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Across North America, human activities have been shown to cause
river incision into unconsolidated alluvium. Human-caused erosion
through bedrock, however, has only been observed in local and
isolated outcrops. Here, we test whether splash-dam logging,
which decreased in-stream alluvial cover by removing much of the
alluvium-trapping wood, caused basin-wide bedrock river incision
in a forested mountain catchment in Washington State. We date
incision of the youngest of four strath terraces, using dendrochro-
nology and radiocarbon, to between 1893 CE and 1937 CE in the
Middle Fork Teanaway River and 1900 CE and 1970 CE in the West
Fork Teanaway River, coincident with timber harvesting and
splash damming in the basins. Other potential drivers of river
incision lack a recognized mechanism to cause T1 incision or are
not synchronous with T1 incision. Hence, the close temporal
correspondence suggests that reduced sediment retention trig-
gered by splash damming led to the observed 1.1 mm·y−1 to 23
mm·y−1 of bedrock river incision and reduction of the active flood-
plain to 20% and 53% of its preincision extent on the Middle and
West Forks, respectively. The development of such anthropogenic
bedrock terraces may be an emerging, globally widespread phys-
iographic signature of the Anthropocene.
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River systems across North America have been affected by
anthropogenic activity. Severe modification of fluvial systems

began by at least the late 1600s in the mid-Atlantic and New
England regions with mill dams that impounded sediment and
caused subsequent incision through alluvial sediments when
dams were breached or abandoned (1). Surface erosion, chan-
nelization, and abandonment of diversion structures from agri-
culture and ranching enhanced channel incision and arroyo
formation in rivers in the American Midwest and Southwest (2–
4), and overgrazing aggravated climatically driven gully incision
and erosion in California (5, 6). Construction around urban
waterways, followed by continued urbanization, increased peak
flows and caused dramatic widening and excavation (7, 8). In the
Great Plains, flow regulation at the end of the 19th century
narrowed and deepened channels by raising water tables and
allowing riparian tree establishment (9).
In contrast, reported evidence for recent, human-induced river

incision through bedrock is limited to a few local exposures of
strath terraces in the Pacific Northwest (Fig. 1A). Saw-cut logs
deposited in the alluvium overlying an isolated bedrock (strath)
terrace 100 m wide in the West Fork (WF) Satsop River show
1.2 m of bedrock incision post 1940s logging (10). Locally ex-
posed and century-old strath terraces in the Willapa River (11)
and WF Teanaway River (12) formed coincident with splash
damming, in which cut wood is transported downstream to mills
in forceful dam-burst floods. However, these prior observations
of bedrock incision are based on local exposures and rely on a
few dates to correlate incision with human action.
Here we present evidence of basin-scale incision and strath

terrace formation following splash damming, which has removed
channel-spanning log jams and limited alluvial cover to channel
sides and gravel bars. We hypothesize that splash damming de-
creased wood loads and associated sediment retention, thereby

exposing bedrock to incision and leading to terrace abandon-
ment. We examine, and reject, the alternate hypotheses that
terrace formation could have been driven by changes in sediment
production associated with the Little Ice Age (LIA) or high-
intensity fires that reduced soil strength and infiltration. We
find that bedrock incision of up to 2 m began with or slightly
after splash damming, implying that the conversion of 20% and
53%, respectively, of the Middle Fork (MF) and WF preincision
floodplain to a terrace was driven by human action.

Sediment Retention as a Mechanism of Bedrock River
Incision and Terrace Formation
We examine the influence of splash damming on terrace formation
through the mechanism of sediment retention, the forced accu-
mulation of channel sediment by relatively immobile channel ob-
structions such as large wood jams or boulders (12). Existing theory
holds that terrace formation, accomplished through channel wid-
ening and incision, is controlled by the availability of sediment to
cover or abrade bedrock (13, 14). If sediment supply is greater than
the transport capacity, an immobile alluvial cover develops and
protects the bedrock from erosion, resulting in greater lateral than
vertical erosion rates. This lateral planation creates a bedrock
strath. The strath is later abandoned when vertical incision rates
increase as the transport capacity increases or sediment supply
decreases, thinning the alluvial cover and allowing bed load to
abrade bedrock. Sediment retention acts to locally increase the
sediment cover effect by physically impeding transport and lowering
the water surface slope; the presence of retention elements such as
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log jams can force bedrock channels to become alluvial (15). The
loss of log jams and associated decrease in retention has been hy-
pothesized to lead to bedrock incision and terrace formation (12).
Our study seeks to provide a regional and well-constrained test on
the role of sediment retention in terrace formation, by examining a
case where anthropogenic activity decreased retention in the late
19th century.

