Portland State University

PDXScholar

Geology Faculty Publications and Presentations Geology
11-1-2021

Estimated Amounts and Rates of Carbon Mobilized
by Landsliding in Old-Growth Temperate Forests of
SE Alaska

Bryce A. Vascik
Portland State University

Adam M. Booth
Portland State University, boothad@pdx.edu

Brian Buma
University of Colorado, Denver

Matteo Berti
University of Bologna

Follow this and additional works at: https://pdxscholar.library.pdx.edu/geology_fac

b Part of the Geology Commons
Let us know how access to this document benefits you.

Citation Details

Vascik, B. A., Booth, A. M., Buma, B., & Berti, M. (2021). Estimated Amounts and Rates of Carbon
Mobilized by Landsliding in Old-Growth Temperate Forests of SE Alaska. Journal of Geophysical
Research: Biogeosciences, 126(11). https://doi.org/10.1029/2021jg006321

This Article is brought to you for free and open access. It has been accepted for inclusion in Geology Faculty
Publications and Presentations by an authorized administrator of PDXScholar. Please contact us if we can make
this document more accessible: pdxscholar@pdx.edu.


https://pdxscholar.library.pdx.edu/
https://pdxscholar.library.pdx.edu/geology_fac
https://pdxscholar.library.pdx.edu/geology
https://pdxscholar.library.pdx.edu/geology_fac?utm_source=pdxscholar.library.pdx.edu%2Fgeology_fac%2F202&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/156?utm_source=pdxscholar.library.pdx.edu%2Fgeology_fac%2F202&utm_medium=PDF&utm_campaign=PDFCoverPages
http://library.pdx.edu/services/pdxscholar-services/pdxscholar-feedback/?ref=https://pdxscholar.library.pdx.edu/geology_fac/202
mailto:pdxscholar@pdx.edu

'.) Check for updates

A G s

> SPACE SCIENCE

JGR Biogeosciences

RESEARCH ARTICLE
10.1029/2021JG006321

Key Points:

« Landslides mobilized carbon at a
rate of 2.46 + 0.12 tC km~2 yr~! over
55 years in SE Alaska

« Relatively high connectivity (60%)
of landslide deposition to stream
networks facilitates C export to the
ocean or fjords

« Areas with the highest C
mobilization rates were areas of
moderate landslide frequency in
high C density forests

Supporting Information:

Supporting Information may be found
in the online version of this article.

Correspondence to:

B. A. Vascik,
brycevascik@gmail.com

Citation:

Vascik, B. A., Booth, A. M., Buma, B.,
& Berti, M. (2021). Estimated amounts
and rates of carbon mobilized by
landsliding in old-growth temperate
forests of SE Alaska. Journal of
Geophysical Research: Biogeosciences,
126, €2021JG006321. https://doi.
org/10.1029/2021JG006321

Received 1 MAR 2021
Accepted 1 NOV 2021

Author Contributions:

Conceptualization: Bryce A. Vascik,
Adam M. Booth

Data curation: Bryce A. Vascik, Brian
Buma

Formal analysis: Bryce A. Vascik,
Adam M. Booth

Funding acquisition: Adam M. Booth
Investigation: Bryce A. Vascik
Methodology: Bryce A. Vascik, Adam
M. Booth, Brian Buma

Project Administration: Adam M.
Booth

Resources: Brian Buma

Software: Bryce A. Vascik, Adam M.
Booth, Brian Buma, Matteo Berti
Supervision: Adam M. Booth
Validation: Bryce A. Vascik, Adam M.
Booth, Brian Buma

Visualization: Bryce A. Vascik, Adam
M. Booth

© 2021. American Geophysical Union.
All Rights Reserved.

Estimated Amounts and Rates of Carbon Mobilized by
Landsliding in Old-Growth Temperate Forests of SE
Alaska

Bryce A. Vascik! (), Adam M. Booth! ), Brian Buma? (), and Matteo Berti?

'Department of Geology, Portland State University, Portland, OR, USA, ?Department of Integrative Biology, University
of Colorado, Denver, CO, USA, *Department of Biological, Geological, and Environmental Sciences, University of
Bologna, Bologna, Italy

Abstract Landslides, a forest disturbance, mobilize carbon (C) sequestered in vegetation and soils.
Mobilized C is deposited either onto hillslopes or into the water, sequestering C from and releasing C

to the atmosphere at different time scales. The C-dense old-growth temperate forests of SE Alaska are a
unique location to quantify C mobilization rate by frequent landslides that often evolve into saturated
moving masses known as debris flows. In this study, the amount of C mobilized by debris flows over
historic time scales was estimated by combining a landslide inventory with maps of modeled biomass and
soil carbon. We analyzed SE Alaskan landslides over a 55-year period where a total of 4.69 + 0.21 MtC was
mobilized, an average rate of 2.5 tC km~2 yr~’. A single event in August 2015 mobilized 57,651 + 3,266
tC, an average of 63 tC km~2 Depositional fate was inferred using two methods, a standard stream
intersection analysis and a second novel approach using simulated debris flow deposition modeling
calibrated to the study area. Approximately 60% of debris flow deposits intersected the stream network
(9% into mainstem channels, 91% into small tributaries), consistent with long-term modeled connectivity,
suggesting that debris flows are likely to contribute to globally significant amounts of C buried in local
fjord sediments. Our results are consistent with an emerging consensus that landslide disturbances that
mobilize organic carbon may play an important role in the global carbon cycle over geologic time, with
coastal temperate forests being hotspots of potential carbon sequestration.

Plain Language Summary The amount of carbon stored in forests and soils on Earth plays
an important role in the global climate by storing carbon away from the atmosphere. Landslides displace
carbon in forests, and there is a need for estimating how much carbon is being relocated in heavily
forested areas. Our study estimates the amount of carbon removed from hillslopes by landslides in SE
Alaska, one of the most carbon-rich forests in the United States, and determines where in the landscape
this carbon is being transported. Landslides primarily move carbon to either hillslopes or water, which
bury carbon and reduce the rate at which it is transferred to the atmosphere. Over a 55-year period,
landslides transported as much as 57% of the amount of carbon that was lost due to logging in the Tongass
National Forest between 1954 and 1995. Across the landscape, 60% of the landslides deposit into streams,
which increases the chance for carbon to be stored for geologic time scales. These findings agree with
previous research showing forest disturbances play an important role in the global carbon cycle that
moderates climate over geologic time.

1. Introduction

Landslides occur on sloped terrain around the world, causing fatalities, damaging property, disrupting in-
frastructure networks, and altering ecosystems (Hovius et al., 1997; Jensen et al., 2009; Restrepo & Walk-
er, 2009). Regional landslide rates are influenced by climatic and tectonic conditions, with wet climates in-
itiating rainfall-induced landslides and tectonically active areas initiating earthquake-triggered landslides.
Landslides serve as mechanisms for carbon (C) mobilization in densely forested regions by stripping vegeta-
tion and soil from hillslopes. Those materials are deposited elsewhere in the landscape and can be exported
to the oceans via river systems (Hilton & West, 2020). If landslide-mobilized carbon is efficiently buried in
offshore sediments, landslides may then be an important geologic carbon sink, especially if landslide occurs
frequently or with large-magnitude events. The amount and the depositional fate of carbon transported
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during landslide triggering events have only been determined for a handful of events around the world
(e.g., Clark et al., 2016; Hilton et al., 2011; Madej, 2010; Mohr et al., 2017; West et al., 2011), but is likely
comparable in magnitude to weathering-related fluxes traditionally thought to control the carbon cycle over
geologic time scales (Hilton & West, 2020).

