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Abstract: Recent research suggests that organic matter sequestered in lake sediment comprises a
larger component of the global carbon cycle than once thought, yet little is known about carbon
storage in mountain lakes. Here, we used a set of sediment cores collected from lakes in the Uinta
Mountains (Utah, USA) to inform a series of calculations and extrapolations leading to estimates of
carbon accumulation rates and total lacustrine carbon storage in this mountain range. Holocene
rates of carbon accumulation in Uinta lakes are between 0.1 and 20.5 g/m?/yr, with an average of 5.4
g/m?/yr. These rates are similar to those reported for lakes in Greenland and Finland and are
substantially lower than estimates for lakes in Alberta and Minnesota. The carbon content of modern
sediments of seven lakes is notably elevated above long-term Holocene values, suggesting recent
changes in productivity. The lakes of the Uintas have accumulated from 6 to 10x105 Mt of carbon
over the Holocene. This is roughly equivalent to the annual carbon emissions from Salt Lake City,
Utah. Based on their long-term Holocene rates, lakes in the Uintas annually sequester an amount of
carbon equivalent to the emissions of <20 average Americans.
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1. Introduction

Lakes cover <4% of the Earth’s non-glaciated land surface [1], yet they play an outsized role in
the carbon cycle [2-4]. Lakes are sites of autochthonous organic matter production and locations
where both autochthonous lacustrine and allochthonous terrestrial organic carbon are deposited [3].
In the first years after deposition, some of this organic matter is mineralized to CO2 and CH. and is
lost through water outflow and degassing at the surface [5]. However, the majority of this material
escapes conversion due to of a lack of dissolved oxygen in some deep lake waters, and because high
rates of sedimentation quickly bury organic matter, isolating it from the water column [5]. As a result,
this organic matter is essentially removed from the carbon cycle for millennia [2,6].

Given the significant role of lakes in the global carbon cycle, two obvious questions are “how
much carbon is stored in modern lake sediments?” and “how much carbon is removed from the
atmosphere each year by sedimentation in lake basins?” In pursuit of answers to these questions,
considerable effort has focused on quantifying carbon stored in lakes [5,7]. Much of this work has
followed two different approaches. The first is to use a relatively small number (<~20) of Holocene-
length lake sediment cores as grounds for extrapolation to the landscape scale [8-11]. These studies
typically benefit from a deeper-time perspective provided by long sedimentary records, and cores
can be combined with sub-bottom profiling to more accurately estimate sediment volumes [7,11]. On
the other hand, these studies are typically hampered by assumptions made during analysis of the
sediment. For instance, loss-on-ignition is often measured as a proxy for carbon content [12], rather
than directly measuring carbon with an elemental analyzer, which is time consuming and more
expensive. Large numbers of long cores are also rarely analyzed at cm-scales due to the huge number
of samples involved. Bulk density values are also required to convert carbon content in percent to
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carbon content by mass. Yet because bulk density can be difficult to measure, it is often estimated
from sediment organic content [10], introducing the potential for circularity.

A completely different approach is to calculate modern rates of carbon sequestration from
recently deposited lake sediments [13-15]. Studies employing this method often involve much larger
numbers of lakes (>100), yet because they focus solely on recent sediments, they cannot resolve long-
term rates of carbon accumulation. There are also indications that modern rates of carbon
accumulation are not representative of pre-Anthropocene rates [16], which undermines attempts to
use modern rates to estimate carbon stores. Nonetheless, recent estimates of annual global carbon
sequestration in inland waters range from 0.06 to 0.25 Pg/yr [15], considerably greater than an earlier
estimate of 0.04 Pg/yr [17], and similar to the annual global oceanic sediments carbon sink of 0.12
Pg/yr [18].

Furthermore, regardless of whether studies have utilized long cores or focused on modern
sediments, there are significant issues related to the over-representation of large lakes in these
compilations and the uneven distribution of studied lakes on the landscape. For instance, despite the
fact that small lakes may sequester more carbon per area than larger water bodies [2,4,8], many
studies of lacustrine carbon storage are dominated by relatively large lakes [6]. At the same time, not
all biomes are equally represented in these compilations. For instance, the first estimate of the global
lacustrine carbon sink started with just three lake cores from Minnesota (USA) before expanding to
predict total carbon sequestration in all the world’s inland waters [17]. In subsequent work, the
majority of carbon storage estimates extrapolated from long cores have focused on boreal and arctic
landscapes [7-11,19-21]. Similarly, even the most comprehensive compilations of carbon in modern
sediments still exhibit pronounced clustering (Figure 1A), with an over-representation of sites in
northeastern North America and Europe [14,15]. As a result, there are no organic carbon burial
measurements available for 85% of the world’s major catchments [15]. Overall, while extensive
progress has been made in understanding the role of boreal and arctic lakes as sites of long-term
carbon storage, little attention has been paid to lakes in other biomes, and the role of small lakes has
typically been overlooked.

Mountain landscapes, particularly those that were subject to glaciation during the Pleistocene,
often feature abundant lakes in basins produced by glacial erosion and deposition. However, lakes
in mountain settings constitute a distinct minority of the sites used to compile modern rates of
lacustrine carbon sequestration (Figure 1A) [14,15]. Furthermore, although some studies have
reported bulk density and carbon contents for Holocene-length records from mountain lakes [22]
these have typically been isolated projects focused on individual lakes that were not intended or used
to yield broader estimates of lacustrine carbon in mountain settings.