MF and WF Teanaway Rivers
Our study sites are along the MF and WF Teanaway rivers in the
east central Cascade Range of Washington State (Fig. 1B).
These drainage basins are typically snow-covered during the
winter and receive between 980 mm·y−1 and 1,230 mm·y−1 of
precipitation (16). Tectonic activity is low; mapped faults do not
offset Quaternary alluvium (17), Holocene denudation in nearby
basins is 0.08 mm·y−1 (18), and exhumation rates over the last
106 to 107 y are 0.05 mm·y−1 (19). The basin remained de-
glaciated during the Last Glacial Maximum but, in previous
glaciations, was repeatedly overrun by glaciers from the Cle
Elum River valley to the west, leaving a 30- to 45-m-high glacial
terrace that forms the valley walls and plateaus between the
study basins (20) (Fig. 2). Pollen records at Carp Lake in the
eastern Cascade Range, a site at a similar elevation (714 m) and
150 km south, suggest the modern Pinus ponderosa forest com-
position was established by 3.9 kya (21).
We focus on the lower portion of the watersheds underlain by

the easily eroded and friable sandstones of the Eocene Roslyn
Formation (22) from river kilometer (rkm) 0 to rkm 8.5 for the
MF and rkm 0 to rkm 12 for the WF (Figs. 1 and 2); the lower
3 km of the WF Teanaway River was previously described in
detail (12). Channel bed load in the study site is mostly sourced
from the erosion-resistant Teanaway Basalt and sandstone
Swauk Formation immediately upstream, as bed load produced
by the Roslyn Formation rapidly weathers to sand-size particles
(12). Bed load mostly comprises rounded, fluvially transported
cobbles, although a debris flow fan contributes bed load locally at
rkm 11.8 on the WF. However, tributaries below rkm 11.8 on the
WF and rkm 7.7 on the MF drain only Roslyn Formation and do
not contribute bed load.
The rivers were splash-dammed from 1892 to 1916 (23, 24).

While the number and exact location of splash dams are unknown,
1910 stream gauge reports suggest each fork was dammed at least

13 km upstream of the MF and WF Teanaway rivers’ confluence,
and newspaper accounts indicate the dams on the MF were above
rkm 1.5 (25, 26). Exposed ends of saw-cut logs buried perpendicular
to the flow at rkm 6.8 of the MF, similar to the roll dams used to
funnel logs downstream of splash dams (27), further suggest that
splash dams were located upstream of the study reaches.
Previous work in the Oregon Coast Range and southwest

Washington State showed that splash-dam floods simplified
channels, removed and redistributed in-channel sediment, and
reduced wood loads (27, 28). Although splash damming ceased
in the study site in 1916, wood loads remain low; our 2016–2017
surveys identified only 15 jams in the 20-km study reach (<1 jam
per km). These jam frequencies are much lower than basin-wide
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Fig. 1. Study locations. (A) Locations of previously studied (refs. 10−12) strath terraces in the Pacific Northwest interpreted to have formed in response to
anthropogenic timber harvest and splash damming, including the location of this study. (B) The Teanaway River watershed and underlying geologic units. Our
study sites are the sections of the MF and WF Teanaway rivers (shown in dashed blue line) that are underlain by the Roslyn Formation between rkm 0 and rkm
8.5 of MF and rkm 0 and rkm 12 of WF. Valley surfaces in the study area are shown in more detail in Fig. 2. Numbers indicate the river kilometer, measured
upstream from the MF andWF confluence. (C) View downstream of the headwaters of MF, showing typical bare valley walls with debris and avalanche chutes
leading to the river. Images courtesy of the U.S. Geological Survey.
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Fig. 2. Terraces in the WF and MF. Geomorphic maps of the (A and B) WF
and (C and D) MF Teanaway rivers show the extent of terraces and locations
of dendrochronology and radiocarbon samples. All panels are at the same
scale. Gray circles indicate the river kilometer, measured in upstream dis-
tance from the confluence of the MF and WF Teanaway rivers. Hatched
regions mark the extent of the 30- to 45-m-high valley-bounding glacial
terrace formed in the penultimate glaciation. Arrows point north.
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averages in the Yakima, Wenatchee, and Methow rivers, all lo-
cated in the east-central Washington Cascade Range, of 3.5 jams
per km to 12.3 jams per km in watersheds managed by the US
Forest Service and 8.1 jams per km to 13.8 jams per km in un-
managed watersheds (29). While we do not know the jam fre-
quency of the MF and WF Teanaway rivers before splash
damming, a late 19th century report shows at least one large jam
complex 6 m deep by 275 m long (30). That wood loads remain
much lower than in nearby streams is consistent with the hy-
pothesis that sediment retention has decreased and remained
low since splash damming commenced in 1892.

