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Abstract

Forest disturbances in the form of landslides mobilize carbon (C) sequestered in
vegetation and soils. The mobilized C has two basic depositional fates, deposition onto
hillslopes or into water, which sequester C from and release C to the atmosphere at
different time scales. The C-dense old-growth temperate forests of SE Alaska are a
unique location to quantify the C mobilization rate by frequent landslide events. In this
study, we estimate the amount of C mobilized by debris flows over historic time scales by
combining a landslide inventory with maps of modeled biomass and soil carbon. We then
infer depositional fate over geologic time scales via simulated debris flow deposition
modelling with DFLOWZ, calibrated to the study area. In August 2015, a single storm
initiated 66 debris flows near Sitka, AK and mobilized 57,651 + 3,266 tC, while historic
storms over a 55-year period in SE Alaska mobilized a total of 4.69 + 0.21 MtC.
Approximately 21% of historic debris flows intersected the stream network, which was
consistent with long-term modeled connectivity and suggests that debris flows likely
contribute to measured high dissolved organic C in streams and globally significant
amounts of C buried in local fjord sediments. Moderate landslide frequency in areas with
high C density mobilized C at the highest rates. Our results are consistent with an
emerging consensus that disturbances which mobilize organic carbon may play an
important role in the global carbon cycle over geologic time, in addition to geochemical

processes such as silicate weathering.
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1. Introduction

Landslides occur on sloped terrain around the world, causing fatalities, damaging
property, disrupting infrastructure networks, and altering ecosystems. Regional landslide
rates are influenced by climatic and tectonic conditions, with wet climates initiating
rainfall-induced landslides and tectonically active areas initiating earthquake triggered
landslides. From 2004 to 2016, an estimated 4800 fatalities occurred from rainfall-
induced landslides alone, with the most susceptible regions being Central America, South
America, east Africa, and Asia (Froude & Petley, 2018). Within the United States,
landsliding disrupts infrastructure and can cause fatalities such as the 2014 Oso landslide
(Iverson et al., 2015). Landslides also serve as mechanisms for carbon (C) mobilization in
densely forested regions that experience a high rate of landsliding by stripping vegetation
and soil from hillslopes. Those materials are deposited elsewhere in the landscape or
exported to the oceans via river systems (Hilton & West, 2020). If landslide-mobilized
carbon is efficiently buried in offshore sediments, landslides may be an important
geologic carbon sink, especially if landsliding occurs frequently or with large magnitude
events. Landslides are commonly recognized for their destructive potential to
infrastructure and livelihoods (Aleotti & Chowdhury, 1999; Alexander, 2005; Fiorillo et
al., 2001; Guzzetti et al., 2003), but the amount and depositional fate of carbon
transported during landslide triggering events has 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).

Globally, terrestrial ecosystems are estimated to contain 2.76 * 10'2 tC in the form

of biomass carbon (Cpio) and soil organic carbon (SOC) (Wang et al., 2010). Carbon



distribution throughout terrestrial ecosystems at various spatial and temporal scales has
been the focus of many studies due to the important role the terrestrial biosphere plays in
the global carbon cycle (Arriaga & Lowery, 2005; Chen et al., 2003; Dixon & Turner,
1991; Hilton 2017; Hilton & West, 2020; Wang et al., 2010). For example, at the global
scale, the flux of organic carbon from mountainous landscapes to burial in offshore
sediments is likely comparable in magnitude to weathering-related fluxes traditionally
thought to control the carbon cycle over geologic time scales (Hilton & West, 2020). If
revegetation post-disturbance occurs more rapidly than decay, respiration, and burial of
mobilized C, a net loss from the atmospheric carbon pool would result over the relevant
decay and revegetation timescales.

Depositional fate, defined here as where carbon is deposited once mobilized, is a
primary control on the timescale for sequestration of mobilized carbon (Stallard, 1998).
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 debris flow deposit. Residence times for carbon sequestered in
soil varies between hundreds of years and several millenniums depending on soil and
climatic conditions (Rumpel et al., 2002; Schimel et al., 1994). Climate and moisture are
two major controls on respiration rates for CWD, with cold and dry climates reducing
respiration, or vice versa (Harmon et al., 1986). In wet and warm climates, respiration
can result in up to 76% of carbon transferred to the atmosphere from CWD (Chambers et

al., 2001), whereas cooler and drier climates experience relatively lower respiration rates
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(Progar et al., 2000; Marra & Edmonds, 1994). Non-respirated carbon is transferred to
the depositional zone’s soil over years to centuries through leaching (Russell et al., 2015;
Wiebe et al., 2014). Higher precipitation has been correlated with increased production of
dissolved organic matter through leaching in leaf litter, CWD, and soils (Hafner et al.,
2005).

Long-term C sequestration occurs with 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 um) to a body of water. CWD and POC delivered to a body of water allow the
potential for burying through sedimentation (Turowski et al., 2016), although some
carbon metabolizes and acts as a CO2 source to the atmosphere during stream transport
(Hotchkiss et al., 2016). For example, Cpio in the form of CWD can reside within a stream
for long periods of time (> 300 years) as decomposition occurs, even though that
decomposition occurs relatively slowly compared to surface exposed CWD (Aumen et
al., 1983, Chen et al., 2005; Medeiros et al., 2009). However, as some of that CWD is
broken down into smaller fragments, fluvial entrainment becomes feasible, and fragments
are subsequently carried downstream (Triska & Cromack, 1980). Overall, despite C
losses to the atmosphere during stream transport, terrestrial organic matter represents
approximately one-third of all buried organic matter within marine sediments globally,
and carbon burial efficiency increases with sedimentation rate (Aller, 1998; Burdige,
2005). Coastal mountains exhibit high marine shelf sedimentation due to landslides,
which initiate on steep slopes and cause near-instant export of sediment from hillslopes to
the ocean (Jaeger et al., 1998; Milliman & Syvitski, 1992). This leads to coastal mountain

ranges being a prime location for burial of landslide-mobilized carbon, especially when



the frequency or magnitude of carbon mobilizing events is high (Hilton et al., 2011; West
etal., 2011; Frith et al., 2018).

