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Soils play acentral role in the global carbon cycle and constitute a
key component of natural climate solutions that require quantitative

predictions of soil organic carbon (SOC) dynamics at local to regional
scales. In hilly and mountainous terrain, variations in uplift and stream
incision generate gradients in erosion and hillslope morphology that
control soil properties thatimpact the abundance and persistence of
SOC. Here we use topographic and soil biogeochemical analyses to show
that across 16 sites in our study region, total SOC stocks and the typically

slower-cycling mineral-associated fraction of SOC decrease exponentially
with modelled erosion rate from21.0t0 0.2 kg m2and12.0to 0.1kg m2,
respectively. Along the greater than order-of-magnitude erosional gradient,
radiocarbon (A™C), soil thickness and texture data trend younger, thinner
and coarser, respectively, such that fast-eroding sites have much less SOC
than slow-eroding sites and are dominated by faster-cycling SOC pools. By

coupling these erosion-driven soil and SOC trends with high-resolution
topographic data, hilltop convexity and other erosion rate metrics can
bereadily applied to estimate SOC abundance and persistence in diverse
landscape settings, facilitating our ability to predict carbon dynamics across
arange of spatiotemporal scales.

With -2,400 Pg of organic carbon (OC) in the upper 2 m depth'?, soils
arethelargest terrestrial store of OC, holding more OC than vegetation
and the atmosphere combined® ¢, with some soil organic compounds
persisting for millennia” ™. Given the critical role of soil organic carbon
(SOC) in the carbon cycle, the use of SOC in climate solutions" ™ and
Earth system models has been emphasized in recent syntheses™>**.
Despite the pressingimportance of understanding SOC stocks, our abil-
ity toestimate and predict SOC at regional and local scales relevant for
policy and managementislacking, atleastin part, because topographic
variations preclude extrapolation of localized SOC soil pit dataacross
erosionallandscapes. In particular, SOC stocks in hilly and mountainous

terrain, such as the western United States, are strongly modulated by
soil properties, including thickness, texture and weathering inten-
sity™¢. Systematic trends in these pedogenic characteristics result
from feedbacks between base-level lowering and hillslope evolution,
soil transport, production and weathering over >1,000 yr timescales.
In these erosional settings, the interplay of uplift and incision with
hillslope processes generates ageomorphic template on whichintegral
biological and ecological processes regulate organic matter supply as
well as SOC persistence™"”'®, Quantifying the linkages between land-
scapes and soil properties is imperative to understanding global SOC
stocks and persistence (and soil as a climate change solution) given
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Fig.1|Study area. a, Slope map (degrees) of Rabbit Mountain in the Cow Creek
recreation area. Soil sampling locations at hilltops along ridgelines are shown
asblack dots. Insets RL6 and RL1correspond to d and e, respectively (Extended
DataFig.1). b, Distribution of hilltop curvature (C,,) values extracted along
ridgelines (Extended Data Fig.1). ¢, Distribution of hillslope angles across the
whole landscape calculated across asmoothed 10 m DEM. d, Hillshade of RL6
site. Slopes are gentle, and SOC stocks are higher. Blue line represents the

Distance (m)

ridgeline transect in f. RL6S1 was taken along ridgeline perpendicular to blue
transect. e, Hillshade of RL1site. Slopes are steep and rocky with sharp hilltops.
SOC stocks are low. Red line represents the ridgeline transect in f. RL1IS1-RL1S10
were taken along ridgeline perpendicular to red transect. f, Transects of the
ridgelines RL1(red) and RL6 (blue). RL1 has steep slopes with a convex hilltop,
while RL6 is broader and gentler.

thatover 60% of the Earth land surface is composed of landscapes with
aslope greater than 8% (ref. 19).