To address this data gap, this study focused explicitly on a lake-rich landscape in part of the US
Rocky Mountains (Figure 1A). Sediment analysis was combined with multiple linear regression,
extrapolation, and geospatial analysis in a geographic information system (GIS) to answer three
related questions:

e What is the Holocene-scale rate of carbon storage in lakes of this study area?
¢ How does this long-term average rate compare with modern values?
e How much carbon is stored in these lakes?

2. Materials and Methods

2.1. Study Area

The lakes cored in this project are located in the Uinta Mountains (hereafter, the “Uintas”), a
component of the Rocky Mountain system in the western United States (Figure 1). Geologically the
Uintas are a ~7 km-thick sequence of Precambrian quartzite, sandstone and argillite that was uplifted
during the Laramide Orogeny forming a mountain range ~200 km long [23-25]. Summit elevations
in the central part of the Uintas are >4 km above sea level (asl) and treeline is at an elevation of ~3.3
km asl. Although the Uintas are not currently glacierized, classic alpine glacial geomorphology
records the presence of >2000 km? of glacial ice during the Last Glacial Maximum [26]. These glaciers
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began to retreat around 18,000 years ago [27,28], leaving behind a landscape characterized by a huge
number of lakes (Figure 1B, 1C) [29,30]. Representative Uinta lakes investigated in a previous study
were classified as oligotrophic to oligo-mesotrophic on the basis of total phosphorus, total nitrogen,
chlorophyll a, and Secchi depth values [31]. Depending on their elevation, Uinta lakes are
surrounded by a variety of vegetation communities [32,33]. Alpine landscapes are mantled by tundra
featuring abundant forbs including Acomastylis rossii (Alpine avens) and Polygonum bistortoides
(alpine bistort). Picea engelmannii (Engelmann spruce) and Abies lasiocarpa (subalpine fir) dominate
the upper-subalpine forests, giving way at intermediate elevations to a monoculture of Pinus contorta
(lodgepole pine). Lakes in forest openings are bordered by meadows with common species including
Danthonia intermedia (wild oat grass), Deschampsia caespitosa (tufted hairgrass), and Carex scirpodiea
(single spike sedge) [33]. The climate of the Uintas is characterized by long, snowy winters and
relatively cool summers. Mean annual precipitation ranges from 500 to 925 mm, decreasing eastward,
with more than 60% falling as snow at elevations >3.3 km asl [34,35]. The mean annual temperature
above ~3.1 km asl is <0°C [36-38]. Under these conditions, lakes freeze over in the winter, with a
duration of ice cover extending roughly from October through June.
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Figure 1. Location of the study area. (A) Global distribution of previous studies that calculated rates
of carbon accumulation in lakes. Red squares represent Holocene-length studies, along with shading
for Alberta, Canada [20] and various European countries where studies have been completed [10].
Blue dots represent locations where modern rates of carbon burial in lakes have been calculated, as
summarized in recent work [15]. The yellow triangle marks the location of the Uinta Mountains in the
western US. (B) Lakes of the Uinta Mountain range in Utah (denoted by the yellow triangle in Panel
A) displayed over a digital elevation model with hillshading to accentuate topography. Areas covered
by glaciers at the Last Glacial Maximum (LGM) are shown in green [26]. Cored lakes are marked with
circles and the box delineates the inset. (C) Inset showing typical lake density in the Uinta Mountains
displayed over a true-color aerial image with hillshading. Areas covered by glaciers during the LGM
are shown in green.

2.2. Field Methods

In the course of a project focused on post-glacial environmental change (Munroe, GSA Bulletin,
in press), multiple lakes in the Uinta Mountains were cored from a floating platform; 19 of those cores
are considered here (Table 1). Prior to coring, a bathymetric survey was conducted with a GPS-
enabled sonar device, and the perimeter of each lake was explored on foot. Information from this
survey was used to select a coring location in deep water near the lake center, far from prominent
inlets or steep slopes (terrestrial and subaqueous) that could deliver sediment through mass wasting.
A modified Reasoner-type percussion corer [39] fitted with a piston, metal nose cone with integrated
core catcher, and ~30 kg driving weight was used to collect sediment in a 6 m-long barrel of 7.5 cm
diameter PVC pipe. Driving of the percussion corer began at the sediment-water interface, but it was
not possible to retrieve the unconsolidated near-surface sediment with this technique. As a result, all
percussion cores were artificially truncated at a depth of ~50 cm. After driving to the point of refusal,
the core barrels were extracted with a winch. Cores were cut to ~80 cm lengths with a hacksaw,
capped, and transported by pack animals before shipping. In seven lakes selected for their ease-of-
access, near-surface sediments (<50 cm) were collected using a UWITEC gravity corer. No attempt
was made to correlate these gravity cores with the percussion cores because the amount of overlap
between them, if any, was unknown. These cores were extruded on the lakeshore, and 2 cm-thick
subsamples of the top, middle, and the bottom of each core were collected. After arrival in the lab, all
percussion core sections and gravity core subsamples were stored at 4 °C until processing.
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Table 1. Locations and Dimensions of Cored Lakes.