Of the variety of landslides that exist, debris flows in particular pose great risks to
life and property due to their increased mobility relative to other landslide types (e.g.
Iverson, 1997). Debris flows are moving masses of saturated sediment which often begin
as shallow landslides triggered by increasing pore-pressure that reduces the shear strength
of soils (Iverson, 1997). Landslides mobilize into debris flows due to high (near
lithostatic) 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). Water therefore plays a major role in the initiation of landslides and
mobilization of failed sediments into debris flows. In turn, many regions that experience
debris flows are vegetated. Entrainment of aboveground biomass (such as tree trunks,
branches, and shrubs) commonly occurs, depositing atop previous landslide debris,
within stream channels, or on colluvial fans (Lancaster, 2003; May 2002). As velocity
slows due to decreasing slope, deposition begins and the active flow volume also
decreases until forming a deposit. Where inundation occurs throughout the terrain
determines the depositional fate of transported sediment and biomass, which in turn
affects carbon sequestration rates and timescales. However, few researchers have
examined the quantities and depositional fates of aboveground biomass and soil carbon
mobilized by climatic or tectonic events that trigger landslides in North America —a
continent in which the terrestrial biosphere plays a major role in global carbon cycling

(Fan et al., 1992).



Predicting debris flow inundation is important due to the hazardous implications
of fast-moving debris through settlements (Berti and Simoni, 2007; Cui et al., 2011;
Iverson et al., 1998; Reid et al., 2016). Most commonly applied methods for predicting
debris flow inundation for hazard analysis utilize semi-empirical relationships between a
debris flow’s volume and runout, such as length or inundated planimetric area (Iverson et
al., 1998; Rickenmann, 1999). The introduction of semi-empirical relationships between
debris flow volume and inundation area form the basis for geohazard assessment projects
in regions that experience debris flows around the world (Iverson et al., 1998; Reid et al.,
2016; Scheidl & Rickenmann, 2010). Those assessments often rely on debris flow
inundation simulation modeling software that utilizes the semi-empirical relationships,
such as LAHARZ (Schilling, 1998) or DFLOWZ (Berti & Simoni, 2007).

Determining the depositional fate of mobilized carbon, the focus of our study, is
achievable by coupling landslide inventories with maps of Cpi, and SOC derived from
field measurements and remote sensing data (Clark et al., 2016; Frith et al., 2018; Hilton
etal., 2011; West et al., 2011; Wang et al., 2016). That approach has shown that large
carbon mobilization events around the world include large-scale intermittent landslide
inducing events, such as earthquakes (Frith et al., 2018; Hilton et al., 2011; Wang et al.,
2016), storms (Clark et al. 2016; West et al., 2011), and volcanic eruptions (Mohr et al.,
2017). For example, in heavily forested mountainous regions, 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 dozens of debris

flows within a single day (Sitka Geotask Force, 2016).



This study estimates the quantity and depositional fate of Cpio and SOC mobilized
by debris flows in SE Alaska. Three spatial and temporal dimensions will be examined
here (Figure 1): (1) a single storm that occurred in August 2015 near Sitka, AK with a
footprint of 790-1,103 km?, (2) multi-decadal carbon mobilization within the larger
70,586 km? Tongass National Forest (TNF) in SE Alaska, and (3) modeled post-glacial
(~10 ky) 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 mapped landslides with existing maps of 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.
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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 (TNF) indicated by the dotted black line. Brown polyline represents extent of

Tephra deposited by the 1992 Crater Peak eruption (Neal & others, 1995), green polyline represents extent

of Mount Edgecombe Tephra deposits throughout the Holocene (Riehle & others, 1992). (b) Slope map of
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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.

2. Study area

The Tongass National Forest provides an ideal natural laboratory to study the
amount and depositional fate of mobilized carbon through landsliding. The montane
forests are mostly undisturbed by human activities, such as timber harvest, and are carbon
dense, estimated to contain approximately 8% of all contiguous United States terrestrial
biosphere carbon (Leighty et al., 2006). This region experiences large storms from the
Pacific Ocean which trigger dozens to hundreds of landslides per event (Johnson et al.,
2000). The lack of forest fires and insect infestations in the area allows us to isolate the
effects of landslide disturbances on their potential to alter the regional carbon budget
(Buma & Thompson, 2019).

2.1. Geology

Bedrock of the TNF study area near the Sitka focus area broadly consists of Late
Cretaceous mudstones, as well as older volcaniclastic rock (Gehrels et al., 1994; Golder,
2001; 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
(Golder, 2001; Hamilton and Thorsen, 1983; Hamilton, 1994; Kaufman and 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 (Gehrels et al., 1994).



Soils of the area are shallow and consist of weathered rhyolitic, dacitic, and andesitic ash
sourced from Mount Edgecumbe (Riehl et al., 1992) underlain by glacial till. These ash
beds can be as thick as 3 m in some locations near Sitka (Golder, 2001). Glacial deposits
are prevalent throughout the region in the form of till, moraine, and outwash sediments
and are positioned between volcanic ash and bedrock (Golder, 2001; Golder, 2008;
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 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).

2.2. Southeast Alaska Climate

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

of 140 mm rainfall in six hours at sea level (likely higher at elevation).



2.3. SE Alaska biomass and soil organic carbon estimations

Temperate rainforests have high carbon densities compared to other forests (Keith
et al., 2009). Southeast Alaska contains an estimated 1.21 — 1.52 Pg C in aboveground
biomass (Buma & Thompson, 2019) and 1.8 Pg SOC in an area of approximately 70,586
km? (McNicol et al., 2019). Parts of the region have been logged, but a majority of land
contains old-growth forests (Berg et al., 2014). Previous estimations of C stocks within
the TNF by Leighty et al. (2006) resulted in a total of 2.8 + 0.5 Pg C for both biomass
and soil (an average of 40,000 tC km™), an amount equating to 0.25% of the global
terrestrial biosphere C. Carbon respiration in SE Alaska is relatively low compared to
warmer, tropical climates (Raich & Schlesinger, 1992).

