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We use three-dimensional modeling of the basin of Hidden Lake, Montana, to assess the
influence of effective fetch on diatom-inferred changes in mixing depths throughout the
Holocene. The basin of Hidden Lake is characterized by a complex morphometry; for
example, three-dimensional modeling of the lake basin indicates that a decrease in lake
level of 2 m would result in complete isolation of the deepest part of the lake basin from
the rest of the lake. Our model suggests that small changes in the lake surface elevation
at Hidden Lake would produce threshold-like responses in effective fetch, which in turn
would have a profound influence on average lake mixing depth. The present-day planktic
diatom community of Hidden Lake is comprised of three species. Neo-ecological
experiments revealed the effect of mixing depth and nutrient levels on growth rates
of these species. A sediment core collected from the deepest part of the lake basin and
spanning the last 8,640 years was analyzed for diatoms. Here we show how changes in
fetch through the Holocene explain changes in the dominant planktic diatom species by
modification of the thermal structure of Hidden Lake. Additionally, the timing of diatom-
inferred changes in effective moisture and thermal structure from Hidden Lake were
compared to late Holocene patterns reconstructed from other regional lake records.
Between 8.64 — 7.61 ka the diatom record from Hidden Lake suggests that the lake
was deep and fresh, although somewhat lower than the modern lake. After 7.61 ka,
water levels rose, expanding the available benthic diatom habitat. Between 6.18 and
4.13 ka, lake level declined and seasonal stratification was enhanced. After 1.4 ka, the
lake became deeper and less stratified in response to the effects of enhanced fetch.
We argue that changes in effective fetch may play an important, and underexplored,
role in planktic diatorn community structure over longer time scales and should be more
broadly considered in paleolimnological studies.

Keywords: diatoms, fetch, paleolimnology, thermal structure, lakes, lake level, Holocene

INTRODUCTION

Lakes that are sensitive to changes in effective moisture are highly desirable for paleolimnological
studies because variations in lake surface elevation can readily alter the water chemistry,
nutrient cycling, and availability of limnobiotic habitats (Stone and Fritz, 2004; Fritz, 2008;
Wolin and Stone, 2010). Ideally, limnologic responses faithfully record changing climates and
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environmental variables through time by archiving variations
in sediment characteristics, geochemistry, and remains of
environmentally sensitive organisms (Fritz, 1996).

Morphometric parameters of most lake basins, such as depth,
surface area, volume, and basin shape, typically are persistent
factors over shorter timeframes. These factors combine with
the positional framework components of a basin, such as
fetch, aspect, and exposure to wind, to ensure that most lake
environments are relatively stable. However, these features of
the basin also make the sensitivity to hydroclimate variations
over time unique for each lake, even within the same
region (Ragotzkie, 1978; Fritz et al,, 2000; Hakanson, 2005;
Wigdahl et al., 2014).

Physical properties are critical factors that influence the heat
budget of a lake (Ragotzkie, 1978). Among other things, they
significantly impact the timing of ice formation and breakup,
the thermal structure of the lake throughout the season (Davies-
Colley, 1988; Gorham and Boyce, 1989; Robertson and Ragotzkie,
1990; Pal’shin et al., 2008), the maximum heat content during the
ice free period, and snow coverage (Scott, 1964; Ragotzkie, 1978).
Consequently, the influence of physical properties reverberates
throughout the limnologic environment. It affects physical
limnological settings, such as nutrient cycling (Osgood, 1988),
light penetration and turbidity (Bernhardt et al., 2008; von Einem
and Graneli, 2010), sediment redistribution (Evans, 1994; Blais
and Kalff, 1995; Hamilton and Mitchell, 1996; Bachmann et al.,
2000), and sedimentation rates (Lehman, 1975; Anderson, 1990).
Hence, it also influences nearly every biological aspect of the
ecosystem from phytoplankton production (Fee, 1979; Davies-
Colley, 1988; Carrick et al., 1993; Diehl et al., 2002) to availability
of fish habitats (Hakanson, 2005).

Despite the relevance of these factors to understanding
lake and lake-ecosystem response to climate change,
paleolimnological studies rarely examine the effects of changing
lake surface elevation on morphometric basin parameters,
other than water depth (Mason et al, 1994; Verschuren,
1999). This is somewhat surprising, considering the relative
ease and inexpensiveness of generating lake morphometric data
(Hakanson, 1981) compared to the potential for utilizing this type
of information to improve paleolimnological inferences. From
a bathymetric map and software capable of three-dimensional
modeling, it is possible to generate all of the morphometric
parameters listed above for a modern lake, as well as potential
lake morphometries under various lake surface elevations,
including conditions substantially deeper and shallower than the
modern lake (Stone and Fritz, 2004; Wigdahl et al., 2014).

Fetch, which is the distance that wind blows across a
lake surface, is a simple morphometric parameter to measure
from a bathymetric map (Hakanson, 1981). Since wind rarely
blows in a constant direction, fetch is commonly calculated
as effective fetch, which takes into consideration a range of
possible wind directions and includes the influence of lake width
across those directions on wave energy (Smith and Sinclair,
1972; Hakanson and Jansson, 1983). The influence of fetch
on most lake systems is profound; fetch is a principle factor
affecting wave energy, and as a result, the influence of fetch
on seasonal mixing and thermocline development is substantial

(Ragotzkie, 1978; Gorham and Boyce, 1989; Hakanson, 2005; von
Einem and Graneli, 2010). In shallower areas of a lake, wave
energy and the depth of convective mixing controls resuspension
of lake sediment (Hékanson and Jansson, 1983; Whitmore et al.,
1996; Bachmann et al, 2000). As a result, fetch is also a
primary control on macrophyte distribution (Rea et al., 1998;
Thomaz et al.,, 2003). In smaller, temperate lakes, fetch exerts
a critical influence over the temperature threshold at which
a lake will freeze over and can influence snow coverage, and
thus ice thickness and the timing of ice breakup (Scott, 1964;
Ragotzkie, 1978). Together, fetch combines with wind strength
and duration, air temperature, winter precipitation, average
depth, and irradiance/light penetration (Fee et al., 1996; Snucins
and Gunn, 2000; Houser, 2006; Persson and Jones, 2008) to
control the seasonal progression of the thermal structure of a lake.

