil algal records in glacier-fed Jasper Lake
showed greater change through the late Holocene,

DCA axis 1 Score Avg. deviation (E[S300)]

planktic including meroplanktic species such as Aulacoseira sp.
Detrended correspondence analysis (DCA) axis 1 scores of the
entire diatom assemblage. Species richness values are the
deviation from the average richness. Light gray bars capture the
Little Ice Age (100-600 years BP), Medieval Climate Anomaly
(700-1000 years BP), and the Neoglacial period
(2500-3400 years BP)

particularly since the MCA, when compared to those
of nearby snow-fed Albino Lake, which showed
relatively little change over this time frame (Fig. 5).
This underscores the importance of considering the
presence of glaciers on the watershed when interpret-
ing environmental change from algal records in alpine
lakes, as it can create disparate records across lakes in
close proximity to one another. We attribute the
differences in the GSF and SF lakes in our study
primarily to N enrichment from glacier meltwater
starting just prior to the MCA when glacial meltwater
influx to Jasper Lake would have increased with
warming climate. In addition, to a lesser degree, these
differences may be due to possible lake-level rise with
increased glacial meltwater flow following the LIA.

@ Springer



394

J Paleolimnol (2015) 53:385-399

<
I~
<
QZz
'@‘Q
<
& & kS
< o &
S & &
& & N
53 N N2
< ¥ S
° ‘%\‘b &
<+ > &
1 Il Il 1 L 1 ] L 1 1
0] Cad =,
200 % ﬁé
400
600
800
1000
1200
- ]
A 1400
@ ]
§ 1600 7
1800
2000
2200
2400
2600
2800
3000
T T T T T T 1 T T T LI
0.00 0.04 0.000 0.006 0012 0 20 600 1200 -40 -20 00 20

g of mineral matter/cm>/yr BSi/em%/yr

Fig. 5 Comparison of select data for the two lakes, including,
minerogenic flux in grams of mineral matter per cm? per year,
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total chlorophyll pigments (Tchl; a sum of chlorophyll a,
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air temperature for the northern Rocky Mountains (at annual

Several features of the diatom record in Jasper Lake
(GSF) provide evidence for mild N enrichment
starting approximately 1000 years BP. A. formosa
increased in relative abundance at the onset of the
MCA and F. crotonensis increased during the LIA.
These two species are indicators of N enrichment in
alpine lakes of the Rocky Mountains, and have
increased in SF lakes in this region during the
twentieth century owing to enhanced atmospheric N
deposition (Saros et al. 2005a). This same pattern of
twentieth century change is apparent in the Albino
Lake (SF) diatom record, with an increase in the
relative abundance of A. formosa only over the last
century. However, the increase in relative abundances
of A. formosa and F. crotonensis much earlier in the
diatom record (MCA) in Jasper suggests that glacial
meltwater had become a source of N enrichment to the
lake. The continuing increases in relative abundances
of these two species during the LIA and into the
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DCA axis 1 Score

nmol/g organic carbon Temperature anomaly (°C)

resolution smoothed with a 20-year spline; Luckman and
Wilson 2005). Solid circles represent Jasper Lake (GSF) and
hollow triangles represent Albino Lake (SF). Light gray bars
capture the Little Ice Age (100-600 years BP), Medieval
Climate Anomaly (700-1000 years BP), and the Neoglacial
period (2500-3400 years BP)

twentieth century indicate that N enrichment grew
stronger over time. The half-saturation constants (Kg)
for N that are available for some of the diatom taxa in
the Jasper record further support that N enrichment
began over 1000 years BP and has increased over
time. Lower Kg values indicate lower requirements for
a given nutrient and better competitive ability for that
nutrient. Beginning at the start of the MCA, the
sequential shift in the relative abundances of Stauros-
irella pinnata (Ehrenberg) D. M. Williams & Round;
Kgs = 0.003 uM), T. glans (Kg = 0.012 uM), F. cro-
tonensis (0.028 uM), and A. formosa (Ks = 0.041 pM)
(Michel et al. 2006) reveal a directional change through
time to a greater relative abundance of taxa with higher
N requirements.