3. Methods

In this study, we combine landslide inventories with spatial models of soil and
aboveground carbon to estimate mobilized carbon in SE Alaska for both a single storm
event in 2015 and the historic record. We then estimate spatial patterns of debris flow
runout over 10-ky time-scales with empirical runout modeling. Our methods generally
follow West et al. (2011) and Hilton et al. (2011) by assessing carbon mobilization
through landslide inventories and modeled carbon densities. We used the most
comprehensive landslide inventory in SE Alaska, which was derived by historic aerial
photo analysis and is maintained by the National Forest Service as the TNF Landslide
Inventory (TongassLandslideAreas, 2018). In the following paragraphs, we detail the

methods used for deriving mobilized carbon for the 2015 storm and historic record. We
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then develop a 10-ky time-scale inundation model to determine the depositional fate of
mobilized carbon.

3.1.1. Carbon models

Accurate modeling of carbon distributed throughout the SE Alaskan landscape is
necessary for estimating mobilized carbon due to landsliding. We utilized two recent and
comprehensive datasets which modeled Cyio and SOC across SE Alaska. Both datasets
were developed using random decision forest algorithms to predict carbon density using
environmental and disturbance 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 Cyio were
observed forest cover, slope, elevation, and likelihood of landslide initiation (Buma &
Thompson, 2019) and for SOC the dominate variables were elevation, wetness, and slope
position (McNicol et al., 2019). Biomass was converted to carbon at the standard rate of
50% (Houghton et al., 1996). The resulting products are Cpi, and SOC continuous rasters
for SE Alaska at resolutions of 30 m (Cpio) 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 (US

Geological Survey, 2017).
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An observed vs. predicted fit r* value of 0.69 for biomass in FIA plots was
reported by Buma and Thompson (2019) with carbon densities within landslide scars
(mobilized C) containing a mean value of 36,557 + 16,157 tC km™ (mean + standard
deviation). The biomass models include a lower (58%) and upper (46%) carbon estimate
which represent scaling factors to accommodate underestimation of aboveground
biomass calculated in FIA forest plots as identified by Leighty et al. (2006). In this study,
we compute mobilized Cyio for both the lower and upper biomass models and report the
average, with the range as uncertainty. Average SOC estimated by McNicol et al. (2019)
within landslide scars was 41,084 + 9673 tC km™ (mean + standard deviation) with a
predicted vs observed 12 value of 0.73 and RMSE of 11,900 tC km™, indicating that, like
the Cpio model, the SOC model reasonably predicts carbon across the landscape.

3.1.2. Mobilized carbon

For estimating mobilized carbon by the single storm, landslides in the TNF
landslide inventory classified as occurring on 18 August 2015 labeled as debris torrent,
debris avalanche, or combined debris avalanche and debris torrents were extracted.
Longer term historic mobilization rates were completed by extracting all landslides in the
TNF inventory similarly classified from the years 1960-2015. Although the TNF
inventory includes landslides occurring before 1960, availability of remote imagery
before 1960 is incomplete, and therefore we opted to not include those landslides. We
computed two C mobilization rates within the TNF, with the minimum rate determined
for the entire area covered by the TNF Landslide Inventory, and a maximum rate

determined for a 7,431 km? area with the most complete mapping centered around Sitka.
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The maximum rate is likely more representative of the true rate because it accounts for a
likely observation bias in mapping more landslides near populated areas in the TNF
landslide inventory. The Cyio and SOC rasters were clipped by the landslide polygons
and summed to obtain the total C mobilized within the bounds of each landslide. Since
debris flows typically mobilize all vegetation and soil down to bedrock within the
initiation and runout zones, and disturb vegetation and soil via inundation in the
depositional zone, we consider the entire polygons as being mobilized carbon.

3.2. Representative total area afflicted by landsliding

For debris flows triggered during the 2015 storm, a size of the event “footprint” is
required for normalizing the rate of carbon mobilized by area, allowing comparison to
other carbon mobilization studies. Two methods were used to delineate spatial extents of
landsliding initiated (Figure 1). A “watershed basin” bounding area of 790 km? was
defined as the total area of USGS National Hydrography 12-digit hydrologic units, which
typically encompass 10,000-40,000 acres (USGS, 2018), that contained landslides. A
“confined” bounding area of 1,103 km? was established via a convex hull of the point
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.

3.3. Long-term debris flow inundation modeling

Since 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 to estimate the longer-term spatial pattern of debris flow

deposition. An inundation model of a representative area with several U-shaped valleys
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on northern Baranof Island (Figure 1) was developed to determine the depositional fate of

mobilized carbon. We used the DFLOWZ inundation model, which is well-suited to
simulating deposition of debris flows in confined channels and on unconfined hillslopes
or fans (Berti & Simoni, 2007), with a previously developed landslide initiation
susceptibility model for the region (Buma and Johnson, 2015) (Figure 2). The goal of
these simulations was to produce a map of the long-term relative likelihood of debris
flow deposition and estimate the average likelihood of deposits terminating in stream

channels. Debris flows measured in the field to calibrate the model were mainly in

undisturbed forests.
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Figure 3. Example showing steps taken to model landslide inundation across northern Baranof Island.
Numbers correspond to steps in flowchart (Figure 2). Brown polygon is a 2015 debris flow from the TNF
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 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) DFLOWZ output for the depicted flowpath using a field-measured volume of 6043 m>.
Acrial imagery-based inventories tend to underestimate runout length, which is reflected in the TNF
polygon in this figure vs. our field observations.