Extent and Timing of River Incision
To examine when river incision began, we mapped and dated the
lowest river terrace, termed T1, which was previously studied
from rkm 0 to rkm 3 in the WF (12); we expanded this mapping
throughout our study area to test the regional extent of T1. T1
occupies 44% of the mapped MF valley bottom and 21% of the
WF valley bottom (Fig. 2) and is present as both a bedrock strath
and alluvial terrace. In places, the strath dips below or at the
channel bed elevation, transitioning T1 from a strath to an al-
luvial terrace while keeping a flat terrace tread (Fig. 3). The
similarity in average height—measured from the average channel
bed—between the incisional T1 strath terraces (2.2 ± 0.7 m for
MF and 1.9 ± 0.6 m for WF, given as mean ± SD) and the al-
luvial terraces (1.9 ± 0.7 m for MF and 1.9 ± 0.6 m for WF, given
as mean ± SD) suggests the T1 alluvial terrace segments, which
likely are underlain by a strath at the current channel bed ele-
vation, record incision rather than floodplain height variability.
Additionally, T1 is distinctly higher than both the active flood-
plains (0.8 ± 0.6 for MF and 1.2 ± 0.6 for WF) and gravel bar
tops (0.8 ± 0.7 for MF and 0.9 ± 0.5 for WF). T1 is continuous
through the study reach (Fig. 2 and SI Appendix, Fig. S1) and
notably extends through knickzones in the lower 1 km of the MF
and lower 3 km of the WF. That the knickzones do not affect T1
incision shows that the driver of incision is basin-scale. More-
over, the presence of T1 on both the inside and outside banks of
meanders indicates T1 did not form primarily by meander cutoff
(31) or migration (32, 33).
River incision abandoned T1 from an active fluvial surface to a

stable surface. To constrain when incision occurred, we used
radiocarbon from charcoal and plant fragments found within the
alluvium above the T1 strath to determine when T1 was an active
surface. We paired this with dendrochronology of the oldest tree
on each surface to estimate when river incision had progressed
such that T1 was a stable site for tree seedlings. Radiocarbon
dates from alluvium associated with the T1 strath in both rivers
range up to 1450 CE but cluster between 1650 CE and 1900 CE
(Fig. 4 and SI Appendix, Table S1). Charcoal and wood frag-
ments potentially represent recycled detritus or old trees, so the
true depositional age could be younger than the carbon age.
However, the oldest estimate of T1 occupation age at 1650 CE is

constrained by a radiocarbon date from a buried leaf in a flood
layer that is unlikely to be recycled detritus or be affected by
tree carbon stock. Thus, radiocarbon ages indicate the strath
remained an active fluvial surface from at least 1650 CE until ca.
1900 CE, giving a minimum strath planation length of ∼250 y.
Tree cores indicate T1 had been abandoned by at least 1970–
1991 CE for the WF and 1893–1937 CE for the MF Teanaway
River. Overall, the age constraints are similar for the MF and
WF and consistent with roughly synchronous T1 incision be-
tween the two valleys.

Possible Drivers of River Incision
Our age constraints place T1 incision at ∼1900 CE for the MF
and 1900–1970 CE for the WF. Conservative estimates of bed
load transport rates suggest that a 1-m-thick alluvial cover, an
upper bound of the preincision channel bed load depth esti-
mated from T1 deposits, would be evacuated from the channel
within 5 y to 10 y under the current discharge, slope, and sedi-
ment supply regime (Fig. 5). This suggests the exposure of
channel bedrock and onset of incision was likely very rapid after
the initial system perturbation. The rapid response aligns with
our hypothesis that splash-dam flooding from 1892 to 1916 de-
creased sediment retention and exposed bedrock to erosion,
because the timing of splash-dam flooding is coincident with
terrace abandonment. Additionally, our numerical modeling
showed that the channel slope is too steep to accumulate bed
load (Fig. 5), and, in the absence of a change in discharge or
sediment supply, bed load cannot accumulate unless slope is
lowered, either by erosion or by addition of log jams. Buried
jams on the T1 strath are evidence that jams were present
during T1 planation, and the scarcity of current jams attests to
a decrease in sediment retention.