Globally, terrestrial ecosystems are estimated to contain 2.76 X 10'* tC in the form of biomass carbon (C,; )
and soil organic carbon (SOC) (Wang et al., 2010). Carbon is transferred among three major reservoirs on
Earth—on land (terrestrial), in water (oceanic), and the air (atmospheric) — and these transfer rates are of
great consequence to biogeochemical cycles and subsequently most lifeforms (Falkowski et al., 2000; Melil-
lo et al., 1993). For erosional events that laterally transfer carbon on land, the impact to carbon budgets de-
pends on whether revegetation post-landslide occurs more rapidly than decay and respiration of mobilized
C (Berhe et al., 2007). Otherwise, a net loss from the atmospheric carbon pool would result over the relevant
decay and revegetation timescales (Ramos Scharrén et al., 2012; Restrepo & Walker, 2009).

Depositional fate, defined here as to where carbon is deposited once mobilized by a landslide, is a prima-
ry control on the timescale for sequestration of mobilized carbon, and whether the landslide deposit acts
as a source or a sink to the atmospheric carbon pool (Stallard, 1998). We define short-term sequestration
of carbon as soil development timescales (up to thousands of years) and long-term sequestration of car-
bon as rock formation timescales (at least hundreds of thousands of years). Short-term sequestration of
landslide-mobilized carbon occurs through the integration of material into the forest soil, resulting in the
accumulation of carbon within the soil organic horizon (Currie et al., 2002). Larger fragments of wood,
which we refer to as coarse woody debris (CWD) (>10 cm diameter), are typically deposited on the soil
surface or buried in the landslide deposit. Existing CWD and living trees that are converted to CWD by
landsliding, throughout a forest contain a substantial fraction of the total carbon. CWD represents 21.1%
of aboveground carbon stocks within the temperate forests of SE Alaska (27,750 £ 540 tC km~2), equating
to an amount of 5,860 + 210 tC km~2 and live trees amount to 21,890 + 460 tC km~2 (Yatskov et al., 2019).
Residence times for carbon sequestered in the soil vary between hundreds of years and several millenniums
depending on soil and climatic conditions (Rumpel et al., 2002; Schimel et al., 1994).

There are pathways by which carbon can leave the terrestrial biosphere, with respiration being a primary
flux from the terrestrial to the atmospheric pool. Climate and moisture are two major controls on respira-
tion rates, with cold and dry climates such as tundras experiencing mean soil respiration rates of 60 % 6 tC
km~2 yr~!, and warm and wet climates such as tropical moist forests experiencing 1,260 + 57 tC km=2 yr~!
(Raich & Schlesinger, 1992). CWD respiration rates have been measured at 21 tC km™2 yr~! in temperate
deciduous forests (Gough et al., 2007). In wet and warm climates, up to 76% of carbon within CWD can
be transferred to the atmosphere (Chambers et al., 2001) whereas cooler and drier climates experience
relatively lower respiration rates (Marra & Edmonds, 1994; Progar et al., 2000). Non-respirated carbon is
transferred to the soil of the landslide’s deposit over years to centuries through leaching, acting as a local
carbon sink from the atmosphere (Russell et al., 2015; Wiebe et al., 2014). Debris containing C that becomes
buried during landslide inundation is less likely to experience respiration in the atmosphere. Higher precip-
itation has been correlated with increased production of dissolved organic matter through leaching in leaf
litter, CWD, and soils (Hafner et al., 2005). Landslide deposits that allow for more respiration of carbon to
the atmosphere than the accumulation of new C on the deposit are designated as localized carbon sources,
whereas those that accumulate more new C than is respired are designated carbon sinks with respect to the
atmosphere (Ramos Scharrén et al., 2012).

Long-term C sequestration occurs when C is buried below the water table and incorporated into the sed-
imentary record (Frith et al., 2018; Galy et al., 2007). This is facilitated by direct deposition into a body of
water, or to a stream that can efficiently export CWD and particulate organic carbon (POC) (0.22-0.7 pm)
to a body of water. CWD within streams is broken down into smaller fragments (POC), allowing fluvial
entrainment to become feasible, and fragments are subsequently carried downstream and efficiently ex-
ported to larger bodies of water (Triska & Cromack, 1980). This depositional fate also depends on the size
of streams landslide deposits into, with smaller streams lacking sufficient stream power to directly export
CWD, and POC being transported over longer distances by more intermittent flows, reducing carbon ex-
port efficiency. Overall, despite C losses to the atmosphere during stream transport due to metabolization,
terrestrial organic matter represents approximately one-third of all buried organic matter within marine
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sediments globally and is preferentially remineralized and buried in continental shelf sediments (Burdi-
ge, 2005). Carbon burial efficiency increases with a sedimentation rate (Aller, 1998), which causes coastal
mountains that exhibit high marine shelf sedimentation due to landslides to be prime locations for the bur-
ial of landslide-mobilized carbon, especially when the frequency or magnitude of carbon mobilizing events
is high (Frith et al., 2018; Hilton et al., 2011; West et al., 2011).

Of the variety of landslides that exist, debris flows, in particular, may be especially efficient at facilitating
the transfer of C to offshore sediments because they have increased mobility relative to other landslide types
and typically occur in channels (e.g., Iverson, 1997). Debris flows are moving masses of saturated sediment
which often begin as debris avalanches (Varnes, 1958), mobilize into debris flows due to high (near lithostat-
ic) pore-pressures, and entrain soils and aboveground biomass along their runout paths, commonly incising
channels down to bedrock (Iverson et al., 1997; Stock & Dietrich, 2006). High rainfall duration and intensity
both play a role in the initiation of debris flows (Guzzetti et al., 2008; Segoni et al., 2018). In turn, many re-
gions that experience debris flows are vegetated, such as temperate montane rainforests. Entrained biomass
(such as tree trunks, branches, and shrubs) is deposited atop previous landslide deposits, within stream
channels, in bodies of standing water, or on alluvial or colluvial fans (Lancaster et al., 2003; May, 2002). As
velocity slows due to decreasing slope, acute tributary junction angles, or roughness elements in the runout
path, including vegetation, deposition begins and the active flow volume decreases until forming a deposit
(Benda & Cundy, 1990; Guthrie et al., 2010; Johnson et al., 2000; Lancaster et al., 2003). Whether inundation
occurs in or adjacent to a stream or on colluvial/alluvial fans can influence carbon sequestration rates and
timescales. This is largely controlled by valley configuration, as landslides occurring in U-shaped valleys
lose momentum before depositing in mainstem channels that have sufficient stream power to export mate-
rial out of the watershed (Gomi et al., 2004; Johnson et al., 2000).

Predicting debris flow inundation is important due to the hazardous implications of fast-moving debris
through settlements (Berti & Simoni, 2007; Cui et al., 2011; Iverson et al., 1998; Reid et al., 2016), as well as
predicting where mobilized carbon is deposited. Most methods for predicting debris flow inundation utilize
semi-empirical relationships between a debris flow’s volume and runout, such as length or inundated plani-
metric area (Iverson et al., 1998; Reid et al., 2016; Rickenmann, 1999; Scheidl & Rickenmann, 2010). Those
semi-empirical relationships are implemented in software such as LAHARZ (Schilling, 1998) or DFLOWZ
(Berti & Simoni, 2007).