In all lakes that are sensitive to changes in effective moisture,
as lake levels fluctuate, there is a potential for a change in fetch.
Since the lake surface area grows or shrinks with changes in lake
volume, the straight-line distance from shore to the shore may
be substantially altered. This is particularly true of lakes with
a complex bathymetry (multiple-basin lakes), where a relatively
small change in lake level may result in a substantial change in
lake surface area, for example when lake basins become isolated
from each other under shallowing conditions or coalesce when
lake levels rise (Stone and Fritz, 2004). These threshold responses
in fetch create an intriguing potential for paleolimnological
studies, where a series of cascading changes in fundamental
lake dynamics may be affected by a fairly minor change in lake
surface elevation.

Because of their sensitivity to a variety of changes in the lake
environment, particularly changes in lake level, water chemistry,
mixing depth, and nutrient conditions, fossil diatom assemblages
are used frequently in paleolimnologic studies (Fritz, 1996; Diehl
et al., 2002; Wolin and Stone, 2010; Saros et al., 2012; Stone
etal., 2016). Saros et al. (2012) explicitly explored the autecology
of three planktic diatom species (Lindavia intermedia, Lindavia
comensis, and Discostella stelligera) that occur in the modern
diatom community of Hidden Lake. Using a set of neo-ecological
experiments designed to gauge the influence of the interaction
of mixing depth and nutrients on growth rates, these three
diatom species were determined to express a growth preference
reflecting a gradient of mixing depths. These experiments were
coupled with the collection of a sediment core from Hidden Lake,
which was used to reconstruct the recent (past few centuries)
record of changes in mixing depth over time, using the same
three diatom species which frequently occur in fossil diatom
assemblages of the core.

The modern bathymetry of Hidden Lake is complex
(Figure 1), and has a linear geometry with multiple sub-basins.
Because of the linear geometry, relatively large surface area,
and the fact that it is inset into a relatively narrow valley,
fetch invariably plays a large role in the energy of the modern
lake (Smith and Sinclair, 1972; Hakanson and Jansson, 1983).
Additionally, the depth of the sub-basins is highly asymmetric;
the basin has one deep sub-basin connected by a relatively
shallow arch to the rest of the lake. Over very long timeframes,
such as the Holocene, the influence of the basin morphology,
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FIGURE 1 | Bathymetric map of Hidden Lake. Core location marked by filled star. Contour intervals shown are in 5 m intervals. Location of Hidden Lake, Foy Lake
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and its interaction with changes in lake level, are substantially
more likely to have played a role in the thermal structure of
the lake. To test this hypothesis, we created a three-dimensional
model of the lake basin using a bathymetric map we generated by
measuring depths throughout the lake. We used this information
to calculate lake surface areas across a range of potential lake
levels. We then used this information to estimate effective fetch
and compared this modeled information against the diatom-
inferred mixing depth reconstructed from the sediment record
for the last 8,500 years.

Hidden Lake (N48° 4053/, W113° 44'34.5") is located in
Glacier National Park, immediately west of the Continental
Divide (Figure 1). Local bedrock is composed of Proterozoic
sedimentary rocks, mainly mudstones, of the Belt Supergroup.

The lake is inset into a steep-walled basin oriented primarily
NW-SE. Talus deposits border the eastern margin of the lake
(particularly on the southern end), composed of unsorted and
mainly unvegetated, angular rubble. The surrounding basin is
primarily exposed bedrock with rocky alpine meadows on flat
areas and linear copses of evergreens along moderate slopes.
Hidden Lake is a low-nutrient system [total phosphorus
(TP) 1.2 pg/L, Nitrate-N (NO3~N) 25 pg/L, dissolved organic
carbon (DOC) 0.4 mg/L] with high light penetration [July 1%
photosynthetically active radiation (PAR) 34 m]. Consequently,
the sedimentation rate is very low (0.08 mm/year). Measurements
taken in July 2007 indicated a mixed layer depth of 5 m, with
an epilimnion temperature of ~15°C. This site was selected for
analysis because the primary planktic diatom species that occur
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in the modern lake system are composed of Lindavia comensis,
with smaller percentages of Discostella stelligera, and Lindavia
intermedia. The ecology of these three species, within the context
of alpine and subalpine lakes of the Northern and Central US
Rocky Mountains, were examined in a broader component of
this research project in a series of assay experiments performed
in situ, which found the primary controls on growth to be
correlated to (either independently or in combination) NO3™N
and mixing depth (thickness of the mixed layer) under stratified
lake conditions (Saros et al., 2012; Saros and Anderson, 2015).

