
1. Introduction
Arctic environments are strongly affected by perturbations in climate, and their response may influence the 
global atmosphere and biosphere (e.g., Cohen et al., 2014; Natali et al., 2021; Schuur et al., 2008). The thawing 
of permafrost soils, for example, is projected to release vast amounts of organic carbon stored in permafrost soils 
to the atmosphere and induce a positive feedback between increasing temperature, thawing, and carbon release 
to the atmosphere (Harden et al., 2012; Schädel et al., 2016; Schuur et al., 2008; Turetsky et al., 2020; Zimov 
et al., 2006). Permafrost thaw can also increase rates of sediment transport and erosion through thermokarst expan-
sion, reduced soil cohesion, and increased thickness of the active layer (the upper soil that thaws every summer) 
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Plain Language Summary Erosion of landscapes underlaid by permafrost can transform arctic 
environments by changing topography, hydrology and rates of permafrost thaw. These changes can influence 
the entire arctic ecosystem as well as green house gas emissions from permafrost soils that can affect global 
climate. However, future rates of erosion are difficult to predict as they depend on complex interactions between 
climatic and environmental parameters such as temperature, permafrost, vegetation, wildfires, and hydrology. 
This complexity hinders assessments of the relations between erosion-rate and these parameters, and hence 
these relations as well as the relative importance of these different parameters remain largely unquantified. 
We used a lake sediment record as an archive for erosion from an upland Arctic watershed over the last 25,000 
years. Results show that erosion-rate is most strongly associated with temperature and vegetation-related 
conditions, and that erosion-rate decreases with increase in temperature, pollen counts, and pollen-based 
proxy for the abundance of trees and shrubs increase. The effects of environmental conditions on erosion-rate 
often change abruptly across some threshold values, highlighting the potential for strong changes in erosion in 
response to future changes in Arctic conditions.
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(Kirkby, 1995; S. F. Lamoureux et al., 2014; Osterkamp et al., 2009; Olefeldt et al., 2016; Shelef et al., 2017; 
Toniolo et al., 2009; Turetsky et al., 2020). Increased rates of erosion and sediment transport can expose deep, 
frozen soils to a warm atmosphere and further expedite permafrost thaw and carbon release. Erosion can also 
change the surface topography and thus modify the distribution of solar radiation across the landscape and change 
surface and subsurface hydrology (e.g., Liljedahl et  al.,  2016; Turetsky et  al.,  2020; van Huissteden,  2020). 
Further, eroded soil particulates and nutrients transported into the Arctic aquatic systems (i.e., rivers, lakes, deltas, 
oceans) can degrade water quality (e.g., Bilotta & Brazier, 2008; Droppo et al., 2021; Levenstein et al., 2020), 
harm aquatic ecosystems (Chin et al., 2016; Vucic et al., 2020), and change the partitioning of carbon stocks 
between terrestrial and aquatic systems (Fuchs et al., 2020; Li et al., 2021; Rowland et al., 2010). Despite the 
potential influence of these processes on the Arctic system, the relations between erosion-rate and environmental 
conditions (e.g., climate, permafrost, vegetation, wildfires, hydrology) remain largely unquantified (Lane, 2012; 
Li et al., 2021; Pelletier et al., 2015; Rowland et al., 2010; Spencer & Lane, 2016), impeding predictions of the 
Arctic system's response to future changes.

The influence of future changes to the Arctic environment on rates and patterns of erosion and the resulting flux 
of sediments and carbon is a gap in our knowledge that is difficult to quantify and predict (Li et al., 2021; Rowland 
et al., 2010; Turetsky et al., 2019). Whereas erosion-rate typically increases with factors such as runoff, surface 
erodibility, and intensity of hillslope processes (e.g., freeze thaw, bioturbation, mass wasting), the influence of 
changes to the Arctic environment on these factors depend on complex and potentially counteractive interac-
tions between temperature, permafrost, precipitation, vegetation, fire, and hydrology (Gooseff et al., 2009; Lara 
et al., 2019; Patton et al., 2019; Rowland et al., 2010). Climate warming, for example, may enhance permafrost 
thaw, causing a variety of thermokarst phenomena such as active layer detachment, retrogressive thaw slumps, 
and thermo-erosional gullies (Gooseff et al., 2009; Kokelj & Jorgenson, 2013; Lafrenière & Lamoureux, 2019; 
Lantz & Kokelj, 2008; Lewkowicz & Harris, 2005), and can act as a positive feedback for enhanced erosion 
along thawed ice wedges, water tracks, river banks and lake shores (Evans et al., 2020; Fuchs et al., 2020; Godin 
et  al.,  2014; Godin & Fortier,  2012; Trochim et  al.,  2016). Warming is also associated with lengthening of 
the growth season, increased vegetation cover, expansion of shrubs, and increased canopy height (Elmendorf 
et al., 2012; Myers-Smith et al., 2019). This can increase the thickness of winter snow drift trapped by vegetation 
which insulates the soil from cold winter temperatures, and enhance the protrusion of vegetation through snow that 
expedites spring snow melt, therefore causing further permafrost thaw (Domine et al., 2016; Wilcox et al., 2019) 
and associated erosion. Shrubs are associated with increased temperature of shallow soils (Kropp et al., 2020) and 
can also increase fire frequency through increased fuel supply (P. E. Higuera et al., 2008), enhancing fire-induced 
thaw and erosion-rate (Chipman & Hu, 2017; B. M. Jones et al., 2015; Patton et al., 2019).

Climate warming, however, can also reduce erosion-rate. For example, warming induced increase in vegetation 
cover and shrub expansion can stabilize the landscape through soil reinforcement and shielding by the root matrix 
and canopy, resulting in decreased erosion rates (Gyssels et al., 2005; S. Lamoureux, 2000; Tape et al., 2011). 
Further, thermal insulation by the root matrix and organic-rich topsoil (e.g., peat) together with the shading by 
shrubs can reduce the effect of a warming atmosphere on soil temperature, limiting permafrost thaw and associ-
ated erosion (Atchley et al., 2016; Mann et al., 2010; Yi et al., 2007). Warming can also increase the thickness 
of the active layer (Jorgenson et  al.,  2010; Lin & Wang,  2021; Romanovsky & Osterkamp,  1997), lowering 
the water table and increasing storage capacity, thus reducing surface runoff and erosion (Lamoureux, 2000; 
O’Connor et al., 2019; Woo, 1983) and suppressing the flashiness of erosive flows that occur at the end of cold 
springs (Cockburn & Lamoureux, 2008a; Woo & Sauriol, 1980). Overall, the counteractive erosive responses to 
interactions between climate, permafrost, vegetation and hydrology, demonstrate the complexity of the Arctic 
environment and have limited robust predictions of erosional response to changes in climate and environmental 
conditions.