This study estimates the quantity and depositional fate of C within soils and vegetation mobilized by debris
flows in SE Alaska and then compares C mobilization in SE Alaska to other landslide disturbances across
the world. Three spatial and temporal dimensions will be examined here (Figure 1): (a) a single storm that
occurred in August 2015 near Sitka, AK with a footprint of ~950 km?, (b) multi-decadal carbon mobilization
within the larger (70,586 km?) Tongass National Forest (TNF) in SE Alaska, and (c) modeled post-glacial
(~10ky) time-scales in a representative small (84 km?) area containing several watersheds near Sitka. At the
two shortest temporal scales, the amount of mobilized carbon is estimated by combining existing maps of
landslides and carbon density. The depositional fate of mobilized carbon for all three spatio-temporal scales
is determined by estimating the percent of mapped or modeled debris flows which deposited materials on
hillslopes versus streams. The modeling used in this study allows us to assess where, throughout the land-
scape, debris flows are likely to deposit. This is a new approach to infer the fate of mobilized carbon over
Holocene time scales and a different application of such runout modeling software.

2. Materials and Methods
2.1. Study Area: Tongass National Forest, Southeast Alaska
2.1.1. Geology

Bedrock of the TNF study area near the Sitka focus area broadly consists of Late Cretaceous mudstones,
as well as an older volcaniclastic rock (Gehrels et al., 1994; Kramer et al., 2001). Pleistocene glacial activity
has shaped the landscape of the region by carving the bedrock and forming U-shaped valleys, hanging
valleys, and fjords (Hamilton & Thorson, 1983; Hamilton, 1994; Kaufman & Manley, 2004). Much of the
landscape is within close proximity to either fjords or the Pacific Ocean (Figure 1). West of Sitka rests Mount
Edgecumbe, which has erupted basaltic to rhyolitic lava and ash dated to Paleogene and Quaternary periods
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Figure 1. SE Alaska study areas corresponding to the three spatio-temporal scales analyzed in this study. (a) Inset

map of SE Alaska, with the spatial extent of (b) indicated by the red dotted line, and the extent of the Tongass National
Forest indicated by the dotted black line. Brown polyline represents the extent of Tephra deposited by the 1992 Crater
Peak eruption (Neal et al., 1995), green polyline represents the extent of Mount Edgecombe Tephra deposits throughout
the Holocene (Riehle et al., 1992). (b) Slope map of study area with debris flows that occurred during a single storm
event in August 2015 (red dots). Blue polygons represent an estimate of the “watershed basin” representative area
impacted by landsliding delineated by HU-12 watershed boundaries from the National Hydrography Dataset. Blue
outline represents an estimate of the “confined” representative area impacted by landsliding using a convex hull. (c)
Solid red box represents the extent of the inundation model simulations.

(Gehrels et al., 1994). Soils of the area are shallow and consist of weathered rhyolitic, dacitic, and andesitic
ash sourced from Mount Edgecumbe (Riehle et al., 1992) underlain by glacial till. These ash beds are ob-
served to be as thick as 3 m in some locations near Sitka. Glacial deposits are prevalent throughout the region
in the form of till, moraine, and outwash sediments and are positioned between volcanic ash and bedrock
(Kramer et al., 2001). Both till and ash deposits have low permeability (Schroeder, 1983). Many landslides
triggered near Sitka during the 2015 storm failed at the till-ash contact or within the till in the subsurface
(Booth et al., 2020; Sitka Geotask Force, 2016). While the thicker ash beds are near Sitka, there are also
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regions in SE Alaska with high landslide densities, but little to no ash in the soils (Figure 1). Colluvial soils
are present on lower slopes due to mass wasting events occurring after glacial retreat (Schroeder, 1983).

2.1.2. Climate

Southeast Alaska is classified as having a mid-latitude maritime climate with annual precipitation increas-
ing with elevation, starting at 2.2 m yr~! near sea level in Sitka (SNAP, 2018; Wendler et al., 2016). Average
high temperatures at sea level are above freezing year-round (Shulski & Wendler, 2007). High winds and
intense precipitation are common, often triggering landslides within the region (Johnson et al., 2000; Kram-
er et al., 2001; Yao et al., 2018). A storm on August 18, 2015 initiated over 60 landslides, many of which
mobilized into debris flows (Figure 1). Meteorological data (Horel et al., 2002) reported peak 3-hr rainfall
intensity in Sitka at 33 mm hr~, a return period of 25-50 years, and a storm total of 140 mm rainfall in 6 h
at sea level (likely higher at elevation).

2.1.3. Biomass and Soil Organic Carbon Stocks and Fluxes

Temperate rainforests have high carbon densities compared to other forests (Keith et al., 2009). Southeast
Alaska contains an estimated 2.8 + 0.5 Pg C (Leighty et al., 2006), with 1.21-1.52 Pg C in aboveground bi-
omass (Buma & Thompson, 2019) and approximately 1.8 Pg SOC in an area of approximately 70,586 km?
(McNicol et al., 2019). The montane forests of SE Alaska are mostly undisturbed by human activities and
are carbon-dense, estimated to contain 8% of all terrestrial biosphere carbon in the contiguous United States
and 0.25% globally (Leighty et al., 2006). Parts of the region have been logged, resulting in a C loss of
60,000-307,000 tC yr—* (0.85-4.35 tC km~2 yr~!) from 1900 to 1995 (Leighty et al., 2006), but a majority of
land contains old-growth forests (Berg et al., 2014). Carbon flux from the atmosphere to living biomass is
approximately 85 tC km=2 yr~1, which should be roughly comparable in magnitude to the flux of carbon
respired to the atmosphere from soil, assuming equilibrium. This rate is relatively low compared to warmer,
tropical climates (Raich & Schlesinger, 1992). SE Alaskan fjords are estimated to bury 0.265 tC km=2 yr1,
where the area refers to watershed area draining to the fjord, a rate that is higher than other fjord systems
in the world (Smith et al., 2015). For erosional carbon fluxes, a relatively small debris flow with a volume
of 1,000 m? can entrain hundreds of metric tons of carbon (Booth et al., 2020; Buma & Johnson, 2015),
and large storm events can trigger hundreds of debris flows within a single day (Clark et al., 2016; Johnson
et al., 2000; Sitka Geotask Force, 2016).

2.1.4. Landslide Inventory

The National Forest Service maintains a landslide inventory for the entire Tongass National Forest, which
we used in this study and refer to as the “TNF Landslide Inventory” (Tongass National Forest, 2019). The
inventory was derived by aerial photo analysis with photos from as early as 1929 in some areas and is up-
dated approximately annually as a publically available GIS database. The initiation dates of a majority of
older landslides within the inventory are estimated between the first time they are seen on a photo and the
most recent previous photo taken in that area. Because of limited and irregular aerial photo coverage prior
to 1960, the inventory is most complete from the years 1960-2015, and we analyzed only this 55-year time
period, which includes the August 2015 Sitka event. For modern storms, aerial photography is often collect-
ed shortly after to assess landslide impact, providing high confidence in regards to the occurrence date for
landslides initiated. To analyze connectivity and C mobilization for the single August 2015 event, landslides
with an initiation date of 18 August 2015 were selected. Our analysis used landslide polygons within the
debris flow type categories in the inventory (“Debris avalanche”, “Debris torrent”, and “Combination debris
avalanche and debris torrent”) which delineate the initiation, scour, and deposition zones of the landslides
from aerial photography. A total of 7,156 landslides fit our criteria, the smallest of which had an area of
40 m? while the largest was 199,000 m2 We note that aerial imagery-based inventories are limited to what
is visible from the imagery as field verification is difficult in the study area, and tend to underestimate land-
slide runout, which can continue into forested areas and can misclassify the landslide type.
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2.2. Methods
2.2.1. Carbon Models