MATERIALS AND METHODS
Bathymetry and Morphometry

Twenty-seven measurements of the depth to the sediment-water
interface were taken with a hand-held depth-finder from a series
of transects on Hidden Lake. Depth measurements were overlain
onto a topographic map and the basin was digitized using
Surfer 10.0 (Golden Software, 2010). A scaled, three-dimensional
model of the lake bathymetry (Figure 1) and topography of the
surrounding basin was generated by gridding the data using
a minimum curvature method at a 3 m equant horizontal
resolution. Values for lake volume, water surface area, and lake
basin (sediment-water) surface area, were calculated within the
program Surfer. 3D modeling of the lake basin using Surfer
allowed for iterative calculations of every potential lake surface
elevation from the modern lake surface elevation down to the
minimum potential lake surface in 0.5-m resolution depth steps.
Modern Hidden Lake currently overflows via a small stream
(Hidden Creek), which would limit significant rise of lake
level within the existing basin. Because of this, potential lake
surface elevations above the modern lake elevation were ignored
when modeling. Regions outside the modern lake margin and
shallower sub-basins within the lake that became isolated from
the deepest basin (where the core was collected) when potential
lake elevation surfaces were lower were ‘blanked’ from the model
to remove them from contributing to lake volume and surface
area calculations. Mean lake depth was calculated by dividing the
total lake volume at a given modeled lake elevation by the total
planar surface area for that elevation.

Lake volumes calculated using Surfer were created by
averaging the values from three estimation techniques
(Trapezoidal Rule, Simpson’s Rule, and Simpson’s 3/8th
Rule), with an average relative error of approximately 0.02%
between the three techniques. Values for planar surface area and
basin surface area for each contour interval also were calculated
within Surfer, using the equation for calculating the area of
a polygon with n vertices (where x and y are coordinates in
Cartesian space):

1/2 Z(x,-y,- +1—x+1y) (1)

i=1

Average depth values for the lake were calculated for each
potential lake elevation by dividing the calculated volume (m?)
by the calculated planar surface area (m?).

Fetch was calculated at each modeled lake surface elevation
from a fixed point in the middle of the deepest basin (near the
core site; Figure 1). Maximum effective fetch was also calculated
for the lake at every potential modeled lake elevation. Effective
fetch was calculated using the following formula, after Hikanson
and Jansson (1983):

L= > xi-Ccos Y @)

2. cos i
Where x; is the distance to the shore at angles in increments of
+6° (y) from 0 to 42° from the direction of maximum fetch.

Core Collection, Subsampling,
Age-Depth Model

Sediment was collected from an inflatable boat from the deepest
basin (~30 mbls) of Hidden Lake (Figure 1) with a simple pole-
driven (Griffith) piston corer during the summer of 2007. The
sediment-water interface was preserved intact, in a polycarbonate
barrel that captured a sedimentary sequence 65 cm in length.
The complete core was sub-sampled in the field, continuously,
in 0.5-cm increments. A set of materials were collected for
dating (Table 1) using a combination of 2!°Pb-dating (Appleby
and Oldfield, 1978) for near-surface sediments and a series
of AMS radiocarbon-dated materials, including wood/plant
fragments (Stuiver et al., 1998) that were recovered throughout
the core (Table 1). 21°Pb activities were counted by gamma ray
spectroscopy methods; the 21°Pb chronology was based on the
constant rate of supply (CRS) model. An age model for the
core was constructed (Figure 2) using the Bayesian age-depth
modeling software BACON (version 2.2) (Blaauw and Christen,
2011). All ages reported herein as “ka” are calibrated ages in 1000s
of years before 1950.

Fossil Diatom Analysis

One hundred and thirty-one samples were collected from
the core for diatom analysis. Each sample was treated with
10% HCI and 35% H>O, at room temperature to digest
carbonate and organic material. Known quantities of polystyrene
microspheres were added to estimate diatom concentrations
(Battarbee, 2003); diatoms were mounted in Zrax, a high-
refractive index medium. Diatom frustules were analyzed using
a Zeiss AxioSkop2 transmitted light microscope at 1000x
magnification under differential interference contrast. Diatom
species were identified to the lowest taxonomic level possible
using the following taxonomic guides: Foged (1981); Cumming
et al. (1995), Lange-Bertalot et al. (1996); Camburn and Charles
(2000), Fallu et al. (2000), and Bahls (2004, 2005). Modern
taxonomic concepts were applied to diatom identifications
(see Supplementary Data) using the websites Diatoms of the
United States (Spaulding et al., 2010) and AlgaeBase (Guiry
and Guiry, 2017). When possible, at least 300 diatom valves
were identified from each sample interval. The ratio of planktic
to benthic diatoms was calculated for each sample based on
autecological information provided in the flora and taxonomic
websites listed above. Constrained cluster analysis of the
fossil diatom assemblages (CONISS method on square-root
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TABLE 1 | Materials used to create the age model for the core collected from Hidden Lake.

Sample Age Error Depth Method Material Cal Age 2-0 Range

HDN-Surf —57.5 1 0 Surface

HDN-001 —55.1 1.22 0.25 210-Pb Sediment

HDN-002 —48.05 1.21 0.75 210-Pb Sediment

HDN-003 —40.05 1.3 1.25 210-Pb Sediment

HDN-004 —30.05 1.28 1.75 210-Pb Sediment

HDN-005 -15.7 1.79 2.25 210-Pb Sediment

HDN-006 5.35 2.22 2.75 210-Pb Sediment

HDN-007 33.85 4.88 3.25 210-Pb Sediment

HDN-008 68.85 12.03 3.75 210-Pb Sediment

HDN-009 101.95 27 4.25 210-Pb Sediment

HDN-024 1695 30 11.75 14-C Plant/Wood 1598 1538-1634 (79.5%) 1649-1695 (20.5%)
HDN-050 3385 30 24.75 14-C Plant/Wood 3628 3568-3696

HDN-097 5770 35 48.25 14-C Plant/Wood 6573 6487-6659

HDN-098 6005 30 48.75 14-C Plant/Wood 6845 6753-6764 (2.4%) 6777-6936 (97.6%)
HDN-105 6060 40 52.25 14-C Plant/Wood 6915 6791-7009 (98.7%) 7130-7142 (1.3%)

Depth values are given in centimeters below the sediment-water interface. Ages are reported as calendar years (before 1950) for 219Pb dates and uncalibrated radiocarbon
years for C dates. The calibrated calendar years (median probability) and associated 2-sigma age ranges are included for *C dates.