Lake Lake Latitude Longitude Elevation Water Lake Aw/Ai* Hydrology**  Core Holocene Water Carbon
ID Name North West asl Depth  Area - - Length  Thickness Measurements Measurements
- -- DD MM.mmm DD MM.mmm m m ha -- -- cm cm n n
4-01 Marshall 40° 40.538 110° 52.452 3043 10.7 8.0 7.5 1 190 150 190 184
04-02 Hoover 40° 40.824 110° 50.824 3018 7.9 7.8 17.8 4 156 127 156 155
04-03  Pyramid 40°39.192 110° 54.094 2957 10.7 5.8 13.3 1 180 180 180 179
04-04 Elbow 40° 47.619 110° 02.502 3326 10.7 10.0 33.5 2 217 159 217 215
04-06 Swasey 40° 40.048 110° 28.000 3267 9.5 14.6 21.7 2 198 154 198 192
04-07 Spider 40° 42.019 110° 28.756 3316 12.8 8.1 44.8 3 324 324 324 324
04-08 thﬂ? 40° 44.003 110° 28.461 3417 9.5 6.0 51.8 3 264 264 264 263
Superior
North
04-09 Star 40° 45.195 110° 27.075 3474 5.8 5.8 49.7 4 198 183 198 198
05-01 Reader 40° 47.445 110° 03.583 3341 4.0 4.8 11.3 2 246 233 246 246
05-02 Ostler 40° 45.579 110° 46.749 3218 52 5.3 219 2 213 213 212 212
05-03  Kermsuh 40° 44.876 110° 49.926 3145 5.2 39 68.2 3 219 219 219 219
05-04 Ryder 40° 43.540 110° 49.688 3243 17.4 8.6 17.3 3 347 317 347 347
Lower
05-05 Red 40° 48.793 110° 27.762 3279 9.1 17.6 65.8 4 142 130 142 142
Castle
05-06 Bald 40° 52.030 110° 29.540 3367 7.0 22 14.5 1 355 341 355 355
05-07 Hessie 40° 52.102 110° 25.742 3237 6.1 53 7.5 1 258 258 258 258
05-08 Deaihors 40° 44.711 110° 40.381 3316 125 5.8 128 3 199 205 199 194
05-09d Island 40° 49.796 110° 08.684 3285 11.4 45.3 24.1 4 308 213 308 308
05-10 Taylor 40° 47.193 110° 05.478 3421 11.0 9.0 354 3 270 219 257 257
06-01  UPPer 40° 37.665 110° 15.993 3129 9.8 40 76.3 2 371 245 371 371
Lily Pad

*Ratio of watershed area to lake area.

**1—no inlet or outlet; 2—little or no obvious inflow, weak outflow; 3 —modest inflow and outflow; 4—robust inflow and outflow.
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2.3. Analytical Methods

This study employed a series of sequential extrapolations to proceed from measurements made
on the collected lake sediment cores, to a range-wide estimate of carbon accumulation rates and
storage in all Uinta Mountain lakes. This approach is presented graphically in Figure 2. Briefly, in
Phase I, bulk density and water content were measured for a random subset of samples and a
regression between these variables was developed. In Phase II, this regression was employed as a
transfer function to convert water content measurements for all cores into estimates of bulk density.
These were then combined with measurements of carbon abundance to calculate total carbon content
in each of the cores. In Phase III, multilinear regression was used to identify which variables
describing the dimensions and physical setting of each lake were the best predictors for each lake’s
carbon pool. This relationship supported estimates of carbon storage in the lakes for which depth
data are available. Finally, in Phase IV, estimates of carbon storage in these lakes were then combined
with lake areas to yield the total carbon stored in all lakes in the Uintas. Details of these procedures
are presented in the following subsections.

PHASE |l | PHASE llI PHASE |V

C stock (g/cm?) in 19 lake cores

e

C stock (g/cm?) in 414
lakes with reported depths

Total C (Mt) in all 6317
Uinta lakes

Figure 2. Schematic showing the four phases of extrapolation in this study and the methods employed
at each step.

2.3.1. Phase I: Measuring Water and C Content, Estimating Bulk Density

Percussion cores from 19 Uinta Mountain lakes were subsampled in quadruplicate at 1 cm
resolution. As part of a project developing records of post-glacial environmental change from these
cores (Munroe, GSA Bulletin, in press), one of these samples was consumed in a Leco TGA-701
thermogravimetric analyzer (TGA) to determine water content and loss-on-ignition. A second
subsample was freeze-dried, ground, and analyzed in a Thermo Flash 2000 Elemental Analyzer to
determine carbon and nitrogen content. The third subsample was consumed for analysis of grain size
distribution, and the fourth was retained as an archive. Loss-on-ignition and grain size results are not
presented here. Radiocarbon dates were generated for these cores, primarily on terrestrial
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macrofossils including conifer needles and cones, small wood fragments and twigs, and macroscopic
charcoal. Radiocarbon results were calibrated with the Intcall3 calibration curve [40] and used along
with their stratigraphic depths to construct depth-age models in the program CLAM [41]. Details of
these procedures are presented in Munroe (GSA Bulletin, in press).

For the carbon study reported here, ten lake cores—representing a variety of landscape positions
and lake dimensions, and with complete sets of archived samples from top to bottom —were selected
for direct evaluation of bulk density. A random number generator was used to select 20 samples from
each of these cores (Figure 3). The volume of these samples was measured with a Pentapyc 5200e
pycnometer. The samples were then freeze-dried and weighed, and the combination of wet volume
and dry mass was used to calculate bulk density (g/cm?).
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Figure 3. Distribution of randomly selected samples in sediment cores from 10 lakes, plotted against
depth below the top of each core. Because cores were artificially truncated, core tops do not always
correspond with the modern sediment-water interface. Colored lines in background denote the length
of each core. Black arrows note “C age control in each core. Radiocarbon ages and resulting depth-
age models are presented in (Munroe, GSA Bulletin, in press).