The persistence of SOC pools reflects biogeochemical and ecologi-
cal properties, such as microbial activity and net primary production,
that regulate organic matter turnover and accumulation or loss over
time?*?, Despite a multitude of studies, controls on SOC persistence
and accumulation can be difficult to define®***. Operationally, the
persistence or turnover in SOC pools can be inferred directly from
radiocarbon dataaswellas the proportions of particulate organic car-
bon (POC) and mineral-associated organic carbon (MaOC), where POC
tends to be relatively short lived (decades to centuries) while MaOC
tends to persist longer (centuries to millennia) on average®'°*. POCis

often found to consist primarily of plant-derived organic matter that
is either unprotected (‘free’ POC) or physically shielded from decom-
position via occlusion in soil aggregates. MaOC is often composed
of smaller, simpler carbon compounds that include organo-mineral
associations through adsorption of OC onto mineral surfaces. Micro-
bial processing of organic matter can lead to the formation of soil
aggregates from organo-mineral complexes, such as those formed from
microbialiinteractions with pedogenic oxides'>*, which render MaOC
more stable than POC** %, As a result of these contrasts in primary
protection mechanisms and inherent structure, POC pools tend to
have relatively younger average radiocarbon *C ages’ compared with
MaOC pools. Thus, the relative abundances of POC and MaOC pools
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Table 1| Individual site data

Site Soil thickness (cm) Ci (m™) Modelled E(mmyr™) SOC(kgm?) MaOC(kgm? POC(kgm?) MaOC% of total stock
RL1S3 o] -0.10M1 0.2021

RL1S4 (0] -0.0956 0191

RL1S5 0 -0.0937 01873

RL1S2 12.5 -0.0885 01771 0.49 012 0.34 26.6
RL1S6 10 -0.0820 0.1639

RL1S1 8 -0.0740 0.1480 0.37 0.13 0.23 35.4
RL2S3 23 -0.0708 01416 3.33 1.08 215 33.5
RL5S1 10 -0.0625 01251 174 0.67 1.28 345
RL2S5 12 -0.0610 01220

RL2S6 7 -0.0527 0.1054

RL2S1 25 -0.0518 0.1036 214 0.86 119 4.9
RL1S7 0 -0.0460 0.0921

NRS1A 35 -0.0440 0.0880 1.54

RL2S4 10 -0.0435 0.0870 0.96 0.31 0.48 39.0
RL1S8 18 -0.0381 0.0761

NRS5 62 -0.0371 0.0742 418 2.50 2.08 547
T3s1 46 -0.0319 0.0639 3.94 1.56 1.32 54.2
BR1S4A 65 -0.0310 0.0620 4.55 2.59 2.04 55.9
RL1S9 27 -0.0278 0.0555 5.83 1.65 3.69 30.9
RL7S1 n -0.0276 0.0551 1.88 0.91 0.79 53.5
RL1S10 20 -0.0252 0.0505

RL3S1 200 -0.0155 0.0309 14.87 918 5.49 62.6
T1S2 125 -0.0086 0.0173 9.07 4.60 3.58 56.2
RL6S1 120 -0.0077 0.0154 14.59 10.73 4.88 68.7
RL4S1 138 -0.0038 0.0077 21.78 12.09 754 61.6

Site soil thickness measurements and Cy,, E, SOC, MaOC and POC stock calculations ordered by increasing convexity, higher |C,,|. Standard deviation values of C, were calculated from hilltop
values located in a 5x5m area around the pit location (~8-10 ridgeline pixels). Precision for OC% determined by replication of ten soil standards is 0.035s.d. Standard deviations of duplicated

OC% values are located in Supplementary Table 2.

across landscapes provide a critical constraint for SOC inventories and
simulations of carbon cycling®.

Thethickness and weathering intensity of soils are determined by
erosionrate viathebalance of soil production and transport and influ-
encesoil residence time and SOC storage in two critical ways: First, the
thickness of soil (defined here as the layer of mixed or disaggregated
material that lacks relic rock structure) varies inversely with erosion
rate according to field-based studies and process-based geomorphic
models®. As such, soil thickness sets the accommodation space avail-
able for SOC storage such that thicker soils have greater capacity given
an ample supply of organic matter***. Second, the intensity of soil
weathering due to biological and chemical alteration depends on the
meansoil residence time, which varies inversely with erosion rate®* %,
As such, slow-eroding, thick soils feature longer mean soil particle
residence times and thus increased exposure to chemical alteration,
resulting in finer-textured soils with an abundance of pedogenic miner-
als that facilitate SOC stabilization mechanisms through the creation
of minerals with highreactive surface area”. In particular, many studies
have shown strong correlations between SOC and clay content, and
particularly pedogenic oxide minerals'®'**3**,