Calendar Years Before 1950 (ka)
0 2 4 6 8 10

0
10
HDN-024 (1598 yb1950)
20
HDN-050 (3628 yb1950)

£
3
o
<
==
o
o)
O 4ol

ol HDN-097 6573 yb1950) } eHDN-098 (6845 yb1950)

HDN-105 (6915 yb1950)
60
70-

FIGURE 2 | Age-depth model of sediment core from Hidden Lake (red line)
and associated error envelope (gray). Calibrated radiocarbon dates from
Table 1 are plotted as purple circles.

transformed data) was performed using the R package rioja
(Juggins, 2015). Statistical significance of the constrained clusters
was determined using the Broken Stick method.

Diatom-inferred mixing depths (DI-MDs) were reconstructed
for each sample using a simple weighted averaging technique
applied to the relative abundances of the three dominant planktic
diatom species, here extended throughout the length of the core.
Optimum mixing depths for each species were shown to be
significantly different and, when taken together, form a gradient
of species preference for mixing depths: L. intermedia (13.8 m),
L. comensis (9 m), D. stelligera (4 m) (Saros et al,, 2012). In
the sediment record, only one other planktic diatom species
was common (L. radiosa), occurring in the lower half of the
core. However, because it is not a significant component of the
modern diatom community of Hidden Lake, was not observed
in our original lake calibration dataset, and was not included in
neo-ecological experiments presented in Saros et al. (2012), we
had no known autecological information regarding mixing depth
preferences for this species within this lake system. As a result,
this taxon was excluded from the DI-MD reconstructions.

RESULTS

Morphometric Analyses

Three-dimensional modeling of the lake basin produced a series
of values for lake surface area, basin surface area, and volume
of the lake throughout all potential lake elevations (Figure 3).
Average lake depth for the modern lake elevation was calculated
to be ~8 m; average lake depth varied non-linearly with
maximum depth, reaching a maximum average depth of ~15 m
when the lake level was modeled to be 5 m lower than the modern
surface (Figure 3).

Three-dimensional modeling of the lake basin under different
potential lake surface elevations indicates that the deepest sub-
basin in the lake, where the sediment core was collected,
would become completely isolated from the remaining lake
sub-basins with a drop in lake surface elevation of less than
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FIGURE 3 | Calculated morphometric parameters at each potential lake surface elevation of Hidden Lake, based upon 3-D modeling of lake bathymetry.
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Hidden Lake Basin Isolation with Lake Surface Elevation
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FIGURE 4 | Basin isolation maps showing how small changes in lake surface
elevation result in a separation of modern sub-basins for Hidden Lake, based

upon 3-D modeling of lake bathymetry. Bathymetry of Hidden Lake at three
lake surface elevations: (A) 1947.5 m, (B) 1946.5 m, and (C) 1945.5 m.

2 m (Figure 4). Given the complex bathymetry of the lake,
it is not surprising that basin surface area, lake surface
area, and volume show a threshold response to decreasing
lake surface elevation as the deep basin becomes isolated.
Modeling the lake elevation to be 2 m shallower decreases
the planar lake surface area (within the isolated deepest
sub-basin) by nearly 70% (Figure 3). At this modeled lake
elevation, the potential maximum effective fetch decreases by
~25% relative to the modern lake system. Potential fetch
calculated from the core site produced a slightly larger drop

over the same change in lake elevation, decreasing by nearly
35% (Figure 5).

Fossil Diatom Analysis

Diatom assemblages for the past 8500 years at Hidden Lake
are characterized mostly by the abundance of small colonial
tychoplanktic species, primarily Pseudostaurosira brevistriata
(20-40%) and Staurosirella pinnata (5-20%). These species co-
occur throughout the core with the most common planktic
diatom taxa, Lindavia comensis (10 to 60%), found in various
combinations with L. intermedia, L. radiosa, and Discostella
stelligera, all of which are typically present in relative abundances
between 0 and 10% (Figure 6). With the exception of one
section of the core representing the early Holocene (~8-
6 ka), with unusually high abundances of benthic monoraphid
species (Karayevia suchlandtii, K. nitidiformis, and Cocconeis
sp.), strictly benthic species were present in low abundances.
More commonly, benthic taxa comprised less than 20% of all
valves counted.

In general, we interpret the consistent abundance of small
colonial tychoplankton (P. brevistriata, P. pseudoconstruens,
S. pinnata), which are pervasive throughout the sediment
record, to be representative of cold, moderately deep, low
nutrient environments within the lake (Lotter and Bigler, 2000;
Kingsbury et al., 2012). As discussed above, the most common
modern planktic diatom species (L. intermedia, L. comensis,
and D. stelligera) were used as part of the selection criteria for
this lake. Based upon in situ neo-ecological experiments and
published autecological information (Saros et al., 2012; Saros
and Anderson, 2015) their co-occurrence in the modern lake
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most likely reflects seasonal changes in lake mixing depths in
Hidden Lake. Because sediment samples average time, changes
in their abundances throughout the Holocene are interpreted
to represent long-term changes in the average state of mixing
depths over time (Figure 7). The remaining major diatom
species observed preferred strictly benthic habitats (attached
to plant, rock, or sediment surfaces); because diatoms are
photosynthetic, most benthic diatoms represent the shallow
sunlit habitats that mantle the margin of lakes. In clear,
oligotrophic, alpine lake systems, photosynthetically active
radiation necessary for photosynthesis may penetrate fairly
deep into the lake, but most benthic diatom species rapidly
decline in relative abundance with depth. In lakes with
complex bathymetries, such as Hidden Lake, available surfaces
that can be colonized by benthic diatoms may increase or
decrease with changing lake levels or light penetration (Stone
and Fritz, 2004; Wolin and Stone, 2010; Wigdahl et al,
2014). However, dynamic changes in the ratio of planktic
to benthic diatoms through time likely reflect fluctuations in
lake level, with the direction of lake level change potentially

being uncertain in lakes with complex bathymetries, such as
Hidden Lake (Stone and Fritz, 2004).