These direct bulk density measurements were used to establish a relationship between sediment
water content and bulk density. First, 17 samples identified as outliers were removed to produce a
trimmed dataset. All of these had volumes <1 cm? which apparently contributed to spurious results
when they were measured in the pycnometer. Second, to evaluate whether water content could
effectively predict bulk density, the trimmed dataset was randomly split in half. A regression relating
moisture content and bulk density was then developed for one half of the data and used to predict
the other half. These predicted values were compared with the measured values to demonstrate the
strength of the regression as a transfer function. This analysis was conducted twice, with different
random splits of the data. After confirming that bulk density could be predicted reliably from water
content, a regression between the two variables was calculated for the full trimmed dataset.

2.3.2. Phase II: Estimation of the Holocene Carbon Accumulation Rate and Carbon Stock

The transfer function developed in Phase I was used to estimate bulk density through all of the
Uinta cores using the water contents previously measured with the TGA (Figure 2). This procedure
produced values of estimated bulk density at 1 cm spacing through the 10 cores from which the bulk
density subsamples were taken, as well as the nine cores for which bulk density was not directly
measured. Multiplying these estimated bulk density measurements by the percent carbon in each
sample determined by the elemental analyzer yielded the mass of carbon per sample. Summing these
masses for all of the samples in a given core yielded an estimated of the carbon in that core
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(normalized to 1 cm? of lake bottom). Although many of these cores extend back into the late
Pleistocene [42], only sediment that accumulated after 11,700 BP was included in this sum to constrain
this analysis to the Holocene. Furthermore, because the upper parts of each core were artificially
truncated by the percussion coring technique, carbon sums were calculated up to a depth in each core
corresponding to 2000 BP, the age of the oldest core top. This carbon total for each core (between
11,700 and 2000 BP) was divided by 9700 to yield an average carbon accumulation rate (g/cm?/yr).
This value was then multiplied by 11,700 years to estimate the amount of carbon that accumulated in
the Holocene (hereafter the “carbon stock” in g/cm?).

2.3.3. Phase III: Extrapolating Using Spatial Predictors

The Uinta Mountains contain many more lakes than could be cored, so extrapolation was
required to generate range-wide estimates of carbon storage. This goal was met through a GIS
analysis that measured spatial variables describing the dimensions and settings of these lakes, and a
statistical analysis that revealed which of these variables are valid predictors of each lake’s carbon
stock (Figure 2).

A database representing the digital outlines of the lakes in Utah was downloaded from the
National Hydrography Dataset (Figure 1B). These data were projected in UTM Zone 12N (NADS83)
with a vertical datum of NAVDS88. Because nearly all of the natural lakes in the Uintas are located
within areas impacted by glacial erosion and deposition during the Pleistocene, the downloaded lake
database was clipped with the reconstructed outlines of alpine glaciers in the Uintas at the Last
Glacial Maximum [26]. The resulting dataset was further processed to remove polygons coded as
marsh, swamp, or intermittent water, leaving only perennial water bodies. The area and perimeter of
the polygon representing each lake were calculated, along with complexity (perimeter of each lake
divided by the perimeter of a circle with the same area as the lake). The polygons were then sorted
by area from largest to smallest, and seven large artificial reservoirs were deleted. The lack of an
original lake at these locations was confirmed by comparison with a 1909 map of the Uintas [30].
Centroids were then determined for each lake polygon, and the elevation of each centroid was
calculated from a 10 m digital elevation model (DEM).

A variety of automated watershed delineation methods was explored, but unfortunately all
failed to generate realistic watersheds in this complex landscape with abundant, closely spaced water
bodies. As an alternate approach, a 100 m wide buffer was determined around the perimeter of each
lake. These buffers were converted to a raster and each cell was assigned the value of the
corresponding lake elevation. This raster buffer layer was divided by the DEM layer, so that cells at
elevations at or above the lake had values of one or greater; cells with values <1 were reclassified to
“NoData.” The raster was then converted back into a polygon layer delineating the “uphill buffer”:
land area within 100 m of each lake with an elevation above that lake surface.

Two additional analyses were conducted to characterize the area within the uphill buffer
associated with each lake. First, a slope raster was generated from the DEM, and zonal statistics were
used to calculate average slope and slope range within each uphill buffer. Second, a Landsat 8 image
from 10 August, 2018 was classified into five spectrally distinct landcover types: Bare ground, forest,
water, biocrust/tundra, and agriculture. The area of each cover type within the uphill buffer of each
lake was then tabulated.

Depths for ~500 lakes in the Uintas have been reported by the Utah Division of Wildlife
Resources. Values for 414 lakes were manually appended to the lake dataset in the GIS. Most lakes
for which depth values were not entered are small and unnamed and it was not possible to cross-
reference them with the GIS.

Upon inspection of the carbon results for the cored Uinta lakes, three outlier cores were
identified. The cores from two lakes (05-05 and 05-07) did not span the entire Holocene, thus it was
deemed inappropriate to extrapolate their average sedimentation rates to the time period matching
the other lakes (Table 1). A third lake (05-08) is singularly impacted by cold, turbid inflow from
adjacent rock glaciers [43]. As a result, its carbon content is an outlier when compared with the other
lakes.
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The remaining 16 lakes were used to build a multilinear regression with Holocene carbon stock
(in g/cm? of lake bottom) as the target variable (Figure 2). The analysis was conducted in SPSS v.25
with ten variables as possible predictors. Six of these pertained to the lake itself: Perimeter, elevation,
depth, area/depth ratio, area (logw), and complexity (loguw). Four of these pertained to the uphill
buffer around each lake: Percent bare ground, percent forest cover, mean slope, and range of slope.
The analysis utilized forward stepwise construction, and the adjusted r> was employed as the
criterion for including predictors. The resulting regression was then used to estimate the carbon stock
(in g/cm?) in the 414 lakes for which depth data were available.