3.3.1. Initiation points and volumes

For each simulated debris flow, DFLOWZ requires the location where deposition
begins, the volume of the debris flow, a pathway which the debris flow would follow, and
coefficients that quantify deposit geometry for calibrating depositional behavior. To
establish where landslide initiation occurs, we used a relative landslide initiation
susceptibility model for SE Alaska developed using a generalized linear model (Buma &
Johnson, 2015). In that study, landslides mapped by the Tongass National 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
15



topographic indices. Four 2015 storm event landslides occurred within the inundation
modeling 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 3
(A)). To capture the tendency for areas with higher relative susceptibilities to likely
produce more landslides over time, we added a second set of initiation points that exceed
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 were all processed for debris flow
runout for a total of 36,260 simulations. Results for the inundation simulations represent
approximately 32,000 years of landsliding on northern Baranof Island, assuming a
background rate of 113 debris flows per century in the model domain (Barth et al., 2020).
Each initiation point was assigned a random volume selected from a log-normal
distribution of volumes (mean = 2830 m?, sd = 6190 m?) produced from field
measurements near Sitka (Booth et al., 2020) (Appendix C).

3.3.2. Steepest descent flowpaths

A steepest descent flowpath from each initiation point was defined using the D8
flow direction algorithm (O’Callaghan & Mark, 1984) (Figure 3 (B)). 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 Sm 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
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threshold for SE Alaskan debris flows (20°) (Booth et al., 2020; Johnson et al., 2000), for
more than 2 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 3(C)).

3.3.3. DFLOWZ inundation simulations

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

A= aV?3, (1)
where 4 is cross-sectional area inundated, V' is debris flow volume, and a is a mobility
coefficient. Similarly, planimetric area of the deposit is estimated by

B = bV?/3, (2)
where B is inundated planimetric area, and b is another mobility coefficient. The @ and b
mobility coefficients in equations (1) and (2) change according to debris flow
characteristics such as grain-size, water content, and the presence of coarse woody debris
(Crosta et al., 2003; Booth et al., 2020). When calibrated to fine-grained, large volume (V
> 107 m?) volcanic debris flows (lahars) Iverson et al. (1998) found a = 0.05 and b = 200
to be the best predictor of the total spatial inundation, based mainly on volcanic flank
derived debris flows in the Pacific Northwest United States. Berti and Simoni (2007)

derived VAB equations from published datasets of debris flows in the Italian Alps (10* <
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V < 10° m?) and found the coefficients a = 0.08 and b = 17 to be the best fit for
unconfined debris flow deposits occurring mainly on fans. 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). Detailed methods on debris flow field
measurements are located in Appendix A.

3.4. 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 3.2.2) normal to the input flow direction polyline. These cross sections were then
“filled” to a level such that the inundated cross-sectional area corresponded to the
simulated debris flow volume according to eq. (1). Filling of the cross-sections proceeded
down the flow path until the planform area of the deposit predicted by eq. (2) was
reached (Figure 3 (D)). We repeated this process in a 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 inundation 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.

3.5. Stream connectivity

The depositional fate of mobilized carbon was determined via the depositional
setting for both mapped and modeled debris flows. The inundation map developed in the
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steps above allowed us to estimate the depositional fate of mobilized material transported
by debris flows over millennial time scales, while actual inundated polygons from the
TNF landslide inventory allowed us to determine historic stream connectivity. Stream
deposition was defined as a landslide deposit intersecting the stream network from the
National Hydrography Dataset (NHD) (USGS, 2018). A 10-meter buffer was applied to
the stream network 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 NHD data sets (Figure 4 (B)). Stream widths in the region are not constant, therefore
the 10 m buffer is a compromise between high and low order streams. The deposits that
intersected the stream network were then separated from the total dataset to classify
stream deposits (Figure 4 (C)). The most likely section of a debris flow to intersect with a
stream is the debris flow snout, where woody debris tend 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.
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Figure 4. Example of (a) Inundation results with hillshade derived from Sm IfSAR DEM as background
and 10 m contours. (b) Inundation results shown as individual landslide polygons with colors representing
number of times each object was inundated, and the buffered stream network in blue. (c) Inundation results
split between slope deposits (green color scale) and stream deposits (blue color scale). Location shown in
Fig. 6.

4. Results

4.1. 2015 single storm event carbon mobilization

We estimate a total of 57,651 & 3,266 tC was mobilized by 66 landslides with an
area of 0.815 km? during the August 2015 storm, resulting in landslides mobilizing
70,672 + 4,004 tC km™ of 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 a range of 52 + 3.0 to 73 £ 4.1 tC km™ mobilized within the event “footprint”
on Baranof and Chicagof Islands. Uncertainty is reported as the difference between the
average of the 58% and 46% scaling Cbio models and the reported 11,900 tC km? RMSE

for the SOC model added in quadrature (Appendix B).
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The estimated values for mobilized carbon during the 2015 storm event provide
us with a snapshot view of carbon mobilization during a single event in the SE Alaskan
terrestrial biosphere. Taken into context, 57,651 + 3,266 tC represents less than 0.01% of
all carbon sequestered in SE Alaska. However, storm events that trigger debris flows are
common in SE Alaska, allowing the opportunity for C mobilization to occur regularly in
the TNF (Johnson et al., 2000). Using a return period of 25-50 years for storm frequency,
we roughly estimate the C mobilization rate per year of a storm of this magnitude to be
2,306 £ 130 to 1,153 £ 65 tC yr'1 (Horel et al., 2002).

4.2. Century-scale carbon mobilization

Mobilized carbon via landsliding based on the TNF Landslide Inventory from
1960 to 2015 was 4.69 + 0.21 MtC over the entirety of the TNF (70,586.56 km?). This
equates to 66.42 = 2.9 tC km™ with an annual rate of 1.21 + 0.05 tC km™ yr''. However,
these values likely under-estimate the true rate of disturbance events for TNF, as
landslide mapping efforts have been more concentrated near populated areas, such Sitka,
AK (section 3.1.2). 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™ yr’! from landslide disturbance events. The 2015 storm
represents approximately 1.2% of the total estimated carbon mobilized for the past 55
years within the TNF (4.69 = 0.21 * 10° tC), which is about two-thirds of the annual C
mobilized by landslides in an average year.