Bedrock
Alluvium

Strath

T1 strath T1 alluvial

Fig. 3. Schematic representation of terrace relationships. T1 can often be
traced continuously as both a strath and an alluvial terrace due to meter-
scale fluctuations in the strath bedrock surface.
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Fig. 4. Timing of T1 incision. The timing of T1 incision along the MF and WF
Teanaway rivers is constrained by radiocarbon dates, presented as distribu-
tion functions of the calibrated age before present, and dendrochronology,
given as arrows wherein the left edge is aligned with tree age. The height of
the bedrock strath is above the average channel bed, derived from field
surveys, and is aligned to the bottom edge of each radiocarbon age and the
midpoint of the tree age. Each age distribution shows a single sample, and
variance in the sample height reflects different cumulative incision.
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Alternatively, the incision of T1 could have been caused by an
increase in discharge or decrease in sediment supply at ∼1900
CE that would lead to channel bed exposure. River incision from
fluctuations in sediment supply and transport is often associated
with climatic changes (34); in our study site, the onset of T1
incision aligns with the end of the LIA at ca. 1890–1900 CE. The
Washington Cascade Range, in which the Teanaway basin is
located, was ∼1 °C cooler from ca. 1690 CE to 1900 CE (35) and
had greater snowpack from ca. 1650 CE to 1890 CE (36). Ero-
sion rates and sediment production could have been amplified by
increased frost cracking during the LIA. However, the change in
mean annual temperature (MAT) associated with the LIA of
1 °C and the amplitude of seasonal temperature variation of
10 °C would not increase the frost-cracking intensity (37). Thus,
we do not expect erosion rates and bed load would have in-
creased during the LIA from enhanced frost cracking.
Could the rate of sediment delivery from hillslopes to channels

have been altered by greater snowpack during the LIA? Visual
evidence in the upper MF and WF Teanaway valleys suggests
hillslope sediment is transported to the channel by debris flows
and snow avalanches (Fig. 1C). However, debris flow frequency
has been found to decline during the LIA in the Swiss Alps; with
a thicker and longer-lasting snowpack, precipitation events in-
teract less frequently with the regolith to create debris flows (38).
In contrast, such conditions led to more frequent avalanches
during the LIA but at a shallower failure plane (39, 40). Shallow
avalanches are less likely to entrain ground material, so sediment
supply to the MF and WF Teanaway rivers likely declined during
the LIA. Thus, the end of the LIA would have been associated
with a relative increase in sediment delivery and increased po-
tential for bedrock cover, which is counter to the observation of
increased bedrock exposure and incision ca. 1900 CE.
The dominant internal natural disturbance in the Teanaway

basin is forest fire (41), and a basin-wide fire could drive an in-
crease in discharge through decreased evapotranspiration and
enhanced runoff over hydrophobic soils (42), basin-scale changes
in sediment supply from fire-enhanced erosion (43, 44), or in-
creased sediment mobility through a reduction in wood supply
and sediment retention. Studies in neighboring watersheds in the

eastern Cascade Range have shown that, while postfire runoff
increases ∼50%, hillslope erosion and sediment production rates
increase to 8 to 10 times prefire values and thus dominate the
postfire geomorphic response (42). High-intensity burned areas,
in which trees are consumed, are typically 0.1 km2 to 1.0 km2 in
the lower Teanaway basin (41), so a significant basin-wide re-
duction in channel wood loads and associated sediment retention
is not expected. Hence, an increase in sediment production is a
more likely effect of forest fires in our study site; however, large
fires occur every 300 y to 350 y in the bed load-producing upper
Teanaway basin (45, 46) which implies ∼300 y to 350 y of rela-
tively low sediment supply punctuated by periods of relatively
high sediment supply and terrace planation. Our radiocarbon
dates for T1 planation range ∼250 y (Fig. 4), which is not con-
sistent with a rapid and short sediment response to fires.
Thus, the timing of T1 incision is not readily explained either