2.3.4. Phase IV: Extrapolating to Landscape Scale

Estimates of carbon stock in all lakes of the Uintas (n = 6317) were made using six different
“average” values: (1) Median and (2) mean carbon stock in the 19 cored lakes, (3) the mean for the
smallest 25% of cored lakes, (4) median and (5) mean carbon stock predicted from the multilinear
regression, and (6) the mean of the values predicted by the multilinear regression for the smallest
25% of the lakes. The smallest 25% threshold was used because the cored lakes and the lakes with
reported depths are larger than the average Uinta lake (Figure 4).
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Figure 4. Distribution of elevations, areas, and depths for Uinta lakes.

These six estimates of carbon stock (g/cm?) in all Uinta lakes were multiplied by the area of each
lake and divided by four to produce an estimate of each lake’s Holocene carbon pool. This
extrapolation is obviously vulnerable to possible sediment focusing [44] and the reality that sediment
thickness and properties vary laterally within a lake basin [7,11]. Previous work has revealed that
lake carbon pool estimates calculated by extrapolating a single depocenter core to the entire lake area
are up to four times too large in comparison with sediment volume calculations made with a sub-
bottom profiler [11]. Because depth data are not available for all Uinta lakes, because sub-bottom
profiling was beyond the scope of this study, and because the number of lakes involved in this range-
wide inventory is large, extrapolation was necessary, and the resulting uncertainty is an unfortunate
reality. The use of six different estimates of average carbon stock, as well as the division step to correct
sediment volume, are intended to help mitigate this inevitable uncertainty.

3. Results

3.1. Phase I: Measuring Water and C Content, Estimating Bulk Density

As part of a previous project (Munroe, GSA Bulletin, in press), measurements of water content
were made for 4641 samples from 19 Uinta lake cores using the TGA. Percent carbon and nitrogen
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were measured with an elemental analyzer for 4619 samples. This total is lower because values were
below detection limits in some deep, inorganic sediments (Table 1)

Bulk densities measured with the pycnometer ranged from 0.058 to 2.33 g/cm?® with a mean of
0.54 g/cm?, a median of 0.43 g/cm?, and a skewness of 2.47. After removal of the low-volume samples
that yielded spurious results, the mean is 0.52 g/cm? (+0.37), the median 0.42 g/cm?, and the skewness
2.8. The 90th percentile range is from 0.24 to 1.11 g/cm3.

The relationship between water content and measured bulk density in the randomly selected
lake core subsamples is best described by the logarithmic function y = -1.237In(x) + 5.7089 with an 2
of 0.8584 (Figure 5A). When these data were split into two halves to test the efficacy of the logarithmic
function in predicting bulk density, there was a linear relationship between the measured and
predicted values in both trials with 12 > 0.87. Residuals were generally smaller than 0.2 g/cm® and
followed a normal distribution (Figure 5B,C).
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Figure 5. Water content and bulk density in Uinta lake sediments. (A) Relationship between water
content and bulk density. (B) This dataset was randomly split in half (twice) and the two halves were
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used to test the robustness of the relationship. In both cases, moisture content proved to be a valid
predictor of bulk density. (C) Residuals were <0.2 g/cm® when predicted values were compared with
measured values.

3.2. Phase 1I: Estimation of the Holocene Carbon Accumulation Rate and Carbon Stock

The relationship between water content and measured bulk density was used to predict bulk
density for all of the Uinta lake sediment samples for which water content had previously been
measured (Figure 6). The mean estimated bulk density is 0.52 g/cm? (standard deviation of 0.32) and
the median is 0.47 g/cm?. The 90th percentile range extends from 0.27 to 0.86 g/cm3. Previously
measured values of percent carbon in the Holocene section of these cores range from 0.2% to 23.6%
with a mean of 6.8% and a median of 5.9% (Figure 6). Multiplying these carbon abundances by the
estimated bulk density values yielded the mass of carbon in each subsample. Summing these values
for each core over the period 11,700 to 2000 BP and dividing by 9700 produced an estimate of long-
term carbon accumulation rate. These rates range from 2.87 to 9.29 g/m?/yr. Multiplying these values
by 11,700 generated an estimate of the carbon stock in each core ranging from 2.81 to 10.87 g/cm?
(Table 2).

Table 2. Calculated and Predicted Holocene C.