Previous studies have successfully utilized high-resolution topo-
graphicdatato connect morphologic metrics, such aslocal curvature,
with soil thickness and SOC stocks to generate highly accurate predic-
tions of SOC storage within an individual catchment’>*%*, Another
recentinvestigation explored geomorphic and geochemical controls
ontotal SOC and operational pools, although the results were limited

due to small sample size and narrow variation in erosion rate", pre-
cluding the utility for landscape-scale predictions. As a result, we
lack a conceptual framework and field observations that define how
variations in erosion rate and hillslope morphology driven by the
long-term pattern of uplift and incision control soil properties and
the abundance and persistence of total SOC, MaOC and POC pools
across arange of scales.

Hilltop curvature as an erosion rate proxy

In this study, we demonstrate that erosion rate, which can be mod-
elled using high-resolution topography and calibrated geomorphic
process models®* ™, serves as a first-order control on not only total
SOC, but also MaOC and POC pools and SOC persistence derived
from radiocarbon analysis. We focus our topographic analysis and
field sampling along ridgelines in the Klamath Mountains of south-
western Oregon that vary from broad and gentle to narrow and
extremely steep. To quantify spatial variations in erosion rate, we
used airborne lidar to calculate and map hilltop convexity (C,,) across
almdigital elevation model (DEM), which serves as an erosion rate
proxy that emerges by coupling a soil mass conservation equation
and transport model that was proposed >100 years ago and is sup-
ported by numerous field studies***°. The C,, measured along ridge-
lines reflects catchment-scale erosion rates and hillslope form set
by the balance of long-term uplift and incision. Sharp, high-convexity
ridgelines with faster erosion rates are associated with steeper
hillslopes and thin, coarse soils. Broad, less convex ridgelines with
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Fig.2|Total SOC, percentage MaOC and POC stock, fraction modern, soil
thickness and coarse fraction as functions of C,, and modelled E. a, Depth-
weighted coarse fraction, f, (mass of soil >2 mm divided by total mass of sample
collected), increases with sharper, more-negative C,, and increasing E. As soils
become more clast rich, soil thickness (grey squares) decreases, providing less
accommodation depth for SOC storage. b, Total SOC stock decreases with C,,. as
faster-eroding soils produce shallow, rocky, relatively unweathered soils. SOC
stock =23.4 x10-55.0C;, (r* = 0.85). ¢, Percentage of total stock that is MaOC
(blue diamonds), measured in the <53 um fraction, decreases with erosion rate
(more-negative C,,and increasing £). MaOC stock = 14.7 x 10-62.3C;, (r* = 0.83).
MaOC stock comprises most of the total SOC stock (-60-70%) at the slowest
sites and decreases to <35% at the fastest sites. Although the total POC stock,
measured as the 53-2,000 um fraction, also decreases with faster erosion
rates, it does not do so at the same rate. POC becomes the dominate fraction as
erosion rate increases (grey circles). POC stock = 7.4x10-39.52C,, (*= 0.72).d,
A™C (%o) values for MaOC (blue diamonds) and POC (grey circles), measured on
the density separated samples, at selected sites across erosion rate gradient.
Increasing sizes of data points represent deeper soil samples. Deeper samples
typically have lower fraction modern values, while surface samples are modern.

slower erosion rates are associated with gentle slopes and thicker,
more weathered soils. To link soil properties and SOC stocks to ero-
sion rate, we model erosion rate, E, using C,,, a soil transport rate

coefficient (K) of 0.004 m?yrand a rock/soil bulk density ratio
(pr/ps) of 2.0 (refs. 38,39).
_ —ChtXK