The Jasper Lake algal pigment record also suggests
N enrichment in this lake starting with the MCA, as
concentrations of various algal pigments (alloxanthin,
total chlorophyll, canthaxanthin, and total algal
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abundance) increased markedly during this time. With
the exception of diatoxanthin, these pigments showed
low concentrations prior to the MCA and no direc-
tional change. The increase in algal pigments, often an
indication of a change in lake production, may have
occurred due to an increase in N-enriched runoff as a
result of increased glacier volume during cold times
(LIA) and an increase in runoff with glacial melting
during warmer periods (MCA and modern times). In
Jasper Lake, the algal assemblage was dominated
intermittently by diatoms (as indicated by an increase
in BSi concentrations) from the beginning of the
record (~ 3000 years BP) to the middle of the MCA
(~850 years BP). This decline preceded an increase
in cryptophytes (alloxanthin) and chlorophytes
(lutein) during the latter part of the MCA and the
LIA, possibility indicating an escalation in plankton
production of these other algal groups. This increase in
non-diatom plankton productivity as indicated through
the pigment analysis is synchronous with a decline in
some diatom taxa, particularly small Fragilaria spe-
cies and Aulacoseira species, but the emergence of
others (A. formosa, F. crotonensis and D. stelligera) at
the start of the MCA. While these species increase
only slightly during the MCA, they are key indicator
taxa of mild N increase, indicating that N enrichment
is a more probable explanation than lake-level change.
While these changes in algal communities indicate N
enrichment in Jasper, they are not apparent in the
snow-fed Albino Lake, where algal pigments of
various groups decline during this same time. Conse-
quently, these differences in the responses of algal
communities between these two lakes in close prox-
imity to each other suggest that changes in the duration
of ice cover are not likely primary drivers of these
patterns in the algal records.

The decline in diatom species richness in Jasper
Lake at the start of the LIA is also consistent with N
enrichment. Historically, many SF lakes in this region
of the Rocky Mountains were N limited (Morris and
Lewis 1988) and today show N and phosphorus co-
limitation. In contrast, GSF lakes in the central Rocky
Mountains, including Jasper Lake, are phosphorus-
limited (Slemmons and Saros 2012) owing to high
nitrate concentrations that are delivered via glacier
meltwater. Today, GSF lakes in the central Rocky
Mountains, including Jasper Lake, have lower species
richness than SF lakes in the area (Slemmons and
Saros 2012). Species richness decline has been linked

to N enrichment and subsequent decline in the number
of nutrients limiting algal growth (Interlandi and
Kilham 2001).

Discostella stelligera was a relatively abundant
taxon in both lake records. Interpreting environmental
change from this species alone can be difficult because
its environmental requirements can be somewhat
diverse and may vary regionally (Koster and Pienitz
2006; Arnett et al. 2012; Saros and Anderson 2014),
underscoring the importance of incorporating lake
context and a multi-species approach for accurate
interpretation. Increases in the relative abundance of
this particular species have been attributed to changes
in the length of the ice-free season (Riihland et al.
2003), mixing depth (Winder et al. 2009), nitrate
(Koster and Pienitz 2006) or to a combination of
factors such as mixing depth and nitrate (Saros et al.
2012). While this species has very low N and
phosphorus requirements (Tibby 2004; Arnett et al.
2012), it is also opportunistic and can dominate when
nutrients increase (Koster and Pienitz 2006). Conse-
quently, the use of this species for paleolimnological
interpretations must be done cautiously and in tandem
with other indicator species. However, the increases in
A. formosa and F. crotonensis, two reliable N indica-
tors, in conjunction with the increase in D. stelligera in
Jasper Lake suggests that D. stelligera may also have
responded to N enrichment, with this enrichment
enhanced in the twentieth century with accelerated
glacial melting. In comparison, the consistent pre-
sence of D. stelligera throughout the Albino record
exclusive of other N indicating species suggests that
D. stelligera responded to factors other than nutrients.
It may be consistently, relatively abundant in this
dilute alpine lake because few other taxa can flourish
there.

Lake-level rise or longer ice free periods in Jasper
Lake following the LIA are also possible secondary
mechanisms to explain some of the changes in fossil
algal records, because a substantial increase in the
proportion of planktic species occurs over the last
50 years. We recognize that without the bathymetry of
these lakes, it is difficult to determine how the
available planktic and benthic habitat areas would
change with lake level. While a variety of other
conditions may influence the planktic to benthic ratio
of diatoms such as changes in PAR, UV, lake
morphology, and food web dynamics (Stone and Fritz
2004), an increase in the planktic to benthic ratio in

@ Springer



396

J Paleolimnol (2015) 53:385-399

simple basins is often attributed to an increase in lake
level (Hoagland and Peterson 1990) or an increase in
overall algal productivity as a result of nutrient
enrichment (Anderson 1989). Increases in algal pig-
ments and a relatively stable P:B suggest nutrient
enrichment during the LIA. Following the LIA, during
accelerated glacial melting, the increase in P:B and
diatoxanthin concentrations denote a possible lake-
level increase as melting glaciers have been linked to
increased lake level in other regions such as the
Tibetan Plateau (Zhang et al. 2011). In terms of the
length of ice-free period, changes in ice-off generally
occur coherently within a region (Magnuson et al.
2000) and would consequently be apparent in both
Jasper and Albino if this were the mechanistic link
stimulating the shift in P:B communities. Our under-
standing of how glacier meltwater may alter the timing
of lake ice-off is limited and merits more attention.