Lake Lake Holocene C Predicted C Accumulation Rate
ID Name g/em? g/em? gim?lyr
04-01 Marshall Lake 4.09 5.82 3.49
04-02 Hoover Lake 3.63 44 3.10
04-03 Pyramid Lake 6.27 6.77 5.36
04-04 Elbow Lake 8.77 7.23 7.49
04-06 Swasey Lake 4.57 4.58 3.91
04-07 Spider Lake 9.76 10.45 8.34
04-08 Little Superior Lake 7.51 6.19 6.42
04-09 North Star Lake 4.04 3.84 3.45
05-01 Reader Lake 6.18 5.01 5.28
05-02 Ostler Lake 491 4.53 4.20
05-03 Kermsuh Lake 4.86 6.47 4.15
05-04 Ryder Lake 10.87 10.42 9.29
05-05 Lower Red Castle Lake 451 417 --
05-06 Bald Lake 8.05 8.56 6.88
05-07 Hessie Lake 17.02 4.74 -~
05-08 Dead Horse Lake 2.81 8.74 -
05-09d Island Lake 3.35 3.06 2.87
05-10 Taylor Lake 4.40 6 3.76

06-01 Upper Lily Pad 9.44 7.35 8.07
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Figure 6. Measured percent carbon, C:N ratio, estimated bulk density, calculated carbon content, and
carbon accumulation rate in the Holocene section (11,700 BP to present) of 19 Uinta lake sediment
cores.

3.3. Phase 11I: Extrapolating Using Spatial Predictors

The result of the stepwise multilinear regression was an equation in which lake depth, lake area
(logio) and lake complexity (logio) are predictors for Holocene carbon stock in the cored lakes. This
regression had an information criterion of 15.289 and an adjusted 12 of 0.72 (Figure 7). All three
variables were significant in the model, with P values <0.014 (Table 3). Residuals were generally
symmetrically distributed within +2 g/cm? (Figure 7). Surprisingly, variables tabulated for the uphill
buffer around in lake, such as mean slope or percent forest cover, did not exhibit a consistent
relationship with carbon stock.

Results of the multilinear regression were then used to estimate carbon stock in the lakes for
which depth data were available. Values range from to 0.09 to 24.0 g/cm? with a mean of 6.36 g/cm?
(standard deviation 2.7) and a median of 6.09 g/cm?2. The 90th percentile range extends from 3.6 t0 9.6
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g/cm? (Figure 8). Dividing these stocks by 11,700 years yielded estimates of long-term carbon burial
rates. Values range from to 0.1 to 20.5 g/m?/yr with a mean of 5.43 g/m?/yr (standard deviation 2.3)
and a median of 5.21 g/m?/yr. The 90th percentile range extends from to 3.07 to 8.22 g/m?/yr.

Predicted Carbon Stock (g/cm?)
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2 4 6 8 10 12
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Figure 7. Results of predicting carbon stock with the multilinear regression (Table 3).

Table 3. Multilinear Regression Summary.

Model Term Coefficient Significance
Intercept 34.379 0.000
Lake Area (logio) -7.193 0.000
Lake Depth 0.559 0.000
Shoreline Complexity (loguo) 11.154 0.014
= 25 ®
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Figure 8. Boxplot comparing Holocene carbon stock in the 19 cored lakes with the stock estimated in
the 414 lakes for which depth data are available.

3.4. Phase IV: Extrapolating to Landscape Scale

The final extrapolation to the landscape scale was accomplished using six different approximations
of the “average” carbon stock in Uinta lakes (Table 4). After multiplying these values by the total area
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of lakes in the Uintas, and dividing by four as a conservative correction to accommodate changes in
sediment thickness through each lake basin, it was concluded that these lakes accumulated between
5.9x105 and 9.7x10° metric tons of carbon over the past 11,700 years (Table 5). This corresponds to a long-
term rate of between 50 and 83 metric tons of carbon per year (Table 5).

Table 4. Average Carbon Stocks and Accumulation Rates in Uinta Lakes.

Cored Carbon Accumulation Lakes with Carbon Accumulation
Lakes Stock Rate Depths Stock Rate
n=19 g/em? g/mlyr n=414 g/em? g/m2lyr
max 17.02 14.55 max 23.99 20.51
min 2.81 2.40 min 0.09 0.08
median 491 4.20 median 6.09 5.21
mean 6.58 5.63 mean 6.35 5.43

Table 5. Estimates of the Total Carbon Pool in Uinta Lakes.

Cored Lakes Total Carbon  Accumulation Lakes with Total Accumulatio
Pool Rate Depths Carbon Pool n Rate
n=19 Mt Mtlyr n=414 Mt Mtlyr
median 587622 50 median 729111 62
mean 787766 67 mean 760713 65
smallest 25% 800454 68 smallest 25% 967201 83

3.5. Carbon Content of Modern Sediment

The carbon content of recently deposited sediments in 7 Uinta lakes range from 3.2 to 19.2%. The
highest values are found within 2 cm of the sediment-water interface.

4. Discussion

4.1. Carbon Accumulation Rates

Values of C:N provide information about the relative abundance of terrestrial and aquatic
organic matter accumulating in a lake. Ratios <10 are typical of aquatic algae, whereas values >10
indicate increasing contributions of terrestrial material washing in from the surrounding watershed
[45]. In two Uinta lakes, (04-09 and 05-08), all C:N values are <12, indicating that the organic matter
is primarily algal (Figure 6). However, most of the studied lakes have average C:N values ~12 for the
Holocene, with maximum values from 16 to 18 (Figure 6). This result indicates that a considerable
amount of the organic matter accumulating in Uinta lakes is terrestrial in origin.