Lake and river deposits preserve an integrated record of watershed response to past changes to the Arctic envi-
ronment through biogechemical sedimentary proxies for past erosion and environmental conditions, and thus 
may assist in modeling and quantifying the influence of environmental changes on erosion and sediment flux. 
For example, increased erosion at times of increased temperature is recorded by river deposits from the Bølling–
Allerød (BA) and Holocene Thermal Maximum (HTM) warming events. High summer temperatures during these 
events (Gaglioti et al., 2014, 2017; Kaufman, 2004) were associated with extensive aggradation of river depos-
its in the northern foothills of Alaska, probably in response to increased sediment flux sourced from hillslope 
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erosion induced by permafrost thaw (Mann et al., 2002, 2010). Similarly, lake sediments in the Tanana Valley in 
central Alaska, and in the western Brooks Range (Abbott et al., 2000; Finkenbinder et al., 2014; Finkenbinder 
et al., 2015) record increased sediment flux during periods of abrupt warming in the Early Holocene. The asso-
ciation between warming, permafrost thaw, and high erosion-rate and sediment flux is further supported by the 
landscape response to cooling during the Younger-Dryas, where permafrost recovery and reduced precipitation 
likely restricted hillslope erosion and sediment transport (Abbott et al., 2000; Mann et al., 2010). Lake sediments 
from northern Alaska also record an association between charcoal deposition and thermokarst formation, demon-
strating the effect of fires on erosion over the last 3 millennia (Chipman & Hu, 2017). In contrast, sediments also 
record decreased erosion-rate during times of warming. For example, analysis of recent lake deposits in northeast 
Alaska showed that shrub expansion and lower peak runoff are associated with decreased erosion-rate since 1980, 
despite increased temperatures (e.g., Tape et al., 2011). Over longer time scales, lake and river deposits in Alaska 
record a decreased erosion-rate in the Holocene despite increased temperatures, likely reflecting the stabilizing 
effect of vegetation, peat expansion and decreased aeolian dust supply during this time (Finkenbinder et al., 2015; 
Gaglioti et al., 2014; Mann et al., 2002). The sedimentary records utilized by these studies appreciably improved 
the conceptual understanding of this complex system, yet, quantitative estimates of the relative importance of 
temperature, vegetation, fires, and other key factors remain elusive, as are their functional relationship with 
erosion-rate and sediment flux.

To explore the association among erosion-rate and various environmental conditions we analyze a data-rich 
sedimentary record from Burial Lake, northwestern Alaska, that spans glacial-interglacial changes in climate 
and other environmental conditions and was thoroughly dated and sampled for a broad array of biogeochemi-
cal sedimentary proxies for environmental conditions (Abbott et al., 2010; Dorfman et al., 2015; Finkenbinder 
et al., 2015; Finkenbinder et al., 2018; King et al., 2021; Kurek et al., 2009). This record is used to address the 
following questions: (a) what sedimentary proxies are most strongly associated with the flux of sediments into the 
lake (a proxy for erosion-rate), and (b) what are the functional relationship among key sedimentary proxies and 
sediment flux. Our analysis, based on bi- and multi-variate analyses of the association among sediment flux and 
biogeochemical sedimentary proxies over the past 25 cal ka BP, quantitatively estimates the relative importance 
of sedimentary proxies and their relationship with erosion-rate, and in doing so provides insights regarding the 
dynamics of the arctic system and its potential response to future changes.

2. Method
2.1. Field Area

Burial Lake (68.43°N, 159.17°W, 460 masl, Figure 1) is located at the northwestern Brooks Range with current 
mean annual temperature and precipitation of −7.5°C and 291 mm (King et al., 2021). The lake is approximately 
circular, with a diameter of ∼1 km and surface area of ∼0.8 km 2. The lake drains a relatively small watershed 
(∼3 km 2) characterized by moderate to steep slopes (1°–6°) between the lake and surrounding hilltops. Surface 
runoff into the lake occurs through numerous small gullies with ephemeral streams whose lengths are <1 km 
(Figures 1b–1d). The lake's maximal depth is 21.5 m (measured in 2010) and its surface discharge is through 
a shallow outlet stream with limited flow (Figure 1e), suggesting that the lake is a good sediment trap. The 
lake watershed is underlaid by continuous permafrost with moderate to high ice content and is associated with 
hillslope thermokarst of moderate to high coverage (Balser et al., 2016; Olefeldt et al., 2016). The lithology is 
dominantly composed of moraine deposits that are likely middle Pleistocene or older in age (Hamilton, 2001). 
The surrounding vegetation is low Arctic tundra dominated by Salix spp. Betula nana, Alnus viridis ssp. fruti-
cosa. The lake is oligotrophic and hydrologically open with no evidence of thermal or chemical stratification 
(Abbott et al., 2010). The lake remained free of glacial influence during the Last Glacial Maximum (26.5–19 
ka; Clark et al., 2009), is located just outside the extent of mountain glaciers and Northern Hemisphere ice-sheet 
(Hamilton, 2001), and contains a relatively long sedimentary record (∼40 cal ka BP, Abbott et al., 2010). The lake 
was cored in the winter of 1998 and in the summers of 1997 and 2010. Two well-dated composite cores (labeled 
C98 and A10) were used in the analysis presented here. The cores were analyzed for an array of physical, chrono-
logical, elemental, and biological measures (Abbott et al., 2010; Dorfman et al., 2015; Finkenbinder et al., 2015; 
Finkenbinder et al., 2018; King et al., 2021; Kurek et al., 2009).
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2.2. Data Preparation and Types

We use the flux of mineral sediments into the lake (hereafter mineral flux, Fd [g/cm 2/yr]) as a proxy for the rate 
of physical erosion and the resulting sediment flux. Mineral flux (Dorfman et al., 2015) was computed as

𝐹𝐹𝑑𝑑 =
Δ𝐷𝐷

Δ𝑡𝑡
𝜌𝜌𝑑𝑑 (1 − 𝑓𝑓𝑜𝑜 − 𝑓𝑓𝑏𝑏) . (1)

Deposition rate, 𝐴𝐴
Δ𝐷𝐷

Δ𝑡𝑡
 , is computed from the depths (D [cm]) of core A10, located close to the depo-center of Burial 

Lake, and from a  14C based age model (t [yr]). Bulk dry density, ρd, the organic matter weight percent (based on 
loss on ignition at 550°C), fo, and biogenic silica weight percent fb (Finkenbinder et al., 2015).