E= (pe/ps) ®

In our southwestern Oregon study area, a prominent knickzone
revealed by stark contrasts in hilltop morphology separates broad,
gentle slopes (slow-eroding) and sharp, steep slopes (fast-eroding)
terrain (Fig.1and Extended Data Fig. 1) across amultitude of forested,
hilly and mountainous watersheds. The region is characterized by
warm, dry summers and cool, wet winters with annual precipitation
of ~100 cm falling predominantly from October to May*.. The veg-
etation is dominated by Douglas fir (Pseudotsuga menziesii (Mirbel)
Franco), which ishomogeneous across our sampling sites*”. The region
is underlain by marine sedimentary rocks and volcanics that resulted
from tectonic accretion*. Catchments below the knickzone exhibit
sharp hilltops (C;, values are typically <-0.05m™and £> 0.1 mm yr™)
and steep (>35°) slopes, with thin, coarse and relatively unaltered soils.
These soils contrast with those collected from catchments situated
above the knickzone that have yet to experience increased erosion
associated with the upstream propagating wave of incision. Above
the knickzone, we observe broad hilltops (curvature values are typi-
cally <0.015m™and E < 0.03 mm yr™) with thick, well-developed soils
containing abundantsilt and clay and pedogenic minerals.

Soil properties and organic carbon vary with
erosionrate

To quantify the strong contrastin hilltop form across our sites, we use
ascale-dependent approach (Methods) for estimating C,. (and thus £)
thataccounts for the decreasing length scale of curvature estimation
required to avoid bias as hilltops become sharper (more convex)”.
Nonetheless, our observed trends between Fand SOC, MaOC and POC
persistifall sites are analysed using acommon wavelet scale; thus, our
resultsarerobust to the choice of scale (Extended Data Fig. 2). We sam-
pled soils along hilltops with modelled erosion rates (£) from <0.01to
>0.19 mm yr' to capture the range of erosion rate and topographic
variability in the region (Extended Data Fig. 1). We determined the
relationship between soil thickness (measured from soil pits and
augers) and G, at 25 hilltop locations and collected soil profiles for
carbon and nitrogen analysis at 16 of these sites (Table 1). In each pit,
we sampled the soil profile for bulk density and laboratory analyses
approximately every 5 cm (Supplementary Table 1), and auger samples
were collected in~10 cmincrements. In the laboratory, we oven dried
andsieved soilinto the fine fraction, f; (<2 mm), and coarse fraction, f,
(>2 mm). We used a ball mill to homogenize aliquots of fine-fraction
soil to manually encapsulate powdered material in tin capsules (sam-
ple size approximately 10-100 mg) (ref. 43). We measured OC% on a
mass basis through combustion and gas chromatography in a
FlashSmart elemental analyser (Thermo Fisher Scientific). SOC density
(gC cm™3) for each sample was calculated using total bulk density, p;otal
(total grams of sample, including f; and f,, per cm?), a mass-based
coarse-fraction correction (1 -f.) and the OC% (percentage mass Cin
Jfymaterial) as described in refs. 17,44.

SOC density = 0.01x0C%XPror X(1 — f+) @)

As expected, OC% and SOC density (kg m™) both decrease with
depth for nearly all sites (Extended Data Fig. 3)'*>*'. Across similar
depths, OC% values do not vary systematically with C;,, and modelled
erosionrate. However, the depth-averaged coarse fraction,f,, is strongly
correlated with erosionrate, varying from 0.25 on slow-eroding sites to
>0.75onfast-erodingsites (Fig.2a and Extended Data Fig. 4). Asaresult,
SOC density decreases systematically with increasing erosion rate
acrosssimilar depths. This finding demonstrates that although the OC%
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also thicker at the slow-eroding sites, allowing for more accommodation space
and storage capacity compared with shallow, rockier sites. b, Site BR1IS4A is made
up of ~-56% MaOC.c, At site RL2S1, POC becomes the dominant fraction with 58%.
d, RL1S2is one of the fastest sites; curvature is -0.0885, and POC stock makes up
~73% of the total SOC stock.

of the fine fraction on both fast- and slow-eroding sites does not vary
markedly, the explicit consideration of soil thickness and coarse clast
fraction reveals strong erosional controls in SOC density and stocks.