When lake size is plotted against carbon accumulation rate, it is clear that the Uinta lakes are
generally smaller than those considered in many other studies (Figure 9A). However, the carbon
accumulation rates determined for the Uinta lakes overlap strongly (Figure 10) with those reported
for lakes at far more northerly latitudes, including in Ontario, northern Quebec, Finland, and
Greenland [9,11,19,21,46]. In contrast, carbon accumulation rates in Uinta lakes are lower (Figure 10)
than estimates for lakes in Alberta (15 g/m?/yr) [20] and dramatically lower than estimates for lakes
in Minnesota (72 g/m?/yr) [17]. The median value for the cored Uinta lakes is most similar to values
reported for lakes in Finland and southwestern Greenland ~25° (~2800 km) to the north. This median
also matches the value estimated for Lake Michigan (5 g/m?/yr) [47], which is more than 128,000 times
larger than the biggest lake cored in the Uintas. The trophic status of Uinta lakes (oligo- to
mesotrophic) is not unusually low, and cannot be the sole explanation for this result. Rather, this
result suggests that carbon accumulation rates in mid-latitude mountain lakes are more similar to
those in boreal or arctic regions than in temperate regions that are geographically closer. Although it
is perhaps logical that colder high-elevation lakes that endure long-periods of seasonal ice cover
would be less productive than those in temperate lowland settings at similar latitudes, the magnitude
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of this difference is unexpectedly large. Future attempts to estimate lacustrine carbon storage at
global scales should be careful to apply realistically low accumulation rates to mountain lakes even
at lower latitudes if they are located at higher elevations.
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Figure 9. Plots of lake area and carbon accumulation rate. (A) Log-log plot of lake area vs. carbon
accumulation rate for studies based on Holocene-length records. Uinta lakes have rates more similar
to those of lakes in locations much farther north. (B) Log-log plot (same axis dimensions) of carbon
accumulation rates in Uinta lakes (measured and estimated) and modern sedimentation rates in a
recent global compilation [15].

The carbon accumulation rates for the lakes cored in the Uintas form a notably tight cluster in
comparison with some of the other data reported in the literature (Figures 9A & 10). This pattern
likely reflects the relatively narrow range of lake dimensions targeted as part of the project for which
these cores were originally collected. It is also apparent that some lakes in Greenland, Quebec, and
Finland have carbon accumulation rates <2 g/m?/yr, which is the lower end of the values measured
in the Uintas (Figure 9A). On the other hand, when the values estimated for all lakes in the Uintas for
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which depth data are available are plotted (Figure 9B), numerous lakes have values <2 g/m?/yr,
indicating that the apparent minimum accumulation rate for Uinta lakes in Figure 9A is an artifact of
the lakes that were originally cored.
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Figure 10. Boxplot of reported carbon accumulation rates.

4.2. The Carbon Content of Recent Sediments Relative to the Long-Term Average

The estimated carbon accumulation rates for Uinta lakes were calculated as an average for the
interval 11,700 to 2000 BP, so caution is necessary when comparing them with modern rates.
Nonetheless, it is notable how much lower the Uinta rates are (Figure 9B) than nearly all of the
modern rates for lakes (excluding reservoirs) compiled in a recent global survey [15]. Indeed there is
almost no overlap between the two populations when plotted vs. lake area (Figure 9B), and the
greater median and much wider range for the modern data are clearly visible when compared with
the long-term values determined from Holocene-length cores (Figure 10). This discrepancy may
reflect the dominance of lakes in non-mountain settings in the modern compilation [15] as seen in
Figure 1A. On the other hand, this difference is also consistent with recent studies, which have
concluded that modern rates of carbon accumulation are higher than Holocene-scale averages,
reflecting the effects of anthropogenic alterations to nutrient status and land cover [16,48].

To clarify this uncertainty, it is useful to consider the %C values measured in young sediments
collected from seven Uinta lakes with the gravity corer. Depth-age models are not available for these
cores, so their %C values cannot be converted to accumulation rates. Nonetheless, it is illustrative to
compare the carbon content in the near-surface sediments with the values measured between 11,700
and 2000 BP (Figure 11). In all but one lake, the carbon content of the uppermost 2 cm of sediment is
from 1.4 to 2.0 times greater than the long-term median. The one lake in which this relationship does
not hold (04-04), experienced a sustained stretch of uniquely high %C values in the early Holocene
due to changes in the hydrology of its watershed [49]. In contrast, %C values measured for deeper
sediment in each gravity core typically fall within the range of variability seen in the long-term
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records (Figure 11). Depth-age models based on 2/°Pb have been reported for two lakes in the Uintas,
and in both of these, sediment below a depth of 9 cm was deposited before AD 1870 [50]. One of these
lakes (Marshall Lake) was also considered in this study (04-01), and the dimensions, elevation, and
setting of the other lake (Hidden Lake) are similar to the Uinta lakes from which long cores were
collected. Thus, it is reasonable to conclude that the middle and bottom samples from the Uinta
gravity cores were also deposited before the onset of any human perturbation of these remote water
bodies. Correspondence of the %C values for the middle and bottom samples from the short cores
with their corresponding long cores, and the elevated values in the top samples, therefore support
the interpretation that carbon accumulation rates in Uinta lakes have increased in the Anthropocene.
Previous work has presented diatom, sediment, and isotope evidence of enhanced productivity in
Uinta lakes beginning in the mid-20th century and attributed this change to atmospheric deposition
of nitrogen and phosphorus [31].
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Figure 11. Boxplot of carbon contents measured in Uinta lakes from Holocene-length long cores, and
surface sediments collected with a gravity corer. Numbers indicate the enhancement of the modern
value (red diamond) over the Holocene median.

4.3. Carbon Pools

The total carbon pool of the Uintas is between 5.9x10° and 9.7x10° Mt (Table 5), depending on
the value used to represent “average” Uinta lake sediment (Table 4). This total corresponds to a long-
term rate of between 50 and 83 Mt of carbon per year. Even if the factor-of-4 reduction employed to
correct for variations in sediment thickness within each lake basin is overly conservative, it is unlikely
that lakes in the Uintas sequester more than a few hundred Mt of carbon annually.