The age-model used is based on  14C measurements collected from multiple studies (Abbott et al., 2010; Dorfman 
et al., 2015; Finkenbinder et al., 2015; Finkenbinder et al., 2018; King et al., 2021; Kurek et al., 2009) as well 
10 new  14C ages sampled and analyzed for this study. The data collection and processing follows the protocol 
described in Abbott et al. (2010). The age model for this study is based on 24 radiocarbon dates measured using 
wood, seeds, and plant macrofossils from A10 and C98 cores. The samples were prepared as described in Finken-
binder et al. (2015), pre-treated using methods described in Abbott and Stafford (1996) and analyzed at the W.M. 
Keck Carbon Cycle AMS Laboratory, University of California, Irvine. Radiocarbon ages were then calibrated 
using CALIB 8.2 and the INTCAL20 calibration curve (Reimer et al., 2020). The composite age-depth model 

Figure 1. Study area (modified from King et al. (2021) and Abbott et al. (2010)). (a) Map showing Alaska and the location 
of Burial Lake. (b) Hillshade image (based on an IfSAR DEM (Carswell, 2013)) shows the boundary (red line) of the 
watershed that drains to burial lake. (c) Burial Lake and water depth contours (2 m) on a satellite image (Landers et al., 2008; 
ArcMap global imagery database). White circles mark the location of cores C98 (right) and A10 (left). (d) Ground view to the 
east of the northern lake shoreline, showing one of the numerous small inlet channels. (e) Aerial view of the outlet channel 
identified in (c) with floatplane. Photo credits: Mark Abbott, 29 June 2010.

500m
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was developed using a Markov chain Monte Carlo statistics-based Bacon approach (Blaauw & Christen, 2011) 
implemented in R (Blaauw et al., 2021).

Analysis of association between mineral flux and biogeochemical sedimentary proxies relied on data produced 
through multiple studies of sediment cores from Burial Lake (Abbott et al., 2010; Dorfman et al., 2015; Fink-
enbinder et al., 2015; Finkenbinder et al., 2018; King et al., 2021; Kurek et al., 2009). We focused on 10 sedi-
mentary proxies (Figure 2) reflecting environmental conditions that might influence erosion-rate: (a) Mean July 
temperature [°C] based on Chironomid assemblage (source: Kurek et al. (2009)); (b) Normalized pollen counts 
(source: Abbott et al. (2010), labeled pollen sum/exotics in Figures 2–5), computed by normalizing the total count 
of pollen grains by the count of artificially added exotic pollen grains (used as a counting reference) (Abbott 
et al., 2010; Salgado-Labouriau & Rull, 1986). Increased pollen count is associated with increased pollen produc-
tivity and background pollen flux, and may be indicative of increased vegetation abundance (Qin et al., 2020; 
Sugita, 2007); (c) Percent pollen from trees and shrubs (PTS, labeled Trees & Shrubs [%] in Figures 2–5) rela-
tive to a total of trees, shrubs and herbs (source: datasets associated with Abbott et al. (2010)). Increased PTS 
may reflect a higher relative abundance of trees and shrubs; (d) Charcoal-based proxy for frequency of local 
fires [ka −1] (e.g., P. E. Higuera, Chipman, et al., 2011; Chipman & Hu, 2017). The charcoal data was obtained 
as part of this study, and produced through treatment of contiguous, 1 cc, sediment samples in a solution of 
sodium hexametaphosphate and bleach for 24 hr. Each sample was then washed through a 125 μm sieve and 
counted under a stereomicroscope according to the methodology of Whitlock and Larsen (2002). The raw data 
was processed with the CharAnalysis software (P. Higuera, 2009) with parameters based on values used for lakes 
in the Noatak Peninsula (P. E. Higuera, Barnes, et al., 2011; P. E. Higuera, Chipman, et al., 2011). Charcoal 
fragments were collected starting at ∼15 cal ka BP and older core sections, where charcoal fragments were not 
found (Vachula et al., 2020), were assigned a zero fire frequency; (e) The ratio of organic carbon to nitrogen 
(C/N) (source: Finkenbinder et al. (2015)). Increased C/N values are typically associated with increased input 
of terrestrial compared to aquatic organic matter (Finkenbinder et al., 2015; Meyers & Teranes, 2002), and thus 
may covary with the magnitude of terrestrial erosion; (f) δ 18O [‰] based on Chironomid samples (source: King 
et al.  (2021)). Increased δ 18O values can be characteristic of a hydraulic system with a dominant evaporative 
component that can be associated with a dry climate; (g) Age offset [yr]: the difference between depositional age, 
as approximated by the age model (i.e., based on macrofossils), and age obtained from bulk sediment samples 
(source:  14C ages obtained for this and prior studies). These bulk samples represent an amalgamation of young 
and aged carbon, sourced from permafrost, active-layer and fresh vegetation from the entire lake watershed as 
well as from the lake it self (Abbott & Stafford, 1996; Gaglioti et al., 2014; Strunk et al., 2020). Increased age 
offset likely reflects a higher contribution of old carbon from thawed permafrost, and is therefore expected to 
covary with erosion and transport of old, permafrost-sourced organic carbon (e.g., Gaglioti et  al.,  2014); (h) 
Bulk mean physical grain size [μm] (source: Dorfman et al. (2015)). Increased mean grain size is expected to 
reflect more energetic sediment transport processes (e.g., Macumber et al., 2018), or a decreased flux of aeolian 
sediments of small grain size (Dorfman et  al.,  2015; i–j) Ca/K and Ca/Sr ratios, as measured through X-ray 
Fluorescence (XRF) Spectroscopy (source: Finkenbinder et al. (2015)). Increased ratios can be associated with 
thermokarst-related mass wasting deposits (Chipman & Hu, 2017). For robustness, we have also run the analysis 
based on the log of these ratios (Weltje & Tjallingii, 2008). The sedimentary proxies were measured from core 
A10, with the exception of pollen and Chironomid based data which were measured from core C98. Age offset 
is based on  14C samples from both cores.

2.3. Data Analysis

2.3.1. Pre-Processing

The different sedimentary proxies were pre-processed to facilitate a robust analysis of their association with 
mineral flux. Given that different sedimentary proxies were sampled at different depth and age intervals, all 
proxies were linearly interpolated (e.g., Chipman & Hu, 2017) to age intervals of 100 years (approximately the 
25 percentile of sampling age intervals for different sedimentary proxies) between 2 and 25 cal ka BP. Data 
from <2  cal ka BP were excluded to avoid extrapolation beyond the youngest data points for some of the 
proxies (pollen, age offset, grain size). Data from >25  cal ka BP were excluded because of a deviation in 
age-depth relations between cores A10 and C98 that reflects an unconformity in core C98 (Abbott et al., 2010;  
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Finkenbinder et al., 2015). To acknowledge the age uncertainty associated with individual data points and the 
associated mismatch between cores, the data was smoothed with a running average filter, whose size (500 years) 
is defined based on the maximal range of  14C age uncertainty. The mineral flux (Fd) was computed from the inter-
polated and smoothed age, LOI, and biogenic silica data (Equation 1). This procedure produced a data set of 229 

Figure 2. Sedimentary proxies. Time series of the proxies described in Section 2.2. Mineral flux, which is used as the 
response variable in the following analyses, is colored in blue.
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observations (i.e., an observation for each 100 years time interval), where each observation contains 11 numeric 
values: a value for each of the 10 sedimentary proxies and for mineral flux (Figure 2).