MaOC and POC canbe separated by size or density (1.6-1.85g cm )
(ref. 22), where POC consists of the larger (53-2,000 um) or the light
fraction (LF), while MaOC is composed of the clay- and silt-sized mate-
rial (<53 pm) or the heavy fraction (HF). To measure how the total and
relative abundance of each SOC pool varies with modelled erosion
rate, we separated soil samples by size into POC and MaOC fractions
with the 53 pm threshold**. To disaggregate the fine-fraction soil,
samples were shaken overnight on an oscillating table with sodium
hexametaphosphate, wet sieved at 53 pm and oven dried at 60° C for
24-36 h. We then crushed samples manually and encapsulated them
intin capsules to determine carbon concentrations on a mass basis as
described in the preceding. MaOC and POC densities were calculated
asfollows:

MaOC density = 0.01XOC%Xpora % (1 —fo) XA = f553)  (3)

POC density = 0.01XOC%XProra X (1 — f2) X1 — fes3) 4)

wheref.s; (grams of soil =53 pm divided by grams of fine-fraction mass)
andf., (grams of soil <53 pm divided by grams of fine-fraction mass)
are mass correction factors.

Similar to total SOC, MaOC and POC concentrations and densities
tend to decrease with depth across all sites (Fig. 3 and Extended Data
Fig. 5). Slow-eroding sites (small C,, values close to zero) have deeper
soil profiles with abundant MaOC (Fig. 3a). Consistent with other
studies, POC density is highest at the surfaces and steadily declines
with depth*¢ such that the majority of SOC in deeper horizons is
contained within the MaOC fraction. Our data show that both total
SOC (Fig. 2b) and MaOC stocks decrease exponentially with faster

erosionrates. At the slowest-erodingsites (|C;,.| < 0.009 m™), total SOC
stocks range from 9.1 to 21.8 kg mand decrease to 0.4-3.3 kg m2at
the fastest-eroding sites (|C,,| > 0.7 m™). MaOC values follow a similar
pattern, making up ~55-70% of the total SOC at the slowest sites and less
than35% at the fastest (Fig. 2c). POC stocks also decline with modelled
erosion rate from 3.6-7.5 kg m2to 0.23-2.15 kg m?, although they
exhibit less variation across our sites. Notably, however, the fraction
of the total SOC stock that consists of POC increases with erosionrate,
constituting >70% of the total stock in rapidly eroding sites (Fig. 2c).

Importantly, the abundance of MaOC at our fast-eroding sites may
be overestimated (while POC is underestimated). In coarser soils, the
fine-fraction POC (particulate organic material <53 pm) may contribute
agreater proportion to the <53 pm fraction interpreted as our MaOC
fraction, when compared with finer-textured soils. This systemic bias
couldinflate MaOC carbon content values through theintroduction of
higher carbon content material at our fast-eroding sites. Nonetheless,
our size segregation approach is robust. When we compared the sum
of our MaOC and POC stock values with our total measured SOC stock,
the sumofthe fractionsis consistent (within15%) with total SOC for all
but two of the sites (Supplementary Table1).

Radiocarbon analysis of soil organic carbon pools
To quantify variation in the persistence of MaOC and POC pools with
erosionrate, we generated radiocarbon datafor a subset of our samples
by elemental analyser accelerator mass spectrometry (EA-AMS) at the
National Ocean Sciences Accelerator Mass Spectrometry facility. We
measured “C for the MaOC and POC pools after density separation,
rather than size separation, using a sodium polytungstate solution
with a density of 1.85 g cm™. We calculated age-corrected A™*C (%o),
the difference in the ratio of *C to stable >C in a sample compared
to reference material, corrected to the date of collection in accord-
ance with standard conventions* for both pools in four selected
sites (Fig. 2d), where more-depleted values are indicative of older,
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slower-cycling OC, and less-depleted values represent younger,
faster-cycling OC on average (Supplementary Table 4). Consistent
with expectations*®, we found progressively older SOC with depth as
A*Cvalues decrease from modern to <-150 %.. Our slowest erosion site
(RL4S1) has older (more-depleted) A™C values for both the MaOC and
POC pools compared with faster sites. At this slow site, some POC values
areslightly older (more-depleted A*C values) than MaOC values, which
couldreflect POC protection by occlusionin stable macro aggregates
and/or less microbial activity at depth. At a moderate-eroding site
BR1S4A (G, =-0.031 m™and E=0.062 mm yr ), the POC fractionison
average younger than MaOC for agiven depth. Near the surface, both
MaOC and POC have modern A™C values, but in the 55-65 cminterval,
MaOC decreases to -110%. while POC remains modern. Most generally,
as erosionrateincreases, A*C trends towards younger (less-depleted
A™Cvalues) values on average, suggesting fresh organic matter input
and afaster cycling rate.