Based upon the constrained cluster analysis and associated
broken stick modeling, statistically significant changes in the
fossil diatom assemblages occur at three points in the lake’s
history: 7.61, 6.18, and 4.13ka (Figure 6). These significant
changes are defined by the rise of benthic monoraphid diatoms
(Diatom Zone 2), the reversal of this transition to dominance by
plankton and tychoplankton (Diatom Zone 3), and the eventual
disappearance of Lindavia radiosa in any substantial abundance
from the lake plankton (Diatom Zone 4). Just below the threshold
for significance, there are several other important transitions in
the fossil diatom assemblages, which we define here as subzones
used for descriptive purposes.

Diatom Zone 1 - DZ1 (a: 8.64 — 8.32 ka; b: 8.32 -

7.61 ka)

Diatom sub-zone la characterizes the early part of the lake’s
history as one dominated by plankton (L. comensis 20-
30%, L. radiosa~5%) and small colonial tychoplankton
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(P. brevistriata 20-30%, S. pinnata 10-20%) and low
abundances (~20% total) of benthic diatom species. Diatom
sub-zone 1b includes the same dominant diatom species
as la, but is distinguished by the progressive increase
(from 8% to ~30%) in monoraphid benthic diatom species
(especially K. suchlandtii~15%), which replaces the dominant
planktic species, L. comensis, from the base of the sub-zone
to the top.

Diatom Zone 2 - DZ2 (a: 7.61 - 6.71 ka; b: 6.71 -

6.18 ka)

This zone is defined by a dominance of monoraphid species
(K. suchlandtii, K. nitidiformis, Cocconeis sp.), which typically
represent about half of the total assemblage for every sample.
Colonial fragilarioid tychoplankton commonly comprise about
25-35% of the assemblage throughout the zone, increasing
slightly toward the top of sub-zone 2b. A slight decrease in
the relative abundance of the planktic species L. radiosa and
the presence of uncommon biraphid benthic species, such as
Cavinula aff. jaernefeltii and Sellaphora pupula, characterize
DZ2. Sub-zone 2b is defined primarily by the gradual
disappearance of K. nitidiformis and the appearance of the
planktic species Lindavia intermedia, which represents about 5%
of all assemblages throughout sub-zone 2b.

Diatom Zone 3 - DZ3 (a: 6.18 — 4.87 ka; b: 4.87 -

4.13 ka)

This diatom zone is defined by the rapid decline of monoraphid
benthic diatoms (which represent < 5% of the total assemblage
after DZ2) and a gradual increase in two planktic diatom
species (L. comensis, L. radiosa). Colonial tychoplankton remain
common (~40-50%) throughout this zone. Biraphid benthic
diatom species, including Diploneis elliptica, D. marginestriata,
and C. aff. jaernefeldtii, increase in relative abundance, typically
comprising ~15-20% of the total diatom assemblage in DZ3.
Sub-zone 3b is distinguished by the appearance of the planktic
species Discostella stelligera, which typically occurs as about 5%
of the total diatom assemblage throughout the core afterward.

Diatom Zone 4 - DZ4 (a: 4.13 - 1.39 ka; b: 1.39 -
0.122 ka; c: 0.122 - Present)

After about 4ka, the diatom assemblages from Hidden Lake
stabilize and for most of the remaining record, the diatom
assemblages essentially resemble the modern surface samples.
Strictly benthic diatoms usually comprise 15-20% of the total
assemblage, tychoplankton make up about 40-50% of the total
assemblage, and planktic species typically range from about 30%
at the base of DZ4 to about 60% at the top of the zone. The sub-
zones in this part of the core are defined entirely by transitions
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between the planktic species L. comensis and L. intermedia.
Subzone 4a is typified by elevated relative abundances of
L. comensis (~35% of the assemblage). Sub-zone 4b is marked by
an increase in L. intermedia (from ~5% to nearly 20%). Subzone
4c is characterized by a rapid rise in L. comensis, which reaches
its greatest relative abundance in the last 200 years of the record.
The rise in relative abundance of L. comensis is subzone 4c occurs
at the expense of L. intermedia and small colonial tychoplankton,
which both rapidly decrease throughout this period.

Diatom-Inferred Mixing Depths

DI-MDs for Hidden Lake ranged from approximately 8-
12 m (Figure 7) throughout the core. Prior to sub-zone 2b,
planktic diatom species occurred with limited relative abundance
and are mostly represented by L. comensis, and as may not
provide consistently reliable information. After this point,
however, benthic diatoms become substantially less common in
the sediment record and L. intermedia becomes much more
abundant. Throughout subzone 2b, inferred mixing depths
suggest that the lake was mixing fairly deeply, with the thickness
of the epilimnion typically ranging between 12 and 10 m.
Throughout DZ3, the inferred mixing depths show a progressive
decline; the average thickness of the epilimnion decreases by
nearly 3 m from the top of sub-zone 2b to the top of sub-zone

3b. Sub-zone 4a represents a period of relatively stable thermal
stratification, with the epilimnion averaging around 8.5-9 m in
thickness throughout. Through sub-zone 4b, the DI-MD suggests
an abrupt deepening of the thermocline, which averages ~10-
10.5 m. This condition abruptly reverses in the final sub-zone,
with the epilimnion thickness dropping to approximate 8 m in
modern samples.