4.3. Spatial distribution of mobilized C in TNF
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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 Cpi, distributions (tC km2), landslide occurrences km
2 (n=17,156), and mobilized Cyio (tC km?) with a window size of 5 km and a cell size of
25 m. This highlights the broad distribution and magnitude of landslides and C
throughout the landscape without being overly sensitive to specific, individual landslides
(Figure 5). The spatial pattern of mobilized C density does not reflect the spatial pattern
of landslide density or C density alone. Instead, the main driver for C mobilization across
the region is moderate landslide densities occurring in high carbon areas. 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 is high (Fig. 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™ 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 patterns of S-SE aspects (Buma & Johnson, 2015; Harris, 1989), with

an elevation of 337 + 163 meters (mean + sd).
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Figure 5. Spatial patterns of (a) summed SOC and Cy;, (average between 46% and 58% adjusted C models
from Buma and Thompson (2019)), (b) landslide density overlaying satellite imagery, and (c) mobilized
Chio, smoothed with a moving average quartic kernel with a window size of 5 km. Map extent of Fig. 1a.

4.3.1. Long-term depositional fate of mobilized C

Debris flow simulations across northern Baranof Island also indicate mobilized
carbon ‘hotspots’ throughout the landscape (Figure 6). These hotspot locations
experienced repeated inundation in the Monte Carlo simulations. Deposition hotspots are
generally located on colluvial slopes below steep valley sidewalls in wide valleys, such as
the Indian River valley, or in channels in the narrower valleys, such as Granite Creek and
Cascade Creek. Some of the hotspot locations intersect with the road network for Sitka,
indicating potential future hazards for Sitka residents and infrastructure (Figure 6). Valley
geometry greatly influences whether landslides deposit into streams or not, with narrow
valleys such as Granite Creek and Cascade Creek having a majority of the landslides
connected to the stream network, and wide, U-shaped glacial valleys such as Indian River

valley having few landslides connected to streams.
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Figure 6. DFLOWZ simulation results smoothed by a 50 m gaussian filter overlaying a hillshade produced

by a 5 m IFSAR DEM. Sitka road network indicated by black lines, and blue lines represent the USGS
NHD flow lines, which represent streams with a 10 m buffer. The blue box indicates spatial extent for

Figure 4, and the extent of the entire figure is shown in Fig. 1.

4.3.2. Connectivity analysis

Approximately 21% of the 66 debris flows triggered by the 2015 event were

classified as stream deposits, with the remaining 79% of deposits classified as occurring
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on hillslopes. An analysis of simulated debris flow inundation areas on northern Baranof
Island resulted in 21.6% of the total inundated cells classified as stream deposits, with the
remaining as hillslope deposition at 78.4%. These values are similar to the total TNF
landslide connectivity rate which came to 24% stream deposits and 76% hillslope
deposits. For the remainder of our analysis, we opt to use the TNF landslide connectivity
rate, since it analyzes a larger area, and the magnitude is similar to the two other
connectivity rates.

Landslide connectivity rates 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, 1.13 = 0.05 MtC
(24%) 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 transported to water bodies for long-term sequestration. 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 (Gofii et al.,
2013). Conversely, the estimated C deposited on slopes equates to 3.56 = 0.16 * 10° tC
(76%), resulting in the burial of mobilized C into the soil horizons, leaching carbon and
nutrients to the soil horizon (Hafner et al., 2005), or respirating CO» to the atmosphere.

S. Discussion

5.1. Estimated C mobilization rates and comparison
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We used the best available data on landslides and C distribution to calculate C
mobilization density and rates, but incompleteness of the landslide inventory likely
caused an underestimation of those values. The TNF Landslide Inventory mapping effort,
which is based on air photos and satellite imagery, is only as accurate as the available
data. Specifically, historic landslides may be missed in the landslide inventory due to
expeditious 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? and mobilized 2.2 tC. It would take 209,500 landslides of this size to
change our estimate of mobilized C by 10%, suggesting that small landslides missing
from the inventory do not substantially affect our overall results. Landslides that occur in
low C density regions bring the mobilization rate down, reducing the representative rate
of C mobilization occurring 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.

To place SE Alaskan C mobilization rates in a global context, we compiled
studies that estimated C mobilization amount and rates for a variety of events that
triggered landsliding around the world (Table 1). These studies are separated by event
type (storm vs. earthquake), and sorted by latitude from the most northern to southern. It
should be noted that many variables control C mobilization other than just the type of
forest disturbance. Forest conditions vary between tropical and temperate forest types,
and these may contribute to the varying C mobilization amounts and rates measured by

these studies. With that in mind, there are few carbon mobilization studies to compare our
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results to, and studies often do not report both single event mobilization amounts (tC km"
2) and long-term mobilization rates (tC km™ yr'!). The amount of C mobilized per event
ranged from 13 to 680 tC km™ over events with footprints ranging from 80 to 7500 km?.
Mobilization rates varied from 2.8 to 202 tC km™ yr'!. Events which mobilize the most C
are earthquakes, however, long intervals between earthquakes result in lower annual rates
(Table 1). Tropical storms mobilize moderate amounts of C, but occur on a more frequent
basis relative to earthquakes and therefore tend to have higher C mobilization rates. Our
estimated C mobilization amount for the 2015 storm event and the 55-year period
mobilization rate within the TNF return comparable rates to previous work in the coastal
Pacific Northwest (Madej, 2010), but relatively low C mobilization amount and rates in
comparison to other, larger landslide mobilization events throughout the world (Table 1).
One potential reason for relatively low C mobilization amount is our focus on landslides
of only the debris flow class, in order to maintain consistency with inundation
simulations using DFLOWZ. Landslides outside of the debris flow class are less frequent
in SE Alaska, but do have the potential for mobilizing carbon. If included, our
mobilization amount and rate would increase, potentially to a level that is comparable to
other C mobilizing landslide events around the world. Rock, debris, and snow avalanches
are one landslide type not included in this study, but they do occur in SE Alaska, and

have the potential to mobilize carbon (Korup & Rixen, 2014).