2.3.2. Statistical Analysis

For robustness, we used linear and non-linear bi and multi variate methods to evaluate and rank the strength 
of association between sedimentary proxies (predictors) and mineral flux (response). The methods include 
(a) Linear bivariate analysis based on Pearson's correlation coefficient and the associated R 2. (b) Non-linear 
bivariate analysis of predictor importance based on random forest (Nicodemus et al., 2010; Wijeyakulasuriya 
et al., 2020), (c) Linear multivariate analysis of variable importance based on partial least squares regression 
(e.g., Bodmer et al., 2020; Mehmood et al., 2012), (d) Non-linear multivariate analysis based on a random forest 
model (Breiman, 2001; Kursa & Rudnicki, 2010). Below we briefly describe these methods (a more detailed 
description of the methods and their associated parameters is available in Supporting Information S1).

2.3.3. Random Forest

To quantify the association between sedimentary proxies (predictors) and mineral flux (response) while account-
ing for complex non-linear relationships we used random forest based analyses. Random forest (Breiman, 2001) 
is an ensemble of binary regression trees, each recursively grown (hereafter trained) with a random subset of the 
observations (i.e., in bag observations). At each split in the tree, a random subset of predictors is selected to be 
available for splitting, and a split is made based on the predictor that best split the response variable into more 
homogenous groups. The predictive power of the trained trees can then be evaluated based on the observations 
that were not used in the training (i.e., out of bag observations). Random forest models are advantageous in that 

Figure 3. Correlation between sedimentary proxies. A heat map of a correlation matrix (Pearson's r) for all pairs of 
sedimentary proxies. To highlight correlated proxies, the map is colored by the absolute value of Pearson's r (|r|), and the 
displayed text values reflect whether the correlation is negative or positive. All the correlations are statistically significant 
(significance level α = 0.01). The bottom row shows the r values for correlations between mineral flux and each of the 
sedimentary proxies.
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they do not make assumptions about data distribution and the form of the relations between the predictors and 
response variable and their prediction is mostly insensitive to correlated predictors (e.g., Aliyuda et al., 2020; 
Konapala & Mishra, 2020; Vaughan et al., 2017). Random forest models are particularly suitable for analysis of 
complex natural systems that are influenced by multiple factors (e.g., Aliyuda et al., 2020; Cotton et al., 2016; 
Konapala & Mishra, 2020; Rafat et al., 2021; Vaughan et al., 2017) (a more detailed description of random forest 
is available in Supporting Information S1).

2.3.4. Predictor Importance

We used the Boruta procedure (Kursa, 2014; Kursa & Rudnicki, 2010), based on a multivariate random forest 
model, to identify predictors (sedimentary proxies) whose association with the response variable (mineral flux) 
is statistically significant and to rank their importance (computed via a z-score metric) while accounting for 
potential interactions between predictors. For a comprehensive assessment of importance, we also used random 

Figure 4. Predictor importance. Bar and box plots showing a relative ranking of sedimentary proxies based on the strength of association between mineral flux (a 
proxy for the rate of physical erosion) and different sedimentary proxies. The top panels (a and b) show rankings based on bivariate analyses and the bottom panels (c 
and d) show rankings based on multi-variate analyses. The left column of panels (a and c) show analyses that assume linear association and the right column (b and d) 
show analyses that are not restricted by this assumption. (a) R 2 values based on Pearson's r, (b) R 2 values based on random forest, (c) Variable importance in projection 
(VIP) based on partial least squares regression, (d) Z-score values based on Boruta analysis that employs an iterative random forest procedure. The red line marks 
median, whiskers extend to 1.5 times the interquartile range, and “+“ symbols mark outliers.
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forest models to quantify the bivariate association between mineral flux to each sedimentary proxy separately 
(computed via an R 2 metric) (Nicodemus et al., 2010; Wijeyakulasuriya et al., 2020).

For robustness in predictor importance estimates, we also used linear multi and bi variate analyses to rank predic-
tor importance. We ranked the importance of the predictors (sedimentary proxies) through a variable importance 
in projection (VIP) predictor ranking based on multivariate partial least squares (PLS) regression (e.g., Bodmer 
et al., 2020; Mehmood et al., 2012). PLS combines the advantages of multiple linear regression and principal 
component analysis by finding orthogonal combinations (components) of the original predictors that have a 
large covariance with the response variable. The orthogonality of these components resolves multicollinearity 
issues, and their covariance with the response variable produces a reliable predictive power (e.g., Kemsley, 1996; 
Mehmood et al., 2012) while accounting for potential associations between predictors. For robustness, we also 
evaluated the strength of bivariate linear association between each predictor and the response (mineral flux) using 
Pearson's correlation coefficient (r) and the associated R 2.

2.3.5. Relationships Between Key Sedimentary Proxies and Mineral Flux

To explore the relationships between key sedimentary proxies and mineral flux, while accounting for potential 
non-linearities as well as for correlated predictors, we use accumulated local effect (ALE, Apley and Zhu, 2020) 
based on a multivariate random forest model (Friedman, 2001). ALE is a relatively new method for analysis 
and visualization (Galkin et al., 2018; Stein et al., 2021; Xenochristou et al., 2021) that is advantageous over a 
standard partial dependence analysis (i.e., Friedman, 2001; Konapala & Mishra, 2020; Vaughan et al., 2017) in 
that it helps interpret the marginal effect of correlated predictors by eliminating improbable combinations of such 
predictors.

Figure 5. Accumulated local effects (ALE) plots. ALE plots, based on a random forest model, display the marginal dependence of mineral flux on different 
sedimentary proxies. The x-axis shows the values of each sedimentary proxy, and the y-axis shows mineral flux values centered by the mean mineral flux for each 
plot (i.e., negative values reflect fluxes that are lower than this mean). All plots have the similar y-axis scaling, and thus changes in the amplitude of the plots reflect 
differences in the marginal effect of different proxies.
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The Boruta and ALE analyses were executed with the R packages “Boruta” (Kursa & Rudnicki, 2010) and “iml” 
(Molnar, 2018). All other analyses were conducted with MATLAB (MATLAB, 2021).