DISCUSSION

An idealized sequence for dimictic temperate lakes follows a
progression with seasonal variation in radiation (Ragotzkie,
1978). Starting from complete ice cover in the winter, dimictic
lakes are inversely stratified. As solar irradiance increases in
the spring and winter air temperatures warm, this leads to
ice break up which culminates with complete mixing of the
water column under isothermic water conditions. Through
spring and into early summer, thermoclines gradually develop,
usually punctuated by short-lived destratification events until
the thermocline strengthens. With increasing solar irradiance,
thermal stratification is enhanced throughout the summer
months. Solar irradiance and air temperatures decline into
the fall, where destratification events lead to a return of
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isothermal lake conditions, eventually leading to sustained
cooling of the surface waters and ice cover (Catalan et al., 2002;
Ragotzkie, 1978).

In temperate lakes, the thickness of the mixed layer is the
result of a complex interaction between multiple factors: solar
irradiance, light penetration, wind duration and intensity, and
air temperature (Ragotzkie, 1978; Schindler, 1997; Livingstone
and Dokulil, 2001; Catalan et al., 2002). The impact of each of
these factors upon the thermal structure of any lake is strongly
influenced by basin morphometry. For example, the influence
of wind intensity and duration is strongly controlled by the
surface area and the surface area to depth ratio (Fee et al,
1996; Robertson and Ragotzkie, 1990). Empirical studies have
shown that a primary control over summer mixing depth is
the maximum fetch (Ragotzkie, 1978; Gorham and Boyce, 1989;
Hékanson, 2005), which determines the ability of wind energy
to induce mixing in stratified lake systems. Water clarity and
solar irradiance are also major factors that determine the depth
of the mixed layer; however, these elements typically have a
larger influence on lakes with smaller surface areas, where fetch
is less influential (Ragotzkie, 1978; Sterner, 1990; Fee et al., 1996;
Persson and Jones, 2008; von Einem and Graneli, 2010).

While air temperature has limited direct control over lake
thermal structure, it can strongly influences the seasonal duration
of ice and snow cover. Hence air temperature most commonly
influences lake ice phenology, which indirectly influences the
timing of light penetration and transference of energy through
wind. However, lake ice phenology, particularly freeze-up,
is still strongly influenced by basin morphology (Ragotzkie,
1978; Robertson and Ragotzkie, 1990). In alpine lake systems,
air temperature can also substantially alter landscape-lake
interactions by changing the basin vegetation, soil development
rates and frequency of fires. Thus air temperature may also
indirectly modify factors that influence water clarity, such as soil
erosion, inputs of dissolved organic matter, and nutrient fluxes
to lake systems (Wright and Bailey, 1982; Bayley et al., 1992;
Fee et al., 1996; Fritz et al., 2004; Rosén and Hammarlund, 2007;
Saros et al., 2012).

Below we interpret the observed changes in the diatom
assemblages throughout the last 8.5 ka using a combination of
inferences based upon the changes in diatom assemblages within
each zone, the calculated planktic to benthic ratio, DI-MD, and
our modeled three-dimension morphology of the lake basin.
It is important to note that while the lake basin has probably
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infilled somewhat through the Holocene, sedimentation rates are
exceptionally low in Hidden Lake, thus the three-dimensional
model we have created based upon modern sediment-water
interfaces probably is not substantially different (less than 1 m
different) from those that would have been present in the lake
throughout the Holocene.

Interpretation of the Diatom Record of

Hidden Lake

DZ1 (8.64 - 7.61 ka)

We interpret the earliest part of the diatom assemblage record
(DZ1) to represent a deep, alkaline lake. We infer the high
proportion of tychoplanktic diatoms in this zone and throughout
the core (Figure 6) to generally reflect that the lake regularly
undergoes seasonal moating during the spring and early summer
in response to snow and ice cover (Lotter and Bigler, 2000).
Planktic to benthic ratios increase at the base of DZ1, which we
interpret as gradually rising lake levels. Hidden Lake occurs in
a glaciated basin. This change in lake level probably represents
gradual melting of the local glacier systems in response to early
Holocene warming. DI-MD through this zone ranges from ~8 to
9 m and is highly stable throughout most of the zone. Because
of the shallow mixing depths inferred, we interpret that DZ1
represented a period when lake elevations were shallower than
1945.5 m asl, the lake surface area was substantially smaller in
the deep sub-basin than the modern lake, and the effective fetch
was lower, resulting in a shallow mixed layer. At lake surface
elevations below this depth, our modeled lake suggests that the
modern deep sub-basin would have been completely isolated from
the rest of Hidden Lake (see Figure 4C).

DZz2 (7.61 - 6.18 ka)

In this zone, we infer a substantial change in lake depth occurred,
leading to an abrupt increase in benthic taxa comprised mostly
of monoraphid diatoms. The dominant benthic diatom taxa
in this zone, represented by K. suchlandtii, K. nitidiformis,
and Cocconeis sp., probably reflect an abundance of submerged
aquatic macrophytes or other benthic substrates in the lake
environment. The strong threshold-like response of the diatom
record is probably the result of an interaction between lake
elevation and the complex basin morphology, which led to
an expansion of benthic diatom habitats. An inferred increase
in macrophyte habitat area suggests that water transparency
conditions also may have increased relative to those in DZ1.
Because of the complex basin morphology, an increase in
available benthic habitat might indicate either an increase or
decrease in lake level (relative to DZ1). For example, modeled
surface areas in the lake suggest that the greatest increase in
benthic habitat area for the deepest sub-basin actually occurs
when the lake surface elevation is around 1946 m asl (~1.5 m
below modern lake levels). We propose two potential models for
the transitions observed in DZ2.