. . Disturbance tC km? | Carbon
Study Location | Latitude tC km?2 P
event yr pool
52.39 to Crio,
This study! SE Alaska 57°N Single Storm ) Varies BGC,
76.88
SOC
142,66+ | 259+ Crio,
This study? SE Alaska 57°N Multiple Storms ; ) BGC,
7.7 0.14 SOC
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Madej, 20103 California 42°N Storm 28 2.8 Chio, SOC
. LiWu
Hilton & . o . ‘
others, 2008 R1yer, 23°N Tropical cyclone 13 16 t0 202 | Cpio, SOC
Taiwan
West & others Crio,
4 Taiwan 23°N Tropical cyclone 173.71 Varies BGC,
2011
SOC
Scharron & o .
Guatemala 15°N Hurricane 660 8 to 33 Chio, SOC
others, 2012
Chenzg‘ogﬁhers’ China 31°N Earthquake 680 Varies Chio
. Alpine
Frith & others, fault, New 41° S Earthquake Varies SE2t09 Chio, SOC
2018 +4
Zealand
western
Hilton & Southern o _
others, 2011 Alps, New 41°8S Earthquake 300+ 110 | 7.6+2.9 | Cpio, SOC
Zealand

Table 1. Compilation of disturbance related C mobilization events throughout the world. Notations:
Aboveground Carbon (Cyio), Soil organic carbon (SOC), and Belowground Carbon (BGC) (root mass).

Note '2015 storm event estimated carbon mobilization amount. Total mobilized C from biomass and SOC
models over a 55-year period, normalized by Baranof Island area. *C mobilization normalized by watershed
area. “Total biomass in trees, roots, soil litter mobilized during typhoon (12.5 Tg), normalized by area of
Taiwan (35980 km?), converted to Carbon at a rate of 50%. Value computed based on Zhoa & Zhou
(2006) forest density estimations and divided by the approximate area afflicted by the 2008 Wenchuan
earthquake (20,000 km?).

Another potential reason for our lower C mobilization amounts, when compared
to earthquake events, is that precipitation-triggered debris flows tend to cover less area
than earthquake-triggered landslides. Earthquakes can cause large swaths of hillslope
area to fail due to seismic acceleration increasing driving stresses or weakening resisting
forces of the slope (Newmark, 1965; Keefer, 1984). One such example is the My, 7.9
Wenchuan earthquake that occurred in China, which triggered a total of >396 km?
landslide area over an area of 20,000 km? (landslides were 2% of the earthquake affected
area) during the single event, resulting in a 4-fold increase of POC export from river
basins (Li et al., 2014). This earthquake triggered an estimated 600 tC km™ during the

event (Chen et al., 2009) (Table 1). In contrast, landslides triggered by the 2015 storm
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near Sitka occupied <0.1% of the storm-affected area. Of Wenchuan earthquake-triggered
landslides, approximately 16% were connected to streams, a value close to our estimated
20% in SE Alaska (Li et al., 2016). Similarly, an earthquake that occurred in central
Taiwan was found to have 8% of earthquake triggered landslides connected to stream
systems (Dadson et al., 2004). While earthquake triggered landslides tend to affect a
larger proportion of the landscape than storm-triggered landslides in SE Alaska, C
density in the TNF is higher than in the Wenchuan region of China and comparable to
central Taiwan (McEwan et al., 2011; Qiu et al., 2015; Zhao & Zhou, 2006). However,
the recurrence rate of storms initiating dozens of debris flows is higher relative to
earthquakes, allowing the potential for carbon mobilization to occur more regularly in SE
Alaska, which brings the relative rates between the two event-types closer together.
Additionally, several active faults exist in SE Alaska which could have the potential for a
mass initiation of landslides, however no data for earthquake triggered landslide events in
the TNF currently exist (Doser et al., 1997). In a similar setting (Haida Gwaii, British
Columbia), a magnitude 7.8 earthquake caused a 13-fold increase in annual landslide rate
in the year of the earthquake (Barth et al., 2020). Last, an additional source for potential
carbon sequestration via forest disturbances throughout SE Alaska could be a volcanic
eruption from Mount Edgecombe. Previous eruptions coated the nearby landscape in ash,
which served as a failure plane within soil profiles near Sitka (Sitka Geotask Force,
2016). In blanketing the forests with ash, SOC and organic litter is buried and potentially
sequestered from the atmosphere, as has been observed in regions such as southern Chile

(Mohr et al., 2017).
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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. Previous studies in SE Alaska found
carbon accumulating at 300 tC km yr'! for Cpio in logged forests, reaching steady state
density of 25,000 tC km? by around 500 years (Leighty et al., 2000). 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). 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™ yr! Cyio recovery for logged forests,
it would take 110 years for mobilized Cyio to recover from the 2015 event. However, we
make a conservative estimate of 120-150 years post disturbance to account for the delay
in ecologic succession as a result of soil evacuation by landslides. SOC requires longer
periods of time (on the order of milleniums) to recover relative to Cpio on the disturbed
slopes due to the slow processes which accumulate organic material in soils (Kramer et
al., 2004). Additionally, in filling of sediment on the margins of a debris flow track
would likely expedite C recovery on a landslide scar. 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
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mobilized CWD and SOC, and the recovery of C on the disturbed slope, but further
research is required to make this distinction.