3. Results
The statistical models we used explain most of the variance in the erosion-rate data (i.e., high predictive power), 
and sedimentary proxies are often correlated (Figures 3 and 4). Multivariate random forest and PLS analyses 
produced R 2 values of ∼0.93 and 0.79, respectively. Bivariate analyses produced varying R 2 values for different 
parameters, with highly ranked sedimentary proxies having R 2 values >0.8 and >0.7 for the bivariate random 
forest model and Pearson's correlation, respectively (Figures 4a and 4b). The absolute value of Pearson's correla-
tion (r) between sedimentary proxies is often high and can exceed 0.9 (Figure 3) and the correlation is statistically 
significant for all proxies (significance level α = 0.01).

Different methods for ranking of predictor importance reveal both consistencies and differences in predictor 
ranking (Figure 4). The Random Forest based Boruta procedure (Figure 4d), the least restrictive of the methods, 
identified all 10 predictors (sedimentary proxies) as statistically important (i.e., see Supporting Information S1 
for details), and ranks July temperature, percent pollen from trees and shrubs (PTS), and normalized pollen 
counts as the most important proxies. These sedimentary proxies are ranked within the top four predictors by all 
other methods (Figures 4a–4c). The sedimentary proxies C/N, grain size, and δ 18O are ranked as having a medium 
relative importance by the Boruta procedure, and as having either high or low importance by the other methods. 
The sedimentary proxies Ca/Sr, Ca/K (or the log of these ratios, Supporting Information S1), charcoal-based fire 
frequency, and age offset, are ranked low by the Boruta procedure, and have either medium or low importance 
according to other methods.

The trend of the relations between mineral flux and key sedimentary proxies (Figure 2) is generally consistent 
between ALE (Figure 5) and bivariate correlation (Figure 3). Mineral flux generally increases with increased 
Age offset, and decreases with increased July temperature, PTS, normalized pollen counts, grain size, C/N, and 
Ca/K. The trend of relations between mineral flux and the proxies δ 18O, and charcoal-based fire frequency are 
inconsistent between ALE and bivariate correlation. Overall we consider the random-forest based ALE analysis 
more robust as it account for interactions with other proxies and is not restricted by an assumption of linearity.

Although most ALE relations are somewhat noisy, they typically display a clear positive or negative association 
with mineral flux (Figure 5). Increased mean July temperature from ∼5°C to 11°C, for example, is associated 
with a decreased mineral flux of approximately 0.003 g/cm 2/yr, which is ∼44% of the mean mineral flux into 
the lake between 25 and 2 cal ka BP (0.0068 g/cm 2/yr). For some proxies, the ALE relation show a step like 
dependency between mineral flux and sedimentary proxies. For example, a step like decrease in mineral flux 
of approximately 0.0023 g/cm 2/yr (∼34% of the mean mineral flux over the analyzed period) occurs when the 
normalized pollen counts (labeled pollen sum/exotics in Figures 2–5) exceed a value of ∼1. A similar drop in 
mineral flux occurs when the PTS (labeled trees & shrubs [%] in Figures 2–5) exceeds a threshold of ∼20%. Step 
like drops in mineral flux of various magnitudes (∼0.00015–0.0005 g/cm 2/yr) also occur with increased C/N, 
δ 18O, Ca/Sr, and Ca/K. Likewise, the mineral flux abruptly drops by 0.0005 g/cm 2/y (∼7% of the mean mineral 
flux over the analyzed period) when the mean grain size exceeds a threshold of ∼6 μm, a drop which is followed 
by non-monotonic changes in mineral flux. A gradual increase in mineral flux of approximately 0.0006 g/cm 2/yr 
(∼9% of the mean mineral flux over the analyzed period) occurs when the charcoal-based fire frequency exceeds 
a threshold of 1.5 fires per ka. A similar increase in mineral flux, albeit noisy, is associated with increased age 
offset from 2 to 11 ka.

4. Discussion
4.1. Associations Between Key Sedimentary Proxies and Mineral Flux

The random forest based Boruta procedure (Kursa,  2014; Kursa & Rudnicki,  2010, Figure  4d) identified all 
10 predictors (i.e., sedimentary proxies) as statistically important (Supporting Information S1). Assuming that 
mineral flux represents the magnitude of physical erosion over the lake watershed, and that the associations 
we analyzed reflect causative relations, this suggests that all the sedimentary proxies we analyzed influence 
erosion-rate in a meaningful way. Although all proxies are statistically important, some are more important than 
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others, as reflected by the >×2 difference in the measures of importance between ranked proxies (Figure 4). The 
ranking of sedimentary proxies (Figure 4), also reflected in the relative amplitude of the ALE plots (Figure 5), 
suggests that temperature, normalized pollen counts, and PTS, have a dominant effect on erosion-rates. Proxies 
related to terrestrial versus aquatic productivity (C/N) and sediment transport mechanisms (mean grain size) 
are ranked as having medium importance, and proxies related to erosion of old carbon (age offset), watershed 
and regional hydrology (δ 18O), mass wasting (Ca/K, Ca/Sr) and charcoal-based fire frequency are ranked as 
having medium to low importance. Whereas all these proxies are statistically important, this ranking highlights 
the importance of temperature and vegetation in controlling erosion-rates in the Burial Lake watershed over the 
analyzed period. To the extent of our knowledge, this is the first study that systematically quantifies and ranks the 
effect of multiple proxies on erosion-rate in permafrost areas. Therefore we are unable to quantitatively compare 
the patterns we observe to other studies. Nevertheless, we are able to compare our results on the general direction 
and drivers of erosion-rates with other periglacial watersheds described in the literature.

The negative association between mineral flux and mean July temperature (Figures 3 and 5) may appear coun-
terintuitive. Temperature is ranked as a highly important predictor by all methods (Figure 4) and the ALE plots 
(Figure 5) suggest that a temperature increase of ∼6°C is associated with a ∼44% decrease in mineral flux (relative 
to the mean mineral flux: 0.0068 g/cm 2/yr). Increased temperatures are often expected to increase erosion-rates 
through thermokarst expansion, thus producing a positive, rather than negative association between mineral flux 
and temperatures (e.g., Gooseff et al., 2009; Kokelj & Jorgenson, 2013; Lafrenière & Lamoureux, 2019; Lantz & 
Kokelj, 2008; Lewkowicz & Harris, 2005; Mann et al., 2002; Mann et al., 2010). For example, in the north slope 
of Alaska, episodes of increased temperatures (14–12.8 and 11.5–9.5 cal ka BP) during the Pleistocene-Holocene 
transition were associated with increased flux of sediments to floodplains, likely the outcome of widespread mass 
wasting associated with permafrost thaw (Mann et al., 2010). In light of such findings, the negative association 
between temperature and mineral flux (Figures 3 and 5) suggests that in Burial Lake thaw related mass wast-
ing processes are negligible compared to other sediment transport processes. This is supported by the relative 
minor association between mineral flux and Ca/K or Ca/Sr (Figure 4), which were used as proxies for sediments 
delivered to lakes by thermokarst mass wasting processes (i.e., Chipman & Hu, 2017), as well as by the nega-
tive, rather than positive, association between mineral flux and these proxies (Figures 3 and 5). Although this 
may indicate that mass wasting processes next to Burial Lake have different elemental characteristics compared 
to those studied by Chipman and Hu (2017), the lack of large topographic scarps produced by past mass wast-
ing processes in the watershed of Burial Lake (Figure 1) further corroborates the relatively minor role of such 
processes in this basin.