Shallow lake DZ2 model

One explanation for the observed trends in the diatom
assemblage data in DZ2 is that the deep sub-basin remained
isolated throughout the entire period. In this ‘shallow lake’

model, lake levels were probably low enough (or the water
column was clear enough) that the entire lake floor of the
deep sub-basin was sunlight, effectively maximizing the benthic
habitat of the lake. A compelling argument supporting this
idea is that the DZ2 diatom assemblage, dominated by benthic
diatoms, is unique to the lower part of the record, suggesting
that the lake has not since returned to this state in the entire
Holocene. In other words, this was an unusual occurrence and
not something that could be reproduced by relatively small
changes in regional hydroclimate variability; and thus a fairly
large change in lake level (and transparency) must have occurred
to produce this change in the assemblage because of deep nature
of the lake basin.

Deep lake DZ2 model
An alternative explanation for the abrupt increase in benthic
diatom species in DZ2 is that the diatom assemblages in DZ2a
represent the joining of all sub-basins to form one continuous
lake, but where the available benthic habitat area was substantially
higher than it is in the modern lake, perhaps 1-1.5 m below
the modern lake level (see Figure 4B). A compelling argument
for this interpretation is that reconstructed DI-MD during DZ1
indicates that the lake was more stratified (i.e., shallower mixed
layer) than DZ2. A shallower DI-MD would be produced by
a lake that had a smaller maximum effective fetch (reducing
its surface area). Interestingly, the upper part of DZ2 (2b) is
defined by the first major occurrence of L. intermedia and our
DI-MD suggests that the mixing depth was abruptly quite a bit
deeper (>11 m) during this interval. Benthic diatom species
still dominate the fossil assemblage in DZ2b, but these gradually
decline as L. intermedia increases and inferred mixing peaks.
Given the dependence upon mixing depth for the planktic species
in the diatom assemblage, DZ2b could represent a gradual
deepening of the lake, resulting in an increase in maximum
effective fetch at the core site. Given the relatively small change in
lake level required to isolate the deep sub-basin of Hidden Lake,
the lake ‘deepening DZ2 lake’ model described above relies upon
the idea that only very small changes in lake level were required
to produce a very large change in the mixing depth, because the
fetch increased substantially and imparted a greater energy to
the upper mixed layer. However, this model also suggested that
similar benthic habitat expansion did not recur throughout the
remainder of the Holocene, and thus very limited changes in
lake level have would have occurred since DZ2b. However, the
higher energy state of the lake, resulting from increasing fetch,
potentially could have destroyed the potential for macrophyte
growth throughout the Holocene, meaning that a return to a
similar lake state might not have been possible even if lake levels
were at similar elevations at some later point in the Holocene.
The abrupt nature of this transition in both planktic to benthic
ratio and DI-MD creates an interesting dilemma. Either lake
levels shallowed drastically, exposing the deep sub-basin floor
to sunlight, or lake levels simply rose gradually and connected
the sub-basins, increasing the benthic habitat in the process and
increasing fetch to increase lake mixing depths. We favor the
deepening lake DZ2 model, since it relies on less abrupt changes
in lake level and might represent a continuation of rising lake
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levels resulting from glacial melting in response to warming
through the Holocene Climatic Optimum.

DZ3 (6.18 -4.13 ka)

In this period, the lake begins to establish conditions that
are more similar to the modern lake. Benthic species become
substantially reduced at the transition to DZ3a, suggesting that
lake levels initially continued to rise very gradually. Midway
through DZ3 (3b), Discostella stelligera makes it first substantial
appearance in the record. However, the fact that Lindavia
intermedia does not decline substantially at any point in DZ3
suggests that rather than a major change in lake level, this
transition may reflect an enhanced influence of seasonality in the
thermal structure of the lake. One way this might be produced
is by warmer average temperatures during the winter season,
resulting in a longer ice-free period. Evidence of increased
warming throughout the mid-Holocene period is common from
many other lake records from this region of the Rocky Mountains
(Bracht et al., 2008; Shapley et al., 2009; Shuman et al., 2009;
Whitlock et al., 2012; Slemmons et al., 2015; Stone et al., 2016).
Alternatively, it might be the result of the decline in average lake
depth with increasing total lake depth, leading to warmer water
settings in the epilimnion and accelerated onset of seasonal lake
stratification. A similar process might also result from enhanced
development of soils in the basin and a concomitant decline in
water clarity. Several recent studies (Saros et al., 2014; Malik
and Saros, 2016; Malik et al., 2017) have shown a relationship
between L. radiosa and higher light exposure. Although L. radiosa
is present in low relative abundance in the sediment record, these
observations support the idea that the replacement of L. radiosa
with D. stelligera at the top of this zone may be partially related to
a change in water clarity.

DZ4 (4.13 - Present)

The planktic to benthic ratio throughout the upper half of the
core expresses a greater level of stability than earlier periods in the
sediment record. On average, planktic species are more abundant,
tychoplankton is slightly lower. After ~3 ka, the planktic diatom
abundance (particularly L. comensis) generally increases. The
last 200 years of the record show a sharp rise in species
indicative of increased stratification, probably associated with
increasing temperatures, which has been previously addressed in
Saros et al. (2012). Tychoplanktic species, which in this setting
probably represent intermediate lake depths and ice moating
conditions (Lotter and Bigler, 2000), rapidly decline in response
to 20th century warming, which is also evidenced throughout
Glacier National Park by the loss of glaciers and snowpack
(Pederson et al., 2004, 2013).