One notable exception to these radiocarbon trends is at our
fastest-eroding site (RL1S2, C;,,=-0.089 m™*and £=0.19 mmyr™),
where our MaOC A*C value is relatively old. We collected this shallow
sample (5-10 cm) from rooted seams within fractured rock close to
the surface. The site is dominated by POC, demonstrated by both size
and density separation methods, and the MaOC is composed primar-
ily of sand-sized clasts. From field observations, we note that there
are fewer fine roots and abundant coarse roots at this site. At these
fast-erodingsites (coincident with the ‘nosoil’ transitionin Fig.1a), soil
properties are probably not conducive to fresh organic matter being
readily incorporated into the soil. The coarse-rock-dominated soil
ecosystems at these fast-eroding sites are well drained and relatively
dry, probably with reduced microbial activity. Since radiocarbon meas-
urements reflect an ensemble of SOC ages, it is possible this older age
(more-depleted values) that deviates from the erosional trend reflects
less fast-cycling carbon and fresh organic matter incorporationinto the
MaOC fraction compared with slower sites. The limited incorporation
of fresh organic matter would resultin older *C (more-depleted mate-
rial) having agreater influence on the average values we measure. This
implies thatin addition to soil thickness and coarse-fraction content,
erosion rate may influence other soil formation factors such as soil
moisture and microbial activity that affect the incorporation of and
persistence of SOC*.

Landscape control on soil properties and

organic carbon

Our field observations in combination with geomorphic theory dem-
onstrate that fast-eroding sites with steep slopes and sharp hilltops
have shallow coarse soils with inferred short particle residence times
that feature minimal alteration. By contrast, slow-eroding sites allow
forlong mean residence times with thick, highly altered soils. Although
fast-eroding sites show higher OC% in the f;, accounting for coarse
fractionand depthindicates that slower sites have larger SOC density
and stocks. At rapidly eroding sites, not only do thin soils with high
coarse-fraction content have lessaccommodation space for SOC stor-
age, but therelatively unaltered material limits mineral association of
SOCand favours agreater fraction of POC (which produces the higher
OC% values). Given the abundance of studies that demonstrate the
association of MaOC with slow turnover of SOC and our radiocarbon
measurements, these findings suggest that erosion rate and hillslope
form regulate not only SOC stocks but also SOC persistence in hilly
and mountainous settings.

While the characterization of biotic processes and shorter time-
scale properties, including the redistribution of SOC througherosion®®,
is crucial for SOC cycling?, spatial variations in hillslope form driven
by differential uplift and incision play an integral role in setting ero-
sionrates and soil properties on which biogeochemical processes are
superimposed. Our results demonstrate that these landscape-scale
interactions impart key controls on SOC stocks, pool abundance and

persistence. The emergence of readily available high-resolution topo-
graphic data has enabled the quantification of erosional metrics for
integration with soil carbon models. This underutilized linkage affords
theidentification of terrain for SOC storage potential and the improve-
ment of baseline carbon drawdown predictions that inform climate
change mitigation and adaptation across a range of scales.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41561-023-01365-2.
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Methods

Organic carbon stock calculations

Total SOC, MaOC and POC stocks were calculated with the integrate.
trapz function in the SciPy package® in Python. We assigned depth
values for the calculated SOC density measurements (equations
(2)-(4)) asthe centre of the sampled depthinterval. However, to ensure
we integrated through the entire soil profile, we added rows ‘SAM-
PLE_NAME_O_O’ for a zero-depth top sample that mirrored measure-
ments and calculations from the ‘SAMPLE_NAME_O_5’ values and a
‘SAMPLE_NAME_deepest_deepest’ at the base of each profile that copies
the deepest measured interval.