Various processes may explain a negative association between temperature and mineral flux. For example, (a) 
Increased temperature and moisture can enhance paludification and expansion of vegetation that stabilize the 
landscape and protect it from erosion (e.g., Gaglioti et al., 2014; Mann et al., 2002; Mann et al., 2010), and also 
insulate the underlying soil from the warming atmosphere (Baughman et al., 2015; Mann et al., 2002), potentially 
inhibiting thaw and thermokarst; (b) Warming induced thickening of the active layer may increase the magni-
tude of subsurface flows (S. Lamoureux, 2000; O’Connor et al., 2019; Woo, 1983) at the expense of erosive 
surface flows; (c) Warm spring seasons may decreased the flashiness of spring floods and the erosion they cause 
(Cockburn & Lamoureux, 2008a; Woo & Sauriol, 1980); and (d) Warming related changes in wind patterns and 
in availability of allochthonous sediment sources that can reduce aeolian supply of mineral material (Dorfman 
et al., 2015) as well as shoreline erosion. Although the specific mechanisms through which increased temperature 
causes decreased erosion-rate remain uncertain, our findings highlight the potential importance of such response.

Normalized pollen counts and PTS are ranked as highly important proxies by all methods (Figure 4). An increase 
in the value of these proxies is associated with step-like decrease of about 30% (relative to the mean mineral 
flux) in mineral flux (Figure 5). This negative association provides hints about the processes through which 
vegetation influences erosion in the watershed of Burial Lake. Increased pollen counts may reflect increased 
abundance of vegetation in the region, as well as increased pollen productivity and/or background pollen depo-
sition (Qin et al., 2020; Sugita, 2007). Assuming that mineral flux represents the intensity of physical erosion 
over the lake watershed, the negative association between mineral flux and normalized pollen counts (Figures 3 
and 5) likely reflects decreased erosion-rate with increased vegetation abundance. Such increased abundance can 
cause expansion of root systems that reinforce the soil and decrease its erodibility, as well as increased density 
of leaves and branches that can trap sediments delivered from upslope and intercept rain drops whose impact can 
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cause erosion (Gyssels et al., 2005; S. Lamoureux, 2000; Tape et al., 2011). Further, soil cover by vegetation, 
interlocked roots, and dead plant matter can help insulate the soil from temperature fluctuations, reducing supply 
of erodible mineral matter to the surface via frost-heave processes (Mann et al., 2002). The development of a 
permeable organic horizon in periods of increased vegetation cover and peat development (Evans et al., 2020; 
Mann et al., 2002; O’Connor et al., 2019) can help transmit water through subsurface rather than surface flows 
(Lamoureux,  2000; O’Connor et  al.,  2019; Woo,  1983). This can decrease the magnitude of erosive surface 
flows and their sediment transport capacity. The effect of vegetation on erosion-rate is also reflected by the 
negative association between mineral flux and the PTS (Figures 3 and 5). This suggest that around Burial Lake, 
shrubs  and trees primarily stabilize permafrost soils (Nauta et al., 2014; Tape et al., 2011), rather than desta-
bilizing them through winter insulation, increased soil temperature, and protrusion through snow that enhance 
permafrost thaw (Bonfils et al., 2012; Kropp et al., 2020; Wilcox et al., 2019). The threshold decrease in mineral 
flux with increased normalized pollen counts and PTS (Figure  5) is consistent with geomorphic theory and 
findings (Cerda, 1999; Schumm, 1979; Sun et al., 2019), and likely reflects a non-linear effect of vegetation 
and shrub expansion on the connectivity of fluvial and sediment transport processes. The effect of vegetation on 
erosion may also be reflected in the somewhat high ranking of C/N (Figure 4) and its overall negative association 
with mineral flux (Figures 3 and 5). High C/N values are typically indicative of high contribution of terres-
trial plant  matter from the lake watershed relative to aquatic organic matter formed in the lake (Finkenbinder 
et al., 2015), and may reflect increased vegetation cover in the watershed and its transport to the lake. Overall, our 
findings suggest that increased vegetation abundance, as well as increased relative abundance of shrubs and trees, 
meaningfully reduced the erosion of mineral matter in the watershed of Burial Lake.

The negative association between δ 18O and mineral flux (Figure  5) is consistent with intuitive expectations. 
An increase in the value of δ 18O above −16‰ is associated with a step-like decrease of about 16% (relative to 
the mean mineral flux) in mineral flux (Figure 5). Increased δ 18O values can be characteristic of a hydrologic 
system with a strong evaporative component, a condition that may prevail in dry periods when precipitation is 
low (King et al., 2021). Low precipitation is likely associated with reduced fluvial erosion and increased slope 
stability, resulting in decreased mineral flux with increased δ 18O (Figure 5). Evaporative conditions may also 
be associated with low lake levels in Burial lake (King et al., 2021) when reworking of lake sediments through 
lake shore erosion may take place (Gaglioti et al., 2014), yet the negative association between δ 18O and mineral 
flux suggests that if this process occurs in Burial Lake it has a relatively minor contribution to the mineral flux 
measured near the lake's depo-center where core A10 was collected. The shift in the ranking of δ 18O between the 
Boruta procedure (Figure 4d) and the other procedures (Figures 4a–4c), may reflect a sensitivity of ranking meth-
ods based on permutation-importance to correlated predictors (Hooker et al., 2021). The overall medium-low 
ranking of the δ 18O predictor as well as the non-linear association between δ 18O and mineral flux, hints that the 
proposed mechanistic view of the association between δ 18O and mineral flux may be somewhat simplistic and 
does not capture the true hydrologic complexity of the lake system. For example, δ 18O in sediments does not 
depend only on precipitation-evaporation balance, as it is also sensitive to the δ 18O of the source water (precip-
itation and ground water), whether the lake is well mixed or not, and the effect of wind intensity on evaporation 
(Braig et al., 2010; King et al., 2021).