by changes in sediment supply associated with fires, the major
disturbance in the Teanaway basin (41), or by the climatic
forcing most often associated with terrace formation (34). In
contrast, the hypothesis that decreased sediment retention
caused T1 incision due to the removal of in-stream wood during
splash damming offers a viable mechanism for bedrock incision
at ca. 1900 CE. Moreover, recent strath terraces formed on rivers
elsewhere in the region cannot be explained by sediment supply
changes associated with the LIA, but are coincident with splash
damming; anthropogenic terraces in the WF Satsop River
formed 50 y after the LIA, ca. 1940 CE (10), and terraces in the
Willapa River basin that formed coincident with splash damming
(11) are sourced from low-elevation hills unlikely to have been
significantly affected by LIA-associated changes to sediment
production.

Anthropogenic Effects on the Teanaway Landscape
Based on the regional evidence linking bedrock river incision to
splash damming and the lack of a clear mechanism for an LIA or
fire driver of T1 incision, we conclude that T1 incised as a result
of splash damming and reduced sediment retention. Anthropo-
genic bedrock river incision rates of 1.1 mm·y−1 to 23 mm·y−1 on
the MF and WF Teanaway rivers are calculated using the lowest
and highest T1 strath heights and the onset and end of splash
damming. The range of incision rates reflects different total in-
cision amounts, as seen by the range of strath heights in Fig. 4.
Variable strath heights may reflect differences in the bedrock
strength—the sandstone of the Roslyn Formation is interbedded
with siltstone, coal, and conglomerate layers—or be caused by
variation in the original height of the bedrock strath, reflective of
paleo channels and bedrock knobs. While these rates of incision
are quite rapid, they agree with direct measurements of bedrock
erosion taken in the lower 3 km of the WF from 1999 CE to 2003
CE of 10.9 mm·y−1 on average (12). Late Holocene average
bedrock incision rates measured from older WF Teanaway ter-
races are lower, at 1.3 ± 0.3 mm·y−1 and 1.4 ± 0.5 mm·y−1 (12),
incorporating periods of both planation and incision.
Incision of T1 has lasted comparatively longer than that of

older WF Teanaway terraces T3 and T2. Incision of T3 occurred
over a short period indistinguishable in radiocarbon ages, with a
longer planation length of ∼460 y (12). T2 was planed for 12
times as long as it was incised (12). In contrast, our ages for T1
suggest the terrace was planed for only twice as long as it was
incised, with incision continuing to the present day. The present
scarcity of wood jams suggests sediment retention will remain
low. Although the banks are forested, recruitment of riparian
trees as channel wood requires lateral erosion through entrenched
bedrock banks, which is likely to slow the rate of wood recruitment
and jam development in comparison with preincision conditions.
This implies incision will continue until a decreased slope due to
channel entrenchment or an increase to sediment supply (or to the

Fig. 5. Numerical model simulating loss of sediment cover. Average channel
sediment height through time following splash damming is shown for sev-
eral model scenarios in which average grain size is varied from 13, 46.5, and
80 mm based on different prior estimates, and the initial sediment depth at
the start of the simulation is varied from 0.5 m to 1 m, based on field ob-
servations of sediment thickness on T1. Sediment height is shown averaged
over each study region, with 1 SD shown by the shaded region. Model year
0 corresponds to ∼1892 CE, when splash damming began.
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retention of sediment) causes in-channel sediment deposition and
the reestablishment of an alluvial cover.
The formation of T1 in the MF and WF Teanaway rivers in

response to human action, combined with the evidence of terrace
formation in the WF Satsop and Willapa rivers, shows a regional
human impact on bedrock river incision. River incision into al-
luvium in response to human action has been well documented
(9), but that bedrock river incision can result from human action
at timescales under a century introduces new issues to consider
in human-altered landscapes. For example, groundwater re-
sponse to alluvial river incision has been documented elsewhere
to be significant at 1-m or greater incision (47), but, to our
knowledge, the impact of bedrock incision on groundwater
drawdown has yet to be quantified. Within the MF and WF
Teanaway valleys, this most recent cycle of incision respectively
decreased the rivers’ floodplain areas to 20% and 53% of their
preincision areas and resulted in a loss of floodplain habitat and
floodplain−channel connectivity.
The morphologic changes in the Teanaway valleys demon-

strate the importance of anthropogenically induced changes in
sediment retention. Wood clearing and harvesting were ubiqui-
tous in forested regions worldwide starting as early as 7 kya in
some regions (48), and a broad global correspondence between
late Holocene strath terrace formation and regional de-
forestation (34) suggests floodplain abandonment from sediment
retention loss may have been more pervasive than previously
recognized in deforested watersheds around the world. As such,
the topographic response to reduced sediment retention may be
creating a global physiographic signature of the Anthropocene in
the form of bedrock strath terraces and the transformation of
floodplain landforms.