Determining the depositional fate of mobilized carbon, the focus of our study is achievable by coupling
landslide inventories with maps of C,,  and SOC derived from field measurements and remote sensing data
(Clark et al., 2016; Frith et al., 2018; Hilton et al., 2011; Wang et al., 2016; West et al., 2011). We utilized
two recent and comprehensive datasets which modeled C,, and SOC across SE Alaska. Both datasets were
developed using random decision forest algorithms to predict carbon density using environmental and dis-
turbance variables coupled with Forestry Inventory and Analysis (FIA) data across the landscape (Buma
& Thompson, 2019; McNicol et al., 2019). FIA plots are located approximately every 5 km throughout the
United States, providing detailed data on forest conditions and the amount of aboveground biomass carbon
at each plot (Barrett & Christensen, 2011). Random forest algorithms use classification and regression trees
to determine significant variables in order to predict the amount of carbon stored in biomass and soil. The
dominant variables that predicted C,, were observed forest cover, slope, elevation, and the likelihood of
landslide initiation (Buma & Thompson, 2019) and for SOC the dominant variables were elevation, wet-
ness, and slope position (McNicol et al., 2019). Biomass was converted to carbon at the standard rate of
50% (Houghton et al., 1997). The resulting products are C,;, and SOC continuous rasters for SE Alaska at
resolutions of 30 m (C,; ) and 90.5 m (SOC) which we resampled using the nearest neighbor method to 5 m
for consistency with an IfSAR-derived digital elevation model (DEM) to allow for finer resolution analysis
with landslide polygons (U.S. Geological Survey, 2017).

An observed versus predicted fit r? value of 0.69 for biomass in FIA plots was reported by Buma and Thomp-
son (2019). The biomass model included a lower and upper carbon estimate which reflects different scaling
factors to accommodate underestimation of aboveground biomass calculated in FIA forest plots as identi-
fied by Leighty et al. (2006). In this study, we compute mobilized C,, for both the lower and upper biomass
models and report the average, with the range as uncertainty. SOC estimated by McNicol et al. (2019) had a
predicted versus observed r* value of 0.73 and RMSE of 11,900 tC km~?, indicating that, like the C,, mod-
el, the SOC model reasonably predicts carbon across the landscape. Our final uncertainty on mobilized C
includes the difference between the C,,  models and the RMSE for the SOC model added in quadrature.

2.2.2. Representative Total Area Afflicted by Landsliding

For the 2015 event, two methods were used to delineate spatial extents of landsliding (Figure 1). A “wa-
tershed basin” bounding area of 790 km? was defined as the combined area of individual USGS National
Hydrography 12-digit hydrologic units, which typically encompass 4,046-16,187 hectares (U.S. Geological
Survey, 2018), that contained landslides used in our analysis. Watersheds that did not have any landslides
initiated within them were not included in the “watershed basin” area. A “confined” bounding area of
1,103 km? was established via a convex hull boundary which encompasses locations for the 2015 landslides.
For both spatial extents, areas containing water (fjords, ocean, etc.) were excluded to only account for land
affected by landsliding.

2.2.3. Spatial Distribution of Mobilized C in the TNF

To visualize broad spatial patterns in C mobilization, a quartic kernel density function (Silverman, 1986),
which smooths data points to calculate magnitude-per-area, was applied to the sum of SOC and C,,  distri-
butions (tC km~2), landslide occurrences km= (n = 7,156), and mobilized C,, (tC km~2) with a window size
of 5 km and a cell size of 25 m over the entire TNF. This highlights the broad distribution and magnitude of
landslides and C throughout the landscape without being overly sensitive to specific, individual landslides.

2.2.4. Long-Term Debris Flow Inundation Modeling

Since the analysis of the TNF Landslide Inventory offers a relatively short window of time compared to
the timescales associated with carbon sequestration and respiration, we use empirical runout modeling in
a Monte Carlo framework to estimate the longer-term spatial pattern of debris flow deposition for a repre-
sentative area on northern Baranof Island (Figure 1). Debris flow initiation locations were first chosen by
thresholding an existing susceptibility map (Buma & Johnson, 2015), and a volume associated with each
initiation site was selected randomly from a log-normal distribution based on data from Booth et al. (2020).
We then used the DFLOWZ inundation model, which is well-suited to simulating deposition of debris flows

VASCIK ET AL.

6 of 21



A7t |

Slope

Flowpaths clipped
to slope threshold
(3)

2.2.5. Initiation Points and Volumes

For each simulated debris flow, DFLOWZ requires the location where
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Figure 2. Flow chart describing steps taken (green boxes) and data
needed (yellow boxes) for long-term inundation model. Numbers
correspond to major steps shown in Figure 3.

. J
(;f; ;sl;e;tr'z'::: deposition begins, the volume of the debris flow, a pathway which the
DFLOWZ calibrations debris flow would follow, and coefficients that quantify deposit geometry
> ;":::’:‘::n"s for calibrating depositional behavior. To establish where landslide initi-
@ Randomly selected ation occurs, we used a relative landslide initiation susceptibility mod-
el for SE Alaska developed using a generalized linear model (Buma &
Landslide Johnson, 2015). In that study, landslides mapped by the Tongass National
jauncation MPs) Forest Service were analyzed for initiation site characteristics to produce

a continuous model of relative initiation susceptibility at locations across
the landscape. Significant variables used to model susceptibility were
contributing area, slope, soil type, exposure to wind, and two topograph-
ic indices. Four 2015 landslides occurred within the inundation mode-
ling study area (Figure 1), initiating in zones with relative susceptibility
values ranging from 0.09 to 0.19. We, therefore, selected all pixels with
relative susceptibility values greater than 0.09 as one set of locations for
simulated landslide initiation (Figure 3a). To capture the tendency for areas with higher relative suscepti-
bilities to likely produce more landslides over time, we added a second set of initiation points that exceeded
a higher threshold of 0.19. In total, 28,089 points met the lower threshold, and an additional 8,171 points
met the higher threshold, which was all processed for debris flow runout for a total of 36,260 simulations.
Results for the inundation simulations represent a rough estimation of the Holocene timescale of landslid-
ing on northern Baranof Island, assuming a background rate of 113 debris flows per century in the model
domain, as documented in nearby Haida Gwaii (Barth et al., 2020). Each initiation point was assigned a
random volume selected from a log-normal distribution (mean = 2,830 m3, sd = 6,190 m?) produced from
field measurements near Sitka (Booth et al., 2020).

2.2.6. Steepest Descent Flowpaths

The steepest descent flowpath from each initiation point was defined using the D8 flow direction algorithm
(O’Callaghan & Mark, 1984) on a 5 m resolution DEM derived from IfSAR data and publically available
from the 3DEP USGS program (U.S. Geological Survey, 2017; Figure 3b). The resulting flowpath represents
the path by which a landslide would likely travel if initiated at the input point. A slope map derived from
the 5 m DEM was used to clip flowpaths to include only the depositional zone of a hypothetical debris flow
from the respective initiation point. To do so, slope values were attached to vertex points from the steepest
descent polylines. If a vertex slope value decreased below an approximate maximum depositional threshold
for SE Alaskan debris flows (20°) (Booth et al., 2020; Johnson et al., 2000), for more than two vertices in a
row, the polyline above those vertices was removed. The resulting clipped polylines represent the flowpaths
for debris flow deposition only and were subsequently fed into the DFLOWZ program to be processed for
inundation prediction (Figure 3c). The model does not incorporate landscape evolution over time, despite
debris flows being a major contributing factor to hillslope erosion (Eaton et al., 2003; Hovius et al., 1997). As
aresult, our inundation model likely underestimates the extent of debris flow deposition by not accounting
for the rerouting of subsequent debris flows around previous deposits. We, therefore, smoothed the final
inundation map with a Gaussian filter to highlight broader spatial scale patterns (Section 2.2.7).