Hilltop curvature measurements

We calculated curvature across all of Rabbit Mountain using wavelet
scales from 5 to 45 m with a1l m lidar-derived DEM with code created
and implemented in ref. 37. These methods utilize functions in Topo-
ToolBox*>. To get C,, values, we extracted ridgelines with the ‘divides’
function available in TopoToolbox. To determine C,, values at each
site, we calculated the mean curvature and standard deviation within
5 x5 mkernels around each of our 25 sites.

Ateach of our25sites, we isolated site-specific values, withamean
C,.value withina5 x 5 m kernel around the soil pit. We selected the G,
value for the smallest wavelet scale where the percentage coefficient
ofvariation calculated with equation (4) in the kernel window was <5%
(Supplementary Table 1). For sites where pits are located slightly off of
mapped divides (-1-5 m deviation), we used the ‘snap2stream’ function
in TopoToolbox to find the closest point along the ridgeline.

standard deviation

Percentage coefficient of variation = 100x <
mean Cy,

) ®)

Stock fits with hilltop curvature

We fit total SOC, MaOC and POC stocks values with hilltop curvature
with the curve function from scipy.optimize in the SciPy package. We
used an exponential fit with the form ‘a x np.exp(-b x C,,), and r*values
were calculated with the rscore function from the sklearn package by
comparing the predicted values from an exponential decay fits.

Data availability

Soil sample data for figure reconstruction are available within the
paper and its Supplementary Information as well as via Figshare®
(https://doi.org/10.6084/m9.figshare.21816399). LiDAR data for the
Rabbit Mountain region in southwestern Oregon for this project are
available viathe Oregon Department of Geology and Mineral Industries
(DOGAMI) online (https://gis.dogami.oregon.gov/maps/lidarviewer/)
or through OpenTopography (https://doi.org/10.5069/G9V69GS8)**.

Code availability
We suggest partiesinterested in the source code for calculating curva-
ture contact the corresponding author fromref. 37.
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Extended Data Fig. 1| Field map of Rabbit Mountain withinsets. (A),andinsets  laboratory analysis. Black lines along ridgelines in (B) and (C) show
for Ridgeline 1(RL1) (B), and Ridgeline 6 (RL6) (C). Black dots show locations ridgelines and where we extracted hilltop curvature (C,,) values from full
where we measured soil thickness and collected samples along ridgelines for curvature maps.
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Extended Data Fig. 2| Total SOC stock with hilltop curvature (Cht) and present for all scales. The main change is the range of measured curvature values.
erosion rate (E) relationships for single wavelet scale across sites. Total SOC Itis likely that at the 35 and 45 wavelet scales, the fastest (sharpest sites) are
(black circles) vs C,,, using one single wavelet scale for all sites with selected underestimated values.

scales of 15 (A), 25 (B), 35(C), and 45 (D). The exponential decline in stock trend is
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Extended Data Fig. 3| 0C% measured on the fine fraction, f,, of samples. (A)
and calculated SOC density (B) values for measured soil samples across all soil
depths and site locations. Data are colored by the site’s corresponding hilltop
curvature, Cy,, value A. OC% (percentage of ff mass that is carbon) declines with
depth. Inset shows extended x-axis to include two outlier samples with OC%

OC%
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values >10%. B. SOC density, calculated following Eq. 1, also declines with depth.
Theincorporation of a coarse fraction mass correction (1 - fc) exemplifies one
way soil properties influence SOC density, and thus SOC stock. Slower eroding
sites with low C,, values (blue), not only have deeper profiles, but also have SOC
density values greater than faster eroding sites (red).
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Extended Data Fig. 4 | Coarse, fc (black), and fine, ff (light gray), fraction as fcvaluesincrease from - 0.36 to 0.90 with faster erosion rates. From field
data with depth for all field sites. Site hilltop curvature (C,,) becomes more observations, we observed material in the fc also becomes more rounded
convex fromtop left (C,, = -0.0038 m-1) to bottom right C,, = -0.0855 m-1, and with slower erosion rates, compared to coarse angular fc material at the fast-
thus modeled erosion rate E increases. Soil profiles become thinner and coarser eroding sites.
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