Late Holocene Regional Context

Most regional records suggest that the conditions for the Rocky
Mountains in the late Holocene were generally cooler and/or
wetter between 3,500 and 1,400 years ago (Osborn and Karlstrom,
1988; Luckman et al., 1993; Palmer et al., 2002; Stevens et al., 2006;
Stone and Fritz, 2006; Chase et al., 2008; Walker and Pellatt, 2008;
Shuman et al., 2009). Records from nearby paleolimnological
sites suggest it was probably mostly warmer but substantially

wetter in the past 1,400 years (Stevens et al., 2006; Bracht et al,,
2008; Shapley et al.,, 2009; Shuman et al., 2009). Interestingly,
Stone et al. (2016) provided clear evidence of coherent trends
of increased lake mixing (diametric to inferred changes observed
here) across three lakes in the US Rocky Mountains throughout
this period, which were interpreted to result from increased
winter storms linked to phase changes in the Aleutian Low.
Outside of the last 200 years, sedimentation rates within the
lake have not undergone major changes, suggesting changes
in nutrient loading, which may have substantially affected
light penetration, have probably not occurred. Therefore, we
interpret the discrepancy between shallower mixing depths and
the expected response to cooler climate conditions through this
period to suggest that Hidden Lake’s thermal structure may have
been influenced by the lake basin morphology.

Hidden Lake has a complex basin morphometry, and
morphometric parameters that significantly influence mixing
depth (particularly surface area and fetch) and are highly
dependent upon lake level (Figure 3). Three-dimensional
modeling indicates that at a lake surface elevation threshold 2-
3 m below that of the modern lake, the deep basin of the lake
would become isolated from the rest of the lake (Figure 4),
with a considerably smaller surface area and effective fetch. Since
fetch plays a significant role in average lake mixing depth, a
substantial decrease in effective fetch as a result of lower lake
surface elevation explains the observed shift in mixing depths
toward shallower values, even under cooler conditions. A change
in effective fetch with lake-level also provides an explanation for
the relationship between changes in lake mixing and changing
benthic habitats: as the lake level continues to rise to its modern
elevation, available benthic habitats expand as the lake begins to
flood the surrounding terrain. Ultimately, once the lake surface
elevation increases enough that it joins with the adjacent sub-
basins, wind intensity picks up considerably with increasing
effective fetch, substantially increasing lake mixing, which leads
to the sudden increase of L. intermedia at the base of sub-zone
4b. This reverses briefly during the period of the Little Ice Age,
when plankton losses are generally associated with increases in
S. pinnata, likely as a result of enhanced snow/ice cover and
decreased planktic productivity.

The broader context of these results and their implications
for the Late Holocene can best be observed as state changes in
the average mixing depth of Hidden Lake in association with
changes in hydroclimate (Figure 8). The general patterns of lake
mixing inferred in the Hidden Lake record tend to be coherent
with previously reported regional stratification indicators (Stone
et al., 2016) prior to about 3.5 ka. However, after this point,
changes in lake level have a profound influence on the response
on the thermal structure of Hidden Lake. When other regional
records of effective moisture suggest lower lake states associated
with the period of glacial advances, between 3.5 and 1.4 ka
(Stevens et al., 2006; Shapley et al., 2009; Shuman et al., 2009),
the diatom-inferred mixing depth is typically asynchronous
with other regional records of lake mixing. We attribute these
differences to hydroclimate variability obfuscating the response
of lake mixing. Around 1.4 ka, when the records from Foy
and Jones Lakes show substantial deepening and freshening,
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the diatom-inferred mixing depth from Hidden Lake suggests
much deeper mixing (Figure 8, blue bar). We associate this
change with a pronounced change in lake fetch, associated with
the lake at its deepest state. The complexity of the Hidden
Lake basin morphology appears to have a distinct impact on
the lake response to thermal stratification, but the timing of
major changes in variability closely mirrors substantial changes
in effective moisture in the region.

Summary and Implications

Between 8.64 and 7.61 ka the diatom record from Hidden
Lake suggests that the lake was deep and fresh, with limited
benthic habitat, but lower than the modern lake system. After
7.61 ka, the lake level likely rose, inundating the surrounding lake
marginal area and expanding the available benthic diatom habitat
substantially. Between 6.18 and 4.13 ka, lake level probably
declined somewhat, leading to enhanced seasonal stratification.
This pattern of enhanced aridity in the mid-Holocene has been
observed in many lake records throughout the western US
(Shuman et al., 2009; Williams et al., 2009). After 1.4 ka, the
record from Hidden Lake suggests that the lake became deeper
and less stratified in response to the effects of enhanced fetch.

The results of this research highlight the importance of
considering the basin morphology and the potential impacts
of fetch when reconstructing changes in lake records that may
undergo substantial lake level change. Additionally, this study
exemplifies the strengths of using neo-ecological techniques
and three-dimensional lake morphometry modeling together
when interpreting paleolimnological records using fossil diatom
assemblages. The early part of the record is marked by significant
changes in lake level that are manifested as changes in the
planktic to benthic ratio. Planktic species from the fossil record
exhibit long-term changes in mixing depth through the Holocene
record from Hidden Lake; the dynamic changes in plankton are
particularly helpful for interpreting past lake conditions where
the direction of lake level changes are difficult to determine.
Because of the complex lake basin morphometry, the interaction
of effective fetch and lake level change may be responsible for
modifying the lake’s response to long-term climatological changes
in hydroclimate. Importantly, exploring the interaction between
hydroclimate variability and thermal structure showcases how
sets of regionally coherent lake records can help to disentangle
the signals from records with non-linear responses in complex
lake basins.

The influence of changing lake levels on past fetch conditions
has not often been the focus of paleolimnological research, but
the combination of three-dimensional lake modeling, combined
with changes in the planktic to benthic ratio and robust changes
in the long-term diatom-inferred mixing depths may provide new
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