2.2.7. DFLOWZ Inundation Simulations

Inundation is predicted using semi-empirical relationships between debris flow volume and the inundat-
ed cross-sectional and planimetric areas of a debris flow deposit. We refer to these relationships as “VAB
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equations” in this paper. The cross-sectional inundation area of the channel directly above the deposit is
estimated by

A=aV?? €))

where A is a cross-sectional area inundated, V'is debris flow volume, and a is a mobility coefficient. Similar-
ly, the planimetric area of the deposit is estimated by

B =bV?*"3 @)

where B is inundated planimetric area, and b is another mobility coefficient. The a and b mobility co-
efficients in Equations 1 and 2 change according to debris flow characteristics such as grain-size, water
content, and the presence of coarse woody debris (Booth et al., 2020; Crosta et al., 2003). We use values of
a = 0.11 and b = 8 for the mobility coefficients for this study, which have been calibrated for debris flows
in SE Alaska (Booth et al., 2020). These values differ from those of more mobile debris flows, such as fine-
grained lahars in the Pacific Northwest, and debris flows in the Italian Alps (Berti & Simoni, 2007; Iverson
et al., 1998).

2.2.8. Landslide Inundation Map

To map the spatial extent of deposition for each simulated debris flow with DFLOWZ, cross-sections were
established every 40 m along the flow path (as defined in Section 2.2.2) normal to the input flow direction
polyline. These cross sections were then “filled” to a level such that the inundated cross-sectional area cor-
responded to the simulated debris flow volume according to Equation 1. Filling of the cross-sections pro-
ceeded down the flow path until the planform area of the deposit was predicted by Equation 2 was reached
(Figure 3d). We repeated this process in a semi-Monte Carlo approach for each polyline developed from
each initiation point and each randomly selected volume (Section 3.2.1). The final debris flow deposit in-
undation map is the sum of the number of times each cell in the DEM was inundated by a simulated debris
flow (Figure 4a). A 50 m Gaussian filter was then applied to more generally highlight areas of depositional
“hotspots” from the resulting inundation simulations while smoothing the abrupt edges of the DFLOWZ
results (Section 2.2.5).

2.2.9. Stream Connectivity

Stream deposition was defined as a landslide deposit intersecting a stream network, which we defined using
a gradient-slope landscape analysis of the 5 m IfSAR DEM of Baranof and Chicagof Islands (Li et al., 2016;
Tarboton et al., 1991). Specifically, a threshold of 16,000 m? flow accumulation was visually determined by
locating the break-in-slope of a gradient versus drainage area plot indicative of the fluvially-dominated part
of the landscape.

A 10-m buffer was applied to the modeled stream polylines to account for possible lateral movement of
streams within valleys as well as differences in mapping scale, resolution, and geospatial alignment of the
DEM and aerial photo-based landslide inventory (Figure 4). Stream widths in the region are not constant,
therefore the 10-m buffer is a compromise between high and low order streams. Deposits from the TNF
Landslide Inventory that intersect the stream network were then separated from the total dataset and clas-
sified as stream deposits. Within Baranof and Chicagof Islands where streams were modeled, a total of 675
landslides were analyzed for connectivity. The most likely section of a debris flow to intersect with a stream

Figure 3. Example showing steps taken to model landslide inundation across northern Baranof Island. Numbers correspond to steps in the flowchart

(Figure 2). Brown polygon is a 2015 debris flow from the Tongass National Forest landslide inventory (LS #12313) near Sitka. (a) Background shading shows
relative landslide initiation susceptibility raster with dark cells representing areas greater than the minimum initiation threshold for landslides that occurred
during the 2015 storm and light cells representing areas that did not meet the threshold. Yellow points are locations that met the threshold and were processed
for landslide inundation. Red star indicates the cell where landslide #12313 was initiated, with a green polyline showing the debris flow steepest decent path.
(b) Red points are flowpath polyline vertices of the steepest descent path. (c) Green points are polyline vertices below the 20° slope threshold for landslide
deposition, and red points are above that threshold. Blue polyline reconstructed from vertices below 20° represents the flowpath for landslide deposition. (d)
DFLOW?Z output for the depicted flowpath using a field-measured volume of 6,043 m3.
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location is shown in Figure 6.

is the debris flow snout, where woody debris tends to coalesce due to kinetic sieving (Iverson, 1997). Due
to this, we consider any intersection between a debris flow and stream to be a stream deposit but recognize
that not all of the mobilized material ends up in the stream. For the TNF dataset, we defined connectivity
as the total number of stream deposits divided by the total number of all deposits. Connectivity for the
long-term runout model is defined as the number of times stream cells are inundated divided by the total
number of times all cells are inundated (Figure 4b). Stream order was modeled using Strahler’s methods to
determine the amount of connected landslides in smaller streams (1-3 order) and mainstem streams (4-7
order) (Strahler, 1957).

2.3. Carbon Disturbance Compilation

To place SE Alaskan C mobilization in a global context, we compiled studies that estimated C mobiliza-
tion amounts and rates due to landsliding from five additional forested sites around the world (Figure 7):
Redwood Creek, California (Madej, 2010), the New Zealand Southern Alps (Hilton et al., 2011), Taiwan
(West et al., 2011), Guatemala (Ramos Scharrén et al., 2012), and the Peruvian Andes (Clark et al., 2016).
These studies were selected based on the criteria that they used the same methods as our study-combining
landslide inventories with maps of the spatial distribution of C-and reported landslide and carbon densities
and rates, which allows for a direct comparison. Although only a few such studies exist, they span a range
of forest types from tropical to temperate and a range of landslide triggering events from relatively small
storms to large typhoons/hurricanes, which likely captures much of the variance in global landslide C mo-
bilization rates.
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3. Results
3.1. 2015 Single Storm Event Carbon Mobilization

The 66 landslides triggered in the August 2015 storm totaled 0.815 km? in area and occurred within a foot-
print of ~947 km?, giving a landslide density of 0.1%. The mean landslide size was 12,400 m?, with a range of
300 m? to 121,400 m> We estimate a total of 57,651 + 3,266 tC was mobilized by those landslides resulting in
landslides mobilizing 70,672 + 4,004 tC km~2 of the landslide area. Using approximations of the “confined”
area (1,103 km?) and “watershed basin” area (790 km?) affected by the storm (Figure 1) results in 52 + 3.0 to
73 + 4.1 tC km~2 mobilized within the event “footprint” on Baranof and Chicagof Islands.

3.2. Century-Scale Carbon Mobilization

The TNF Landslide Inventory from 1960 to 2015 contains 7,156 landslides with a total area of 63.8 km?2. The
average landslide size is 8,774 m? with a range of 40 m? to 1,046,023 m2 Mobilized carbon via landslide based
on was 4.69 + 0.21 MtC over the entirety of the TNF (70,586 km?). This equates to 66.42 + 2.9 tC km~2 with
an annual rate of 1.21 + 0.05 tC km~2yr~. Mobilized C,, averaged 36,557 + 16,157 tC km™2 (mean =+ stand-
ard deviation) of the landslide area, while SOC averaged 41,084 + 9,673 tC km~2 (mean =+ standard devi-
ation) of the landslide area, based on the total amount of carbon mobilized over the 55-year time period
normalized by total landslide area over the same period.