Age offset, the difference between bulk  14C ages and the macrofossil-based depositional age, is positively corre-
lated with mineral flux (Figures 3 and 5), which is generally consistent with expectations. An increase in the 
value of age offset from 2 to 11 ka is associated with about 10% increase in mineral flux (relative to the mean 
mineral flux, Figure 5). Large age offsets likely represent increased contribution of old carbon, derived from 
organic matter stored in permafrost (Abbott & Stafford, 1996; Gaglioti et al., 2014; Strunk et al., 2020). Given 
that the age of permafrost sourced carbon increases with soil depth due to deposition and paludification (Murton 
et al., 2015; Palmtag et al., 2015; Shelef et al., 2017), periods of increased age offset can be interpreted as being 
associated with deep incision that erodes and transports old carbon from deep soil horizons (Gaglioti et al., 2014; 
Vonk et al., 2012). Alternatively, high age offset may reflect a steep age-depth gradient in permafrost soils, such 
that even shallow incision can erode and transport old carbon into the lake. In Burial Lake, high age offset occurs 
primarily before the expansion of vegetation based on the trend of normalized pollen count (Figure 2), and is 
likely associated with times of poorly developed soil organic layer and steep age-depth gradient in soils across 
the watershed. The negative association between age offset and grain size (r = −0.62, Figure 3) may support 
this interpretation, as deep fluvial incision coincides with deep and fast flows that can transport large grains 
(e.g., Golden & Springer, 2006; Kociuba & Janicki, 2015), resulting in positive, rather than negative association 
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between age offset and grain size. This suggests that the positive correlation between mineral flux and age offset 
reflects the transport of old carbon through shallow erosional processes that delivered a relatively large quantity 
of fine sediments to the lake.

The non-linear relation between mineral flux and mean bulk grain size (Figure 5) may point at key processes 
of sediment transport. The step like increase in mineral flux (8% relative to the mean mineral flux) at grain 
sizes smaller than ∼6 μm (Figure 5), likely reflects the important contribution of mineral matter transported via 
aeolian process (Dorfman et al., 2015). Once deposited in the lake's watershed, this small grain size fraction can 
be transported into the lake by fluvial flows of low magnitude, resulting in a high mineral flux that is somewhat 
independent of the magnitude of incision and fluvial flows across the watershed. This is consistent with the 
association between age offset, mineral flux and grain size described above. The non-monotonic relation between 
mineral flux and grain size at size fractions larger than ∼6μm is consistent with a proposed decoupling between 
grain size and mineral flux in Arctic lakes (Cockburn & Lamoureux, 2008b).

Fires are expected to increase erosion-rate and mineral flux as they are associated with permafrost degradation, 
thermokarst, and removal of vegetation (Chipman & Hu, 2017; B. M. Jones et al., 2015; Patton et al., 2019). This 
is generally consistent with the increased mineral flux (9% relative to the mean mineral flux) when charcoal-based 
fire frequency estimates exceed 1.5 fires per ka (Figure 5). However, the expected relation between fire frequency 
and mineral flux contrasts with an exceptionally high mineral flux at a period of very low fire frequency prior 
to 15 cal ka BP (Figure 2), when vegetation was potentially too sparse to sustain an active fire regime. This may 
reflect the aforementioned high aeolian sourced mineral flux in this period (Dorfman et al., 2015; Finkenbinder 
et al., 2015). The relative low importance of charcoal-based fire frequency (Figure 4) suggest that in Burial Lake, 
the contribution of fires to erosion-rate is small compared to that of other proxies, which is consistent with the low 
ranking of proxies related to mass wasting, a process that can be triggered by wildfires (Chipman & Hu, 2017).

4.2. Temporal Context

Viewed in a temporal context, changes in mineral flux in Burial Lake can be coarsely divided to two periods 
(Figure 2). A period of high mineral flux between 25 and ∼16 cal ka BP, which is primarily associated with high 
values of age offset, and low values of mean July temperature, normalized pollen counts, PTS, charcoal-based 
fire frequency, C/N and grain size. This period coarsely overlaps with the last glacial maximum, and was domi-
nated by cold, dry and windy climate, low lake levels, and low sea level that exposed the Beringian continental 
shelves, a potential source for aeolian dust for Burial Lake (Dorfman et al., 2015; Finkenbinder et al., 2015; King 
et al., 2021). These conditions are conducive for high aeolian flux of small grain size detritus, low vegetation 
productivity (i.e., resulting in low fire frequency and low C/N), and poorly developed soil organic layer that 
facilitates high age offset even when incision is shallow. The low lake levels may have contributed to increased 
erosion-rate by increasing the topographic slope adjacent to the lake during this period, as well as by reworking 
of old deposits that contributed to the increased age-offset (e.g., Gaglioti et al., 2014). The following period, from 
∼16 to 2 cal ka BP, is characterized by an overall decrease in mineral flux, which is associated with a decrease 
in age offset, and an increase in temperature, normalized pollen counts, PTS, fire frequency, C/N and grain size. 
This period coarsely aligns with the Late Glacial-Holocene transition (including the Bølling–Allerød (15–12.9 
ka) and Younger Dryas [12.9–11 ka]) and extends to the Holocene. It is generally associated with warmer, wetter 
and less windy conditions compared to the prior period (with potential exceptions during the Younger Dryas), 
accompanied by rising lake and sea levels, increased vegetation productivity and peatland development (Dorfman 
et al., 2015; Finkenbinder et al., 2015; Jones & Yu, 2010; King et al., 2021; Mann et al., 2002). These changes can 
cause the decreased flux of fine aeolian detritus and the associated increase in mean grain size. The decrease in 
mineral flux at this period, despite evidence for increased precipitation, likely reflects the stabilizing effect of peat 
and shrubs (Gaglioti et al., 2014; Nauta et al., 2014; Tape et al., 2011) that protected the landscape from physical 
erosion and insulated it thermally, thus inhibiting erosion and permafrost thaw in spite of increased temperatures 
and precipitation. The decreased erosion and increased paludification likely decreased the delivery of old carbon 
to the lake, as reflected by decreased age offset. Although periods of rising lake level can cause thermokarst 
expansion and lake shore erosion (Gaglioti et al., 2014), the relatively low mineral flux and decreased age offset 
over this period suggest that this is not a meaningful process in Burial Lake. This is consistent with the findings of 
Gaglioti et al. (2014), showing that most of the old carbon in lake deposits (i.e., Lake of the Pleistocene/Nikivlik 
lake, located ∼120 km east of Burial Lake) is sourced from the watershed and not from lakeshore erosion.
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4.3. Limitations and Future Research Directions

Our analyses and interpretation are underlaid by some key assumptions. The interpretation, like most limnol-
ogy based paleo-climate studies, implicitly assumes that sediments are deposited in the lake soon after they are 
eroded (i.e., within the uncertainty in deposits age) without shredding the environmental signal (e.g., Jerolmack 
& Paola, 2010), so that the sedimentary proxies reflects the condition in the watershed at the time of deposition. 
This assumption is likely valid given the small scale of the analyzed watershed, and the relative quiescence of the 
lake. We also assume that the Sadler effect (i.e., Sadler, 1981) is negligible based the continuous sedimentation 
recorded by the cores, and the lack of indicators for mechanisms that may cause hiatuses (e.g., no accommodation 
space, diversion of channel systems) (Jenny et al., 2019). Further, our interpretation sometimes assumes causa-
tive relations between sedimentary proxies for environmental conditions and erosion-rate, while the analysis it 
self reflects association, not causation. Whereas time lagged analysis may help identify causative relations (e.g., 
Granger, 1969), it is possible that clear unidirectional causative relations do not exist in this system, as it may be 
characterized by feedbacks between its components (e.g., between erosion, vegetation and hydrology).