Although this mountain range is notably lake-dense, with >6,000 lakes and >50 km? of water
surface area, total annual carbon sequestration in these lakes is very small compared to the amount
of carbon humans emit annually through fossil fuel consumption. For example, as of 2009, Salt Lake
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City, the nearest metropolis to the Uintas, emitted 4.75x10° Mt of CO:z per year, equivalent to 1.3x10¢
Mt of carbon [51]. Therefore, each year, residents of Salt Lake City put a similar amount of carbon
into the atmosphere as Uinta Mountain lakes have sequestered over the entire Holocene.
Approximately one quarter of Salt Lake City carbon emissions (24%) is estimated to come from on-
road vehicle traffic [51]. Thus, each year traffic in Salt Lake alone emits carbon equivalent to ~3000
years of lake sedimentation in the Uintas. Similarly, as of 2014, the average US citizen was responsible
for the emission of 16.5 Mt of CO: annually [52]. Therefore, at their Holocene rate, the >6000 lakes in
the Uinta Mountains sequester as much carbon as ~20 or fewer average US residents, or ~10 Salt Lake
city residents, who are responsible for more carbon emission than average (Salt Lake City
Corporation, 2010). The carbon sink provided by Uinta Mountain lakes is therefore negligible
compared to the amount of carbon emitted even locally by human activity, demonstrating the
magnitude of perturbation to the global carbon cycle represented by anthropogenic emissions.

4.4. Limitations and Directions for Future Work

The design of this study represents an improvement on many previous projects in several ways.
Foremost among these is that mountain lakes were directly investigated, rather than assuming that
carbon accumulates in these environments at rates similar to those measured in lowland lakes.
Inclusion of a large number of sediment cores, the analysis of these cores at 1 cm intervals, the use of
a carbon analyzer for direct measurement of carbon content, and calculation of bulk density with a
pycnometer for developing a transfer function with water content, are all steps that improve the
resulting estimations. However, extrapolation from the cored lakes to the greater number of lakes for
which less data are available required several assumptions that likely impacted the accuracy of the
results. Most critically, due to the lack of detailed bathymetric and subsurface data, a conservative
correction was applied to convert the carbon stocks measured in single depocenter cores to lake-wide
carbon pool estimates. Although it was not an option in this study, previous work has demonstrated
that a superior approach is to use a sub-bottom profiler to create a map of the sedimentary package
underlying the lake bottom [7,11]. Additionally, since depth data could only be connected to 414 of
the lakes, it was not possible to apply the relatively robust multilinear regression based on water
depth, lake area, and shoreline complexity to all water bodies in the Uintas. Instead, six different
estimates of “average” carbon stock were extrapolated to the range-wide lake dataset, with an
obvious decrease in precision. Better estimates of the overall carbon pool would be possible if depth
data were collected for additional lakes. Finally, it is intuitive that the hydrogeomorphic setting of
each lake will control the amount of type of sediment that accumulates within it, including the
amount of carbon. Previous work has demonstrated connections between lake setting in the Uintas
and the amount of organic matter revealed by loss-on-ignition [12] measurements [53,54], so it was
surprising that the watershed properties included as predictors in the multilinear regression failed to
exert a significant control on the resulting carbon accumulation rate. On the other hand, perhaps the
100 m-wide lakeside buffer employed here failed to capture all salient aspects of each lake’s
hydrogeomorphic setting. Future work could investigate this further, perhaps with more effective
automated tools for delineating watershed boundaries.

5. Conclusions

This study employed a series of steps to extrapolate from 19 lake sediment cores to a range-wide
estimate of the Holocene carbon storage in over 6000 lakes in the Uinta Mountains, Utah. Mountain
lakes have been almost entirely overlooked in previous studies focused on lacustrine carbon
inventories. Results indicate that Uinta Mountain lakes accumulated carbon over the Holocene at
rates most similar to lakes in locations much farther north, such as Finland and Greenland. At the
same time, accumulation rates in Uinta lakes are much lower than values reported for lakes relatively
close by in Alberta and Minnesota. This result reveals that latitude alone is insufficient as a predictor
for lacustrine carbon storage and underscores the danger inherent in broadly applying average
accumulation rates to lakes in different biomes.
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Although modern carbon accumulation rates could not be calculated, the carbon content of
modern sediments in Uinta lakes are elevated up to two times above long-term rates for the Holocene.
This pattern corroborates recent studies that have reported enhanced carbon accumulation rates in
the Anthropocene. Given the almost complete lack of development around the Uinta lakes, most of
which are located within a protected wilderness area, this recent enhancement of carbon
accumulation is best explained by changes in nutrient status related to atmospheric deposition of
nitrogen and phosphorus [31].

Finally, the total carbon pool in Uinta Mountain lakes is conservatively estimated as <10x10°> Mt.
Remarkably, this total is equivalent to the total carbon emitted by Salt Lake City, the nearest major
urban area, in ~1 year. Annual carbon sequestration in Uinta lakes, based on long-term Holocene
rates, is equivalent to the annual emissions of <20 average Americans. This result starkly underscores
the magnitude of human perturbations to the global carbon cycle.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Table S1: Carbon
Content of Cored Lakes; Table S2:, Carbon Content of Lakes with Depths; Table S3: All Lakes Carbon Estimates.
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