Using Baranof Island (area of 4,731 km?) where Sitka is located, we compute a separate C mobilization
rate with reduced observation bias that comes to a higher rate of 2.46 + 0.12 tC km™2 yr~!. The 2015 storm
represents approximately 1.2% of the total estimated carbon mobilized for the past 55 years within the TNF,
which is about two-thirds of the annual C mobilized by landslides in an average year.

3.3. Spatial Distribution of Mobilized C in TNF

The main driver for C mobilization across the region is moderate landslide densities occurring in high
carbon areas, instead of reflecting the spatial pattern of landslide density or C density alone (Figure 5). For
example, the highest C mobilization densities tend to occur along the west coastline of the study area, where
landslide density is moderate, and C density is high (Figure 5). Furthermore, the 70,672 + 4,004 tC km™
mobilized by landslides during the 2015 storm is higher than the landscape-wide average carbon density of
40,000 tC km~2 in the TNF (Leighty et al., 2006). In contrast, the regions with the highest landslide densities,
for example, >6 landslides per km~ in the south-central part of the study area, correspond to moderate
C mobilization, and regions with high C densities, but few landslides, have low C mobilization densities.
Landslides primarily occurred on S-SW facing slopes, coinciding with regional wind storms coming from
southerly directions (Buma & Johnson, 2015; Harris, 1989), with an initiating elevation of 337 + 163 meters
(mean = sd).

3.4. Long-Term Depositional Fate of Mobilized C

Debris flow simulations across northern Baranof Island also indicate mobilized carbon ‘hotspots’ through-
out the landscape (Figure 6). These hotspot locations experienced repeated inundation in the semi-Monte
Carlo simulations. Deposition hotspots are generally located in low order channels cut into colluvial slopes
below steep valley sidewalls in wide valleys, such as the Indian River valley, or in high order, main stem
channels in the narrower valleys, such as Granite Creek and Cascade Creek. These areas are generally
located downslope of areas with high initiation susceptibility in broadly convergent topography, so that
debris flows originating at multiple sites are routed to a common deposition area. Valley geometry therefore
greatly influences whether landslides deposit into streams or not, as well as what order those streams are,
with narrow valleys such as Granite Creek and Cascade Creek having a majority of the landslides connected
to the main stem, high order stream network, and wide, U-shaped glacial valleys such as Indian River valley
having few landslides directly connected to main stem streams.
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Figure 1a.

3.5. Connectivity Analysis

Approximately 71.2% of the 66 debris flows triggered by the 2015 event were classified as stream deposits,
with the remaining 28.8% of deposits classified as occurring on hillslopes. An analysis of the simulated de-
bris flows inundation areas on northern Baranof Island resulted in 78.9% of the total inundated cells classi-
fied as stream deposits, with the remaining as hillslope deposition at 21.1%. These values are slightly higher
but broadly similar to the total TNF landslide connectivity rate, which came to 60.1% stream deposits and
39.9% hillslope deposits. Of the stream deposited landslides, 91% deposited near smaller streams, and 9%
near mainstem streams, influencing the depositional fate of the mobilized carbon. For the remainder of our
analysis, we opt to use the TNF landslide connectivity rate, as it analyzed a larger area, and the magnitude
is similar to the two other connectivity rates.
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figure is shown in Figure 1.

The landslide connectivity rate across the SE Alaskan landscape allows us to infer the likelihood of long-
term sequestration of mobilized carbon. Due to streams meandering through floodplains, we consider these
estimates to be a minimum. Of the 4.69 + 0.21 MtC mobilized throughout the TNF over the 55-year period,
2.82 + 0.13 MtC (60.1%) are estimated to have deposited to streams, where carbon can be metabolized,
broken down into smaller particulate organic carbon (POC), or directly entrained by discharge and trans-
ported to water bodies for long-term sequestration. Of the stream deposited carbon, 2.56 + 0.12 MtC (91%)
deposited in smaller streams and 0.26 + 0.01 MtC (9%) deposited in mainstem streams. Residence times
for POC in streams flowing through temperate forests in the Pacific Northwest have been estimated to be a
few hundred years, indicating that although C metabolism does occur during stream transport, POC can be
efficiently exported out of watersheds (Goiii et al., 2013). Conversely, the estimated C deposited on slopes
equates to 1.87 £ 0.08 * 10° tC (39.9%), resulting in the burial of mobilized C into the soil horizons, leaching
carbon and nutrients to the soil horizon (Hafner et al., 2005), or respiration CO, to the atmosphere.

VASCIK ET AL.

13 of 21



A7t |

N\ Journal of Geophysical Research: Biogeosciences 10.1029/2021JG006321
AND SPACE SCIENCE
N'— T T T T T _ PR T
o L 4
= 700 O  Thisstudy 27"
= V  Clarketal.(2016) 5.5
g 600 | A  Madej(2010) T 1
B‘ O Ramos Scharron etal. (2012) | .~ P g
g - 3 oL - .
= 500 O Westetal (2011) g
3
© 400 4
=
8.
2 300 §
1]
(3]
© 200 4
Q
e
:_g 100 1
2 0 e 1 1 I 1 1 1 1 (a)
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
g . 2 2
Landslide density [km“/km®]
530 T . . . . . .
2 57
N O  This study -
S 25| W Clarketal (2016) _# ]
D D> Hiltonetal.(2011) 2 =
&, A Madej(2010) Pt 1%
S 20 1 ¢  Ramos Scharron et al. (2012) st - 1
o i
-
<
o
= 10 .
Kol
o
=
o ST 1
2 |0
2 . (b)
m 0 A A ' | 1 A 1
X 1 1 2 3 4 5 6 7 8
g y y K -4
Landslide frequency [kmz/kmz/yr] x10
Figure 7. (a) Landslide mobilized carbon density versus landslide density for individual precipitation events.
Squares with upward pointing arrows indicate minimum mobilized carbon densities from West et al. (2011), which
included only large wood (converted to C at the rate of 48.1%), and were not used in the linear regression. (b) Carbon
mobilization rate versus landslide frequency for multiple events (Clark et al., 2016; Hilton et al., 2011) or the assumed
recurrence interval for individual events (Madej, 2010; Ramos Scharron et al., 2012). Solid and dashed lines in both (a)
and (b) are linear fits and 95% confidence intervals, respectively.
4. Discussion
4.1. Estimated C Mobilization Rates and Comparison
Taken into context, our estimated total of 57,651 + 3,266 tC mobilized by the 2015 storm event near Sitka
represents less than 0.01% of all carbon sequestered in SE Alaska. However, storm events that trigger debris
flows are common in SE Alaska (Johnson et al., 2000; Sidle, 1988), allowing the opportunity for C mobili-
zation to occur regularly in the TNF. Using a return period of 25-50 years for storm frequency, we roughly
estimate the C mobilization rate of a storm of this magnitude to be 1,153 + 65 to 2,306 + 130 tC yr—* (Horel
et al., 2002).
VASCIK ET AL. 14 of 21
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For the 1960-2015 time period, we used the best available data on landslides and C distribution to calculate
C mobilization densities and rates, but the incompleteness of the landslide inventory likely caused an un-
derestimation of those values. The TNF Landslide Inventory mapping effort, which is based on air photos
and satellite imagery, is only as accurate as of the available data, which often is concentrated near populated
areas of the region. Specifically, historic landslides may be missed in the landslide inventory due to expedi-
tious revegetation rates and low-resolution or incomplete historic aerial photography. The smallest mapped
landslide within the inventory that mobilized C had an area of 40 m? (4*10~3 ha) and mobilized 2.2 tC. How-
ever, it would take 209,500 landslides of this size to change our estimate of mobilized C by 10%, suggesting
that the bias due to small landslides missing from the inventory did not substantially affect our overall
results. Landslides that occurred in low C density regions, such as the above treeline, brought the mobiliza-
tion rate down compared to the representative rate of C mobilization in forested areas throughout the TNF.
Additional aerial LiDAR scanning and high-resolution air photos of the entirety of SE Alaska would greatly
improve landslide mapping efforts as well as the understanding of revegetation rates for disturbed forests.