Although the possibility of pigment degradation
exists, Bsi concentrations generally reflect similar
trends to those of the diatoxanthin concentrations,
suggesting that the diatoxanthin profile reflects pat-
terns in diatom abundance. While fossil pigment
preservation can vary independent of diatom produc-
tivity (Leavitt 1993), and pigments can degrade
rapidly and selectively (Furlong and Carpenter 1988;
Hurley and Armstrong 1990) or be lost during
deposition, fossil pigments and algal abundance
remain correlated through time barring changes in
morphometry, light attenuation, stratification or hypo-
limnion oxygen content (Leavitt 1993). It is possible
that light attenuation conditions may have changed in
Jasper Lake over time if glacial flour loading varied.
Increased turbidity from this material can negatively
affect the preservation of fossil algal records (Kar-
abanov et al. 2004). Currently, Jasper is not turbid, and
has essentially equal water transparency to Albino
Lake (Table 1), but this may not have always been the
case. However, the period of highest percent inorganic
material in Jasper sediments occurred from the end of
the LIA to near present (AD 2007), with other periods
of high percent organic also observed during
1350-1450 and 1700-2000 years BP. During all of
these periods, glacial flour may have increased
turbidity and caused a shift to taxa tolerant of low
light conditions.

While these results do indicate that N rich glacial
meltwater is not only a recent (twentieth century)
phenomenon as is evident by increasing relative
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abundances of N-indicating diatom species in lake
sediments over the last 1,000 years, it raises the
question of why N does not appear to be a driver
during and following other periods of glacial advance
and retreat such as in the Neoglacial period. Evidence
suggests that glaciers in this region did not grow to
their maximum extent until the end of the Little Ice
Age, estimated to be AD 1850 for the Rocky Mountain
region, and therefore, determining the age, growth and
retreat of the glaciers early on in the record is difficult
(Carrara 1989). The magnitude of glacier meltwater
input during the Neoglacial therefore remains unclear,
but the fossil algal records from Jasper suggest that if
the lake was receiving meltwater it was not sufficiently
enriched in N to elicit an ecological change.

An additional consideration is the role of permafrost
indetermining N concentrations in surface waters in this
region. Thawing of discontinuous permafrost has been
linked to higher total N concentrations in Arctic and
subarctic regions (Frey et al. 2007; Walvoord and
Striegl 2007). However, little is known about the extent,
distribution and composition of permafrost in alpine
areas (Ives and Fahey 1971) and has only recently been
explored (Janke 2005) with one of the possible sources
for elevated nitrogen being linked to the thawing of
glacial and permafrost features (Barnes et al. 2013).
Furthermore, thawing would potentially deliver addi-
tional dissolved organic carbon to the GSF lake, which
could favor facultative heterotrophs such as crypto-
phytes and also potentially alter lake thermal structure
(Fee et al. 1996). This potential source of N and
dissolved organic carbon along with the role of chemical
weathering following deglaciation on the nutrient
budgets of oligotrophic lakes merits more attention
(Fritz and Anderson 2013) and is an important consid-
eration for paleolimnological interpretation.

Our results indicate that this GSF lake has experi-
enced N enrichment for over 1,000 years as the mass
balance of glaciers has varied. This underscores the
importance of considering the effects of glaciers over
time as they may skew the interpretations gleaned
from paleolimnological indicators, particularly when
evidence of alpine glaciers is gone, further reinforcing
the need for documentation of glacier size, presence
and recession in a watershed. With the recent focus on
N deposition issues in the Rocky Mountains (Baron
et al. 2009; Saros et al. 2011), the confounding effects
of N rich meltwater on lakes, in addition to atmo-
spheric deposition serving as an additional source of N
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delivery to GSF lakes, may alter the response observed
in the fossil record, warranting that GSF lakes remain
outside of these types of studies focused on deposition
changes over the twentieth century.

Overall we found that, in the central Rocky
Mountains, glacial meltwater is a powerful driver of
algal community change and that nitrogen delivery is
the most likely driver of that change. This N enrich-
ment has altered the fossil algal record, resulting in
differences in algal communities relative to the SF lake
in this study. The GSF Jasper Lake showed a shift to
diatom species with higher N requirements over the last
1,000 years. During the twentieth century, Jasper Lake
exhibited a substantial decline in species richness and
increase in P:B. In contrast, Albino Lake showed
minimal directional change over the 3,000-year period.
This study highlights the importance of glaciers as a
landscape feature that affects algal communities in
lakes. It also sheds light on the importance of
integrating glaciers as a driver of ecosystem processes
for accurate paleolimnological interpretations particu-
larly when alpine glaciers have disappeared. While this
study indicates that glaciers are substantial drivers of
algal community change, the sample size is limited.
However, with both Jasper (GSF) and Albino (SF)
receiving equivalent N deposition during the twentieth
century, the augmented N supplied by a rapidly melting
proximal glacier to Jasper Lake elicited a divergent
pattern of diatom community change relative to snow-
fed Albino Lake. Determining whether this pattern in
algal community change occurs among other lakes
receiving glacial meltwater merits more attention.
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