Methods
Geomorphic Mapping. Bedrock strath terraces were mapped in field cam-
paigns from 2015 to 2017, and floodplain surfaces were identified in the field
based on the presence of flood debris, tree size, and forest seral stage. The
lowest (T1) terrace was identified by themixed coniferous and deciduous tree
cover and greater presence of overbank channels compared with higher
terraces, and a lack of flood debris compared with floodplain surfaces. We
verified thatmapped T1 surfaces were above the active channel by estimating
bankfull stage using the height of gravel bars having 1- to 2-y-old vegetation
and thus assumed to be active during bankfull flows. We also compared T1
surface height with the height of the bedrock trimline formed on bedrock
valley walls when the high-flow channel erodes weathered bedrock. We used
radiocarbon dates from T1 surfaces to correlate our T1 mapping within and
between the MF and WF Teanaway valleys (SI Appendix, Table S1). Higher
terraces were identified based on the height and continuation of surfaces.
Terrace height in the field was estimated using hand levels and a reference
topographic map derived from light detection and ranging (LiDAR). Soil
development on the terraces is weak, and overbank sedimentation rates are
low, so soil development and thickness could not be used to correlate
terrace sequences.

The field map of terraces produced from the above methods was ex-
panded to cover the entire study site using LiDAR flown in April to May 2015
(49). The LiDAR dataset is topobathymetric and thus accurately captures the
channel bed surface with 0.006-m vertical accuracy in submerged and
nearshore areas and 0.082-m average vertical accuracy overall. In compari-
son, surveyed heights of terraces relative to the bed are 1.0 m or greater,
indicating the LiDAR dataset can accurately delineate terraces from the
channel bed. We constructed height above water surface (HAWS) maps from
the LiDAR bare-earth elevation model using the Triangular Irregular Net-
work interpolation methodology (50). We used the average channel eleva-
tion rather than average water surface as the base level, because we were
interested in channel incision. The HAWS maps were used to extrapolate field
mapping to the entire study site (Fig. 1). To verify the accuracy of our remote
mapping, we compared the height of strath terraces mapped in the field with
terraces mapped from the HAWS map. In each case, terrace height was gener-
ated from the LiDAR data and is relative to the average channel bed elevation.

Dating Terrace Incision. We used paired dendrochronology and radiocarbon
samples to constrain the timing of terrace incision. The charcoal and plant

matter sampled for radiocarbon dating was deposited in the basal alluvium
overlying the strath when the strath was an active fluvial surface, and thus
predates incision. Tree cores were preferentially taken from Pseudotsuga
menziesii and P. ponderosa, which are documented to grow on inactive
floodplains and terraces in forests in the eastern Cascade Range (51); where
possible, we avoided early seral-stage trees such as Alnus rubra or Populus
trichocarpa. In total, we collected 14 cores: nine of P. menziesii, three of P.
ponderosa, one of Abies procera, and one of A. rubra. Tree cores were taken
from the largest-diameter trees on each surface to estimate the earliest time
when the surface stabilized. This ensured that our tree ring ages represented
inactive surfaces and constrained a postincision age. Ages and locations are
reported in SI Appendix, Table S1 (radiocarbon) and SI Appendix, Table S2
(dendrochronology). Tree cores were photographed, the rings were coun-
ted, and a subset of cores with indistinct rings were mounted and sanded
with coarse and fine sandpaper before being photographed. Adjacent to
the cored tree, charcoal and plant matter were collected in the basal allu-
vium overlying the strath and dated using accelerator mass spectrometry.
Radiocarbon ages were calibrated using the Calib 7.0.2 (52) calibration
curves (53, 54). We also included four prior radiocarbon ages from T1 ter-
races on the lower 3 km of the WF Teanaway River (12).