Our estimated C mobilization amount for the 2015 storm event and the 55-year historic mobilization rate
within the TNF is relatively low in comparison to the other studies included in our compilation (Figure 7).
In that compilation, the amount of C mobilized in an individual event (storm, typhoon, or hurricane) ranged
from 28 to 6,654 tC km~2, and decadal timescale C mobilization rates varied from 2.5 to 26 tC km=2 yr=1.
Average C densities of soil and biomass varied by only a factor of two from site to site, from about 23,000
tC km~2 (Guatemala; Ramos Scharron et al., 2012) to about 40,000 tC km~2 (TNF; Leighty et al., 2006),
which did not explain the order of magnitude range in C mobilization amounts and rates. Instead, landslide
density, defined as the ratio of landslide area to the total area affected by an individual event, and landslide
frequency, defined as landslide density per time, were significantly positively correlated with C mobiliza-
tion amount (r* = 0.997) and rate (r* = 0.977), respectively (Figure 7). Therefore, although C density in the
TNF is higher than in the other regions, that does not make up for the relatively low landslide density and
frequency, which were more than an order of magnitude lower than the highest values in the compilation.

One reason for relatively low C mobilization in the TNF is our focus on landslides of only the debris flow
class, in order to maintain consistency with inundation simulations using DFLOWZ. Other landslide types
(e.g., bedrock landslides) and related mass movements (e.g., snow avalanches) are less frequent but do occur
in SE Alaska and have the potential to mobilize carbon (Korup & Rixen, 2014).

Another reason our C mobilization rate is likely an underestimate of the true longer term rate is that several
active faults exist in SE Alaska, which could generate earthquakes that trigger landslides, but no earth-
quake-triggered landslides have occurred historically in the TNF (Doser et al., 1997). In a similar setting
(Haida Gwaii, British Columbia), a magnitude 7.8 earthquake in 2012 caused a 13-fold increase in the annu-
al landslide rate in the year of the earthquake (Barth et al., 2020). The earthquake-triggered landslide densi-
ty there was 0.3%, about threefold higher than that of the 2015 Sitka storm-triggered landslides, while earth-
quake-triggered landslide densities more generally can be as high as several percent (e.g., Li et al., 2014).
Therefore, beyond the historic record, which includes no earthquake-triggered landslides in SE Alaska, C
mobilization rates are likely higher than determined in this study.

The period of time for carbon to recover after a landslide disturbance is difficult to ascertain, due to a lack of
research in this area, so determining the magnitude of the landslide carbon source or sink effect at different
time scales remains an open question. Previous studies in SE Alaska found aboveground carbon (C,, ) ini-
tially accumulating at 300 tC km=2 yr~! in logged forests, reaching a steady state density of 25,000 tC km=2
in unmanaged forests older than 350 years (Leighty et al., 2006). C,,_ accretion rates on landslides are likely
slower due to the evacuation of soils, which require a period of time to re-develop and thus delay ecologic
succession post-disturbance (Reneau & Dietrich, 1991; Reneau et al., 1990). Infilling of sediment on the
margins of a debris flow track would likely expedite C recovery on a landslide scar. Additionally, there
are differences between secondary (some biomass still remains after disturbance) and primary (biomass
completely gone) ecologic succession (Kimmins, 2004). Using the 300 tC km=2 yr~* C,._recovery for logged
forests, it would take 110 years for mobilized C, to recover from the 2015 event, which is likely a minimum
because it does not account for the delay in ecologic succession as a result of soil evacuation by landslides.
On the other hand, SOC requires longer periods of time (on the order of millenniums) to recover relative to
C,;, on the disturbed slopes due to the slow processes which accumulate organic material in soils (Kramer

VASCIK ET AL.

150f 21



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Biogeosciences 10.1029/20213G006321

et al., 2004). Windthrow disturbances in SE Alaskan watersheds were found to be drivers of SOC respiration
by exhuming soil (Kramer et al., 2004). For landslide disturbances, organic soil stripped from slopes can be
exposed at the surface in the deposit, where it can decompose and respire C to the atmosphere, but a greater
portion of the mobilized soil is buried in the deposit relative to windthrow disturbances, resulting in short-
term sequestration. Hillslope deposits can result in a net carbon sink or source depending on the rates of
decomposition of mobilized C,,  and SOC, and the recovery of total C on the disturbed slope, but further
research within the study area is required to make this distinction.

For the remaining 61% of stream deposited material, we take into consideration Holocene carbon burial
rates within fjords, and total organic carbon in continental shelf sediment in the study region to assess
the potential for those deposits to sequester C. In the context of our TNF landsliding rate of 2.46 + 0.12 tC
km~2 yr~, only 10% of the mobilized C would need to be exported to fjords to sustain the measured burial
rate of 0.265 tC km~2 yr—! (Cui et al., 2016; Smith et al., 2015). This amount is nearly sustained through the
amount of carbon deposited to large order streams, with our rate of 0.22 + tC km~ yr~! of carbon deposited
into mainstem streams. With that in mind, not all of the mainstem streams terminate at fjords, and instead
many leads directly to the ocean. Future work on secondary transport mechanisms within smaller streams
would help understand the export efficiency of carbon from these systems. It is reasonable to conclude that
C mobilizing landslide events are contributing to the globally high rate of C burial in SE Alaskan fjords,
but the precise proportion of POC transported from landslide deposits in streams to fjords is unknown. So,
although C mobilization amount and rates in SE Alaska are generally low compared to areas with more ex-
treme disturbances, the high connectivity of landslide deposits to the ocean and fjords via small mountain
streams likely facilitates a high rate of carbon sequestration over geologic timescales, with valley configura-
tion playing a role in how the material is exported. This is consistent with observations of earthquake-trig-
gered landslides in southeast Asia, where high connectivity to streams make landslides net sink in the
years following an earthquake event, as a result of efficient export of sediment to the ocean (Croissant
et al., 2020). However, some C in the form of dissolved organic carbon (DOC) can be lost to the atmosphere
as it transports. It is likely that landslide disturbances, which transport rather than remove C from the
landscape, contribute to the high stream DOC levels in SE Alaska, with an average of 18,700 + 1,090 tC yr~!
being deposited into streams in the entire TNF. Despite some C being lost due to the atmosphere, landslides
probably still contribute to the high accumulation rates in fjords.