Although our findings provide insights regarding the first order association between mineral flux and environ-
mental conditions, they are based on a single (albeit data rich) field area and refer to a limited set of processes. 
For example, we focused on physical erosion and particulate deposits, and did not address the role and magnitude 
of chemical erosion which can be an important process in Arctic and/or carbonate watersheds (Anderson & 
Anderson, 2010; Huh & Edmond, 1999; Ryb et al., 2014). Similarly, the analyzed watershed is relatively small 
with surrounding hill slopes drained by zero to first order channels (Figure 1). While such small watersheds and 
hill-slopes occupy most of the global landscape (e.g., Horton, 1945; Pelletier et al., 2016) and are key in under-
standing and quantifying erosional processes, their analysis does not capture processes such as incision and bank 
erosion by large rivers (Costard et al., 2007; Payne et al., 2018). Likewise, the association between erosion-rate 
and lake level changes is not directly addressed in our analysis because of the high uncertainty in paleo lake 
levels and the small number of temporal constraints on lake-level compared to other predictors (Finkenbinder 
et al., 2015). Additionally, the long sedimentary record in Burial Lake captures periods of large changes in envi-
ronmental conditions and their influence on erosion-rate (e.g., late glacial to early Holocene transition). However, 
the influence of such periods on the predictors-response associations may mask patterns that occur over relatively 
stable period such as the Holocene (Finkenbinder et al., 2015; Kurek et al., 2009). Separate analysis of periods of 
relative stability may reveal hidden patterns with additional implications for a warmer Arctic. Finally, the analy-
sis is based on the sedimentary record of a single lake, and although the associations we quantify are similar to 
those suggested in other sites in northern Alaska (Gaglioti et al., 2014; Tape et al., 2011), it is not clear over what 
temporal and spatial scales these associations can be extrapolated. Robust analyses of multiple lakes across the 
Arctic can help address these knowledge gap.

4.4. Implications

Increased warming, precipitation, shrub expansion and fire frequency are predicted in the coming century 
(Bintanja & Andry, 2017; Heijmans et al., 2022; McCarty et al., 2021; Meredith et al., 2019) and can affect erosion 
and sediment transport across the Arctic, which may in turn influence thaw, carbon emissions and delivery of 
sediments and carbon to the aquatic system. However, the direction and magnitude of future changes in  erosion 
is challenging to predict. Our analysis suggests that increased temperature and shrub expansion will be associated 
with decreased erosion-rate in areas akin to the Burial Lake watershed (Figures 4 and 5). Whereas this decreased 
erosion-rate may be counteracted by the effects of increased fire frequency and thermokarst (the study area is 
associated with hillslope thermokarst of moderate to high coverage (Olefeldt et al., 2016)), the relatively low 
ranking and marginal effect of charcoal-based fire frequency, as well as of the Ca/Sr and Ca/K ratios (Figures 4 
and 5), hints that the influence of these processes on catchment wide erosion-rate in areas akin to the Burial Lake 
watershed may be low. Such predictions, however, should be taken with caution, as future environmental condi-
tions may differ from past ones in terms of predictor values and combinations, so that paleo-information from the 
sedimentary record may not be directly applicable for predictions. For example, the temporal contextualization in 
Section 4.2 suggests that decreased erosion-rate is associated with the development of peat (Jones & Yu, 2010; 
Mann et al., 2002), which may not have a direct future analogue. Despite these limitations, some of the first order 
patterns we observe can likely guide future predictions. For example, the dominant and negative associations 
between mineral flux and proxies related to vegetation abundance and shrubs expansion point at the primary 
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importance of vegetation in regulating erosional processes in Arctic settings. Similarly, the threshold response of 
erosion-rate to vegetation-related proxies, as well as to δ 18O, C/N, and charcoal-based fire frequency, highlight 
the potential for strong non-linear changes in erosion in response to future changes in Arctic conditions.

5. Summary
This study explores the association between erosion and environmental changes in permafrost covered land-
scapes. It relies on a data-rich sedimentary record from Burial Lake, Alaska, to decipher the complex interaction 
among erosion-rate (approximated by the flux of mineral sediments) and biogeochemical sedimentary proxies for 
climate, permafrost, hydrology, soil, vegetation, and fire. We analyze the proxy data with a combination of bi- and 
multi-variate techniques, with sediment flux as the response variable, and the different biogeochemical sedi-
mentary proxies as the predictors. The results are generally consistent between different analysis methods, and 
show that sediment flux is most strongly associated with temperature (mean July temperature based on Chirono-
mid taxa) and vegetation-related proxies (normalized pollen counts and percent pollen sourced from trees and 
shrubs), and have a weaker, albeit statistically significant, association with proxies such as fire frequency, aeolian 
dust supply, age-offset, and geochemical indicators of mass wasting. The relations between erosion-rate  and 
different sedimentary proxies are often noisy but are typically characterized by a consistent general trend. Sedi-
ment flux generally decreases with increased temperature, suggesting that increased temperature is associated 
with environmental changes that protect the landscape from erosion. Decreased sediment flux with increased 
vegetation-related proxies suggests that increased vegetation abundance and shrub expansion stabilize the land-
scape. The association between sediment flux and vegetation-related proxies, as well as hydrologic (δ 18O), grain 
size, and fire related proxies change abruptly across some threshold values, highlighting the potential for strong 
non-linear changes in erosion in response to future changes in Arctic conditions.

Data Availability Statement
A table with the time series of the proxies used for the analysis is available in the supplementary data. Additional 
complementary data is available through: https://www.ncei.noaa.gov/access/paleo-search/study/15675; https://sites.
pitt.edu/∼mabbott1/climate/mark/Abstracts/Pubs/Finkenbinderetal15Data.xlsx; https://sites.pitt.edu/∼mabbott1/ 
climate/mark/Abstracts/Pubs/BurialLakeDataNOAA.xlsx. Software for this research is available in these in-text 
citation references: “Boruta” (R) (Kursa & Rudnicki, 2010), “iml” (R) (Molnar, 2018) as well as in MATLAB'S 
statistics and machine learning toolbox (MATLAB, 2021).
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