Late Holocene incision rates are calculated using the average incision rate,
minimum estimate of terrace planation, and estimate of terrace incision
length. The oldest dated terrace on the WF, T3, was planed for at least 460 y
and incised for ∼112 y, based on radiocarbon dates in ref. 12. The middle
terrace set on the WF, T2, is similarly constrained by radiocarbon dates to
have been planed for 840 y, with an unknown length of incision. Our dates
suggest the final and youngest terrace, T1, was planed for 350 y and incised
for at least 128 y (1890 CE to present). Average incision rates of T3 and T2 are
1.3 ± 0.3 and 1.4 ± 0.5 mm·y−1 and T1 incision rates range from 1.1 mm·y−1 to
23 mm·y−1. We then solved for T3 and T2 incision rates by calculating the
average incision rate as the average of the planation time and incision rate
(the latter assumed to be 0 mm·y−1) and the incision time and rate.

Midvalley Profile. The active channel and terrace treads were mapped onto a
valley longitudinal profile using ArcGIS and the LiDAR dataset. We constructed
a midvalley line in the mainstem, WF, and MF Teanaway rivers and drew a
perpendicular cross-valley line every 100 m. The cross-valley line was populated
with elevation values from the LiDAR dataset using the Extract Surface In-
formation tool in ArcGIS and then intersected with mapped polygons repre-
senting the terraces, floodplain, and active channel. From this intersection, the
average value of each terrace, the floodplain, and the channel at each cross-
valley line was calculated. The average values at each cross-valley line were
exported from ArcGIS and plotted against midvalley distance, using Matlab.

Estimate of Frost Cracking. The potential for an increase in frost-cracking and
erosion rates during the LIA was assessed using the annual temperature
amplitude (one-half the range in mean monthly temperature) and MAT,
following the methods in ref. 37. Mean monthly temperatures for 1895 to
present were found using parameter-elevation regressions on independent
slopes model (PRISM) data at Westmap (https://cefa.dri.edu/Westmap), and
MAT was found from https://www.usclimatedata.com/ for the nearest city of
Cle Elum, WA, for 1981–2010. LIA temperature and precipitation are esti-
mated from tree ring growth records in a Washington Cascade Range basin,
and show a 1 °C cooler MAT during the LIA (35). Using figure 4 of ref. 37, we
plotted amplitude and MAT to determine the frost-cracking intensity in
degree days. Values of amplitude and MAT of (10, 8) for the present day and
(10, 7) for LIA fall in the zone of 0 °C day, indicating no change in frost-
cracking potential between the LIA and the present day.

Sediment Transport Time. We estimated the timing of bed load sediment loss
in the MF and WF Teanaway rivers with a 1D finite difference model. The
channel profile was set using the current longitudinal profile; comparison of
T1 tread and current channel slopes indicated they are not significantly
different under a two-tailed t test (P value of 0.66 for MF and 0.66 for WF).
The 1D channel topography was extracted from LiDAR between rkm 0 and
rkm 8.5 (MF) and rkm 0 and rkm 12 (WF) at 100-m intervals. At the top of the
profile, representing the transition from the bed load-producing upper ba-
sin to the study site, we estimated annual sediment contribution based on
total contributing area and measured denudation rates of 0.08 mm·y−1 (18).
No bed load was supplied within the study reach, because bedrock in the
study site rapidly weathers to sand-size particles or smaller (12). Bankfull
discharge, height, and width were estimated using the scaling parameters of
ref. 55 for Western Cordillera streams, which gave similar values to those
reported in ref. 12. Sediment transport capacity was calculated using a
modified Meyer−Peter Mueller equation (56, 57), with a critical shear stress
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of 0.0495 (57). Model runs started with 1892 CE initial conditions and ran for
100 y. Initial sediment thickness in 1892 CE is unknown, although sediment
thickness on T1 terraces can range from 0.5 m to 1 m. Current bed load size
ranges from a median of 61.5 mm to 80 mm on gravel bars (12) and 13.1 mm
to 18.6 mm in the subsurface (58). Gage records from 1909 to 1913 at US
Geological Survey gauge 12480500 indicate 2 d·y−1 to 21 d·y−1 were above
bankfull flow. We ran a conservative model in which initial sediment depth
was 1 m at all nodes, bankfull flow was 2 d·y−1, and bed load median size
was 80 mm and 13.1 mm, representing the maximum and minimum esti-
mates. A third scenario with bed load size of 46.5 mmwas also run, as well as
an initial sediment depth of 0.5 m and 80 mm bed load. From each model

scenario, we extracted the volume of sediment in the study reach during
each time step, as well as the sediment depth at each node.
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