Directly depositing material into fjord waters could also be a potential source for the higher C accumulation
rates in SE Alaskan fjords (Cui et al., 2016; Smith et al., 2015). While few of the debris flows simulated with
DFLOWZ deposited directly into fjords or to the open Pacific Ocean due to a smaller area of interest being
analyzed, field observations and mapped landslides indicated deposition frequently occurring directly into
bodies of water. Based on aerial imagery of landslides initiated during the 2015 storm, 27% of the deposits
occurred directly into or adjacent to a body of water. The rate at which this occurs is likely higher in SE Alas-
ka relative to other debris flow susceptible landscapes due to steep slopes adjacent to fjords and the Pacific
Ocean. The 2015 storm in particular primarily initiated landslides along the outer coast, causing more direct
deposition into the Pacific Ocean, rather than deposition into fjords, which is the case for many landslides
occurring throughout southeast Alaska. In regards to ocean-delivered POC, continental shelves provide
an opportunity for long-term storage of mobilized C if it becomes buried. Sedimentation from fresh water
discharge flowing from watersheds allows for transported POC to be buried in deltas on the SE Alaskan
continental shelf, which is supported by the identification of land-derived C (1%-8% by weight) contained
within coastal sediments (Walinsky et al., 2009). Landsliding allows additional sedimentation to occur on
the coast, thus increasing the chance of POC to become buried if delivered to the continental shelf. Further
research on the portion of CWD breaking down into POC and how much becomes buried in marine sedi-
ments would further constrain the magnitude of this geologic carbon sink.

4.2. Simulated Debris Flow Deposition and Carbon Mobilization “Hotspots”

We utilized a long-term debris flow inundation model to analyze stream connectivity for mobilized car-
bon, but this method could be improved in the future by incorporating landscape evolution as debris flows
occur across the study area. Using a DEM collected over a small period of time that represents elevations
as an input to a long-term model could result in an over-estimation of the number of times a location is
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inundated, and an under-estimation of the spatial extent of inundation, since each debris flow is simulated
independently on the same topography. Future work could therefore involve a debris flow inundation mod-
el in combination with a landscape evolution model to refine the spatial distribution of deposited C. How-
ever, our approach produced similar stream connectivity of deposits to the 2015 debris flows, indicating it
is a reasonable first order approach. The modeled connectivity rate is higher than that of the 1960-2015
TNF Landslide Inventory is likely the result of using the D-8 flow direction algorithm for both the modeled
stream network and the debris flow runout paths. By definition, the modeled deposits followed the same
routes used to define the streams, so they were not connected only when debris flow runout was less than
the drainage area threshold.

Our modeling results for debris flow deposition across the landscape of northern Baranof Island provide
a unique opportunity to observe depositional “hotspots” for mobilized carbon that likely represent Holo-
cene-scale patterns. Additionally, these depositional hotspots represent localized carbon sinks from the at-
mosphere, which together cause SE Alaska to be a major region for carbon sequestration. Slopes or streams
that are immediately downslope from steep topography typically are inundated by deposition multiple
times since multiple flow paths from different initiation sites tend to converge in such areas. The deposition-
al start for the simulations at a slope threshold of 20° coincides with our field observations and previously
measured landslide depositional slopes in the region (Booth et al., 2020; Johnson et al., 2000). It should be
noted, however, that the initiation of landslide deposition is not solely dependent on a single slope thresh-
old, but can be influenced by factors such as forest density and flow behavior (Fannin & Wise, 2001). Debris
flows that recur at the same site before vegetation has had time to recover may therefore have different
runout characteristics than debris flows occurring in undisturbed forests, which is an assumption in our
runout simulations.

Our study directly considered the relationship between landslide disturbances and C stocks within the
TNF and showed that moderate landslide disturbance in areas with dense C stocks resulted in the highest
C mobilization rates. This differs from other forest disturbance events such as fires or insect infestations,
which have the capacity to scale with available carbon. The result that C mobilization density is higher in re-
gions that have higher C stocks coupled with moderate landslide density (Figure 5) supports the ecological
theory that higher C stocks correlate with moderate disturbances (Buma & Thompson, 2019; McLauchlan
et al., 2014). This is due to high disturbance regimes having very frequent events which do not provide an
opportunity for carbon to be re-established over the landscape, while low disturbance regimes experience
biogeochemical limitations with the lack of nutrient recycling (Peltzer, et al., 2010). As carbon is transport-
ed from high on hillslopes to downslope sites where it is either buried or transported down streams, ecologic
succession occurs on the disturbed slopes, contributing as a long-term carbon accreting mechanism. This
process compounds over time as landslide-triggering storms allow for moderately disturbed areas to seques-
ter large amounts of carbon at millennial timescales.

4.3. Implications for Future Carbon Mobilization

Projected changes for SE Alaskan climate predict precipitation increase by 6%-18% in the next century
(Shanley et al., 2015). The atmospheric rivers that bring strong storms to SE Alaska have been observed as
occurring more frequently in the past century (Sharma & Déry, 2020). This increase in annual precipitation
is likely to trigger additional landslides by making high-intensity and duration rain storms more frequent
(Crozier, 2010). A direct result of increased landslide rates is additional C mobilization, and the short to
long-term sequestration in soils and marine settings, providing a buffer to increasing atmospheric CO, lev-
els, albeit minor compared to ongoing global-scale anthropogenic CO, emissions.

Previous research for implications of climate change in SE Alaska primarily focuses on changes in net pri-
mary productivity (NPP), volumetric loss of glaciers, and impacts on fish habitats (Haufler, 2010; Shanley
et al., 2015). A projected 20% increase in NPP for spruces is estimated for Alaska due to warming tempera-
tures, but with this shift in climate comes an increase in respiration and decomposition processes (Keyser
et al., 2000). With this projected increase in mind, a similar increase in landslide rates would be required to
maintain the carbon accreting mechanism we have identified in this study.
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5. Conclusions

We utilized landslide mapping and runout modeling in SE Alaska in conjunction with geospatial carbon
density models of SOC and C,; to estimate the amount of carbon mobilized by debris flows in SE Alaskan
forests at two different spatio-temporal scales and predicted runout locations for 10-ky timescales. A single
storm in August 2015 mobilized 57,651 + 3,266 tC, while debris flows across the entire TNF (70,5876 km?)
mobilized 4.69 + 0.21 MtC, a rate of 2.46 + 0.12 tC km~2 yr~! over the 55-year period analyzed. The annual
rate is lower relative to other large-scale, landslide-mobilizing carbon events recorded in the world, such
as tropical storms that impact SE Asia (~7 tC km~2 yr~!) or earthquake-triggered landslide events (~9 tC
km~2 yr~1), primarily due to the higher rate of landslide area triggered by those events. However, the geo-
morphic setting where landslides deposit can influence the depositional fate of mobilized carbon, affecting
the temporal scale for C sequestration from the atmospheric pool. About 71.2% of the landslides that oc-
curred during the 2015 storm event (78.9% for our long-term inundation modeled deposits) were connected
to the stream network, while 60.1% of landslides from our analysis on the entire TNF landslide inventory
were connected. So, although the rate of C mobilization by debris flows in SE Alaska may be relatively
low, much of that C may be efficiently transferred to marine basins, where it can become sequestered over
geologic time scales, implying that SE Alaska is an ideal location for carbon sequestration. Furthermore,
we found that C mobilization typically corresponds to moderate landslide frequency coupled with high C
density, a result that may indicate SE Alaskan landslides contribute to the globally high carbon density of
its forests. The depositional fate of stream and hillslope delivered C indicates that landslides impact the
regional carbon budget cycle, by mobilizing carbon at a rate close to the net loss amount caused by logging
within the region. This work supports the emerging view that the link between landslide forest disturbances
and erosion of organic carbon plays an important role in the global carbon cycle over geologic timescales.
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