For the remaining 24% of stream deposited material, we take into consideration
Holocene carbon burial rates within fjords, dissolved organic carbon (DOC) stream
levels, and total organic carbon in continental shelf sediment in the study region to assess
the potential for those deposits to sequester C. Locally, SE Alaskan fjords are estimated
to bury 0.265 tC km™ yr'!, 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). In the context
of our TNF landsliding rate of 2.46 + 0.12 tC km™ yr'!, only 10% of the mobilized C
would need to be exported to fjords to sustain this burial rate. 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 extreme 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.

Directly depositing material into fjord waters could also be a potential source for
the higher C accumulation rates in SE Alaskan fjords. While few of the debris flows
simulated with DFLOWZ deposited directly into fjords or to the 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, or a total of 45% of these landslides deposited
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into either streams or bodies of water. The rate at which this occurs is likely higher in SE
Alaska relative to other debris flow susceptible landscapes due to steep slopes adjacent to
fjords and the Pacific Ocean. In regards to ocean delivered POC, continental shelves
provide an opportunity for long-term storage of mobilized C that 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 sediments would further constrain the
magnitude of this geologic carbon sink.

An additional factor contributing to the C cycle is that deposition of Cpi, and SOC
in streams increases DOC as material decays over time. SE Alaskan stream samples
measured by D’Amore et al. (2015) identified average area-weighted DOC flux to range
from 10.5 to 29.9 tC km yr'! which correlated with hydropedologic units such as
wetland soils. Although previous studies have identified lower DOC levels in streams
that have been disturbed by logging (Hood, et al., 2006), 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. We infer the depositional fate of this landslide
derived stream DOC to be transported downstream to bodies of water, where some

mineralizes and becomes incorporated into lake sediments, but a majority respirates back
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to the atmosphere (Algesten et al., 2005; Jansson et al., 2008; Vachon et al., 2017). We
hypothesize that further research would reveal a correlation between stream DOC levels
and deposited C by landsliding, similar to the post-POC increase in streams from the
2008 Wenchuan earthquake (Wang et al., 2016).

5.2. Simulated debris flow deposition and carbon mobilization “hotspots”

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 Holocene-scale patterns. 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 depositional 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 threshold, 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 forest, which is assumed in our runout simulations.

Simulated deposits that intersect with the road network suggests areas potentially
at risk, as some of these roads are adjacent to commercial or residential buildings.
Furthermore, subtle changes to the topography due to landscaping for construction

projects may not be reflected in the 5 m DEM used for delineating landslide flowpaths
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for this project, which can cause inaccurate runout predictions in those areas. One such
example of this is the fatal debris flow that occurred during the 2015 storm, in which the
model interprets the steepest descent path from the DEM to be a path adjacent to a
developing neighborhood, but the debris flow was impeded by dense forest and a subtle
berm, potentially contributing to the debris flow routing into the neighborhood instead
(Sitka Geotask Force, 2016).

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 results indicating C mobilization density is higher in regions
that have higher C stocks coupled with moderate landslide density (Figure 5) support the
ecological theory that higher C stocks correlate with moderate disturbances (Buma &
Thompson, 2019; McLauchlan et al., 2014; Krannabetter et al., 2016). This is due to high
disturbance regimes having frequent events which do not provide an opportunity for
carbon to be reestablished, while low disturbance regimes experience biogeochemical
limitations with the lack of nutrient recycling (Peltzer, et al., 2010). As carbon is
transported 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 sequester
large amounts of carbon at millennial timescales.

5.3. Implications for future carbon mobilization
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Projected climate change rates for SE Alaska predict precipitation increasing by 6
to 18% in the next century (Shanley et al., 2015). This increase in annual precipitation is
likely to trigger additional landslides (Crozier, 2010), either directly by making high
intensity and duration rain storms more frequent or indirectly by broadly increasing
antecedent soil moisture so that landslides are likely during less intense storms, thereby
increasing the rate of debris flows occurring across the TNF. A direct result of increased
landslide rates is the additional mobilization of SOC and Cpio, and the short to long term
sequestration in soils and marine settings, providing a small buffer to increasing
atmospheric CO; levels. Previous research for implications of climate change in SE
Alaska primarily focuses on changes in net primary 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 temperatures,
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.

6. Conclusions

We utilized landslide mapping and runout modeling in SE Alaska in conjunction
with geospatial carbon density data of SOC and Chio 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 a ~32,000-year timescale. A single storm in August

2015 mobilized 57,651 + 3,266 tC, while debris flows across the entire TNF (70,586.56
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km?) mobilized 4.69 + 0.21 MtC, a rate of 2.46 + 0.12 tC km™ 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 or earthquake triggered landslide events, primarily due to the higher landslide
densities of those events. However, the geomorphic setting where landslides deposit can
influence the depositional fate of mobilized carbon, affecting the temporal scale for C
sequestration from the atmospheric pool. Using our modeled and actual landslide deposit
locations in conjunction with the stream network across northern Baranof Island, we
determined that approximately 21% of the landslides occurring in the region are
ultimately connected to the modern stream network, while 24% are connected from
analysis on the entire TNF landslide inventory. 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.
The depositional fate of stream and hillslope delivered C can only be inferred via our
results, but landslides likely impact the regional carbon budget cycle. 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. 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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Appendix
Appendix A. Field measurements

Of the 66 debris flows from the 2015 event, 19 debris flows were visited in the
field over two field seasons and were measured for deposit volume, maximum inundated
cross-section area, deposit slope, and planimetric area. Deposit volumes were estimated
via measuring the widths and depths, where possible, of deposits in segments. If
obtaining deposit depth proved to be difficult, the slope of the channel above and below
the deposit was measured with an inclinometer and then the channel slope directly below
the deposit was interpolated. Profile measurements taken on the deposit were then used
with the interpolated channel slope to estimate depths if direct measurements were not
possible. Measured segments had volumes computed via geometric equations and then
summed to obtain deposit volumes. A second method used was assuming ellipsoidal

geometry of deposits and estimating volume via the equations

4
V=gmxABC 3)
for an ellipsoid and
2
V =3mxABC 4

for a half-ellipsoid, where A, B, and C are the three perpendicular axes of ellipsoidal
objects. At each debris flow, an average cross-sectional area was computed from three
measured cross-sections using measuring tapes. Depositional slope was measured using
an inclinometer adjacent to the debris flow deposit on hillslopes or within the stream
channel where possible. Planimetric area for deposits was acquired via the summed

geometric sections used for estimating volume. Field measurements were used to plot
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VAB relationships for SE Alaska debris flow runout characteristics used to calibrate

DFLOWZ for runout simulations (section 3.3.3) (Figure 7).
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Figure 7. Volume-planimetric area (B) and volume-cross sectional area (A) results for debris flows
measured near Sitka (Booth et al., 2020). Background points are sourced from areas outside of SE Alaska

as a comparison to other debris flow runout characteristics (Berti & Simoni, 2007; Griswold & Iverson,

2008; Webb et al., 2008; D’Agostino et al., 2010; Scheidl & Rickenmann, 2010; Simoni et al., 2011).

ID + UTM Easting [m] UTM Northing [m] A [mz] H[m] L [m] L/H Depositslope [°]
number 3 2
[m] [m]
12312 477,165 6,327,810 25,390 77.2 8,281 405 698 1.7 15.5
12313 477,784 6,329,166 6,043 27.9 2,455 228 527 23 6
12336 474,943 6,340,035 79 3.9 152 61 93 1.5 15.7
12338 474,325 6,339,480 1,156 13 1,167 165 222 1.3 24
12341 471,986 6,339,097 153 3.1 216 76 189 25 9
12343 470,999 6,336,895 789 18.8 367 105 327 3.1 8.5
12349 477,687 6,340,096 892 16.4 741 57 107 1.9 11.6
12350 477,720 6,340,025 1,221 8.3 1,112 58 112 1.9 14.5
12356 476,545 6,334,728 2,830 9.6 1,832 149 450 3 9.7
12358 476,891 6,335,406 858 7.3 940 81 99 1.2 25.5
12413 483,096 6,312,493 211 35 332 51 121 24 11.6
12415 485,094 6,313,280 945 8.4 990 484 730 1.5 16.5
12339 472,995 6,338,098 238 9 240 63 100 1.6 16
12314 485,771 6,322,635 1,567 7 510 53 103 1.9 0
12646 479,854 6,335,217 1,418 12 915 56 152 2.7 11
no ID 472,130 6,337,685 479 8 400 69 160 2.3 12
12437 478,920 6,325,213 2,036 9 1,352 467 816 1.7 16
17145 482,477 6,328,162 1,010 12 554 263 500 1.9 9
12311 477,705 6,326,307 10,043 27,694 392 824 2.1 13
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Table 2. Measured landslides from field work. Separation line above ID number 12339 designates 2018 and
2019 field seasons. Columns are UTM Easting and Northing coordinates, deposit volume (V), cross-
sectional area (4), planimetric area (B), height of landslide from initiation point to deposition elevations
(H), length of landslide runout (L), the length to height ratio (L/H), and the slope of the deposit. Landslide
ID number 12311 volume is red due to a separate method of acquiring volume, which was through the
number of dump trucks that removed debris from a developing neighborhood where the landslide
deposited. This value has an error margin that is hard to predict relative to the other volumetric estimation
method.
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Appendix B. Measured mobilized C

Supplemental file ‘MeasuredLandslideCarbon.csv’ (file size 336 KB, requires
Microsoft Excel) includes every landslide meeting the debris flow criteria (section 3.1.2)
are listed with their TNF landslide inventory ID (column TNF LS NO). Included for
each landslide are whether the landslide is located on Baranof Island, whether the
landslide was initiated during the 2015 event, the size of the landslide in ha and km?, and
the three mobilized carbon amounts from the 46% and 58% scaled Cpio models and SOC
model. The amounts shown are computed using the methods detailed in section 3.1.2,

summarized by the equation

tC
tC =—=x* ha (5)
ha

where tC = tonnes of carbon, and ha = area of the landslide in hectares. Errors for

mobilized C were computed in the following equations

Cbio46% + Cbi058% (6)
Cpioerr =
2
SOCerr = 119 VN (7)
total error = \/Cbioerrz + SOCerr? (8)

where N = number of pixels from the SOC model clipped by landslides, Cpio?*”* and
Chio>®” represent the two scaled Cbio models, and fotal error is the two errors added in

quadrature.
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Appendix C. Debris flow runout model description and volume distribution

The debris flow runout model requires three separate programs in order to
execute. Steps 1 through 3 (Figure 2) are executed in python (2.7, with the exception of
step 2, which requires Python 3.x). After the flowpaths are prepped in Python, the
volumes are produced in a R script which takes the mean (2830 m?) and standard
deviation (6190 m?) of the field measured volumes to produce a log-normal distribution

which can randomly sampled from for each simulated landslide (1 volume per flowpath

produced) (Figure 8). The DFLOWZ simulations occur in a modified script of DFLOWZ

(Berti and Simoni, 2007) within MATLAB. Modifications to DFLOWZ include adding
FOR loops to various sections of the script in order to negate manually inputting each
landslide. Additionally, corrections to the cross-sections normal to flow path were done
in order to troubleshoot a bug in this section of the code. The resulting simulated runout
for each landslide is added to a matrix that is ultimately converted to an ASCII file for

importing to ArcGIS.
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Figure 8. Log-normal distribution of debris flow volumes calibrated by field measured debris flows near
Sitka.
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Appendix D. Carbon models and landslide inventory
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Figure 9. Cpio**” and Cpio>®” scaled aboveground biomass carbon models from Buma & Thompson (2019)
and the SOC model from McNicol et al. (2019) which were used in obtaining landslide mobilization rates.
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Figure 10. Landslide locations from the Tongass National Forest Landslide Inventory. Green points are
debris flow classified landslides used in extracting carbon amounts from the respective models (Figure 8).
Red points are debris flows triggered during the 2015 event.
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