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Waterfalls create barriers to fish migration, yet hundreds of isolated salmonid populations exist above barriers
and have persisted for thousands of years in steepmountainous terrain. Ecological theory indicates that small iso-
lated populations in disturbance-prone landscapes are at greatest risk of extirpation because immigration and re-
colonization are not possible. On the contrary, many above-barrier populations are currently thrivingwhile their
downstream counterparts are dwindling. This quandary led us to explore geomorphic knickpoints as a mecha-
nism for disconnecting hillslope and channel processes by limiting channel incision and decreasing the pace of
base-level lowering. Using LiDAR from the Oregon Coast Range, we found gentler channel gradients, wider
valleys, lower gradient hillslopes, and less shallow landslide potential in an above-barrier catchment compared
to a neighboring catchment devoid of persistent knickpoints. Based on this unique geomorphic template,
above-barrier channel networks are less prone to debris flows and other episodic sediment fluxes. These
above-barrier catchments also have greater resiliency to flooding, owing towider valleys with greater floodplain
connectivity. Habitat preferencemodels further indicate that salmonid habitat is present in greater quantity and
quality in these above-barrier networks. Therefore the paradox of the persistence of small isolated fish popula-
tionsmay be facilitated by a geomorphicmechanism that both limits their connectivity to larger fish populations
yet dampens the effect of disturbance by decreasing connections between hillslope and channel processes above
geomorphic knickpoints.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

One of the most pressing conservation questions for Pacific salmon
and trout (Oncorhynchus sp.) is the role of episodic disturbances in
structuring stream habitat and triggering extreme fluctuations in popu-
lation abundance. From an ecological perspective, disturbances can be
defined as ‘any relatively discrete event in time that disrupts ecosystem,
community, or population structure and changes resources, substrate
availability, or the physical environment’ (White and Pickett, 1985).
Rivers in steep mountainous landscapes are subject to severe distur-
bances such as landslides, debris flows, fires, floods, and droughts.
These geomorphic processes are important drivers of landscape evolu-
tion but pose a significant ecological challenge for organisms to survive
in these highly variable systems. Indeed, the concept of riverscapes rec-
ognizes that unique geomorphic features can have overriding effects on
stream fish (Fausch et al., 2002) and that large infrequent disturbances
may become the dominant force structuring the system, creating the
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template upon which subsequent ecological processes and interactions
among species occur (Frissell et al., 1986; Reeves et al., 1995; Turner and
Dale, 1998). To facilitate long-term persistence, many fish populations
are dependent upon connected habitats to provide opportunities for
dispersal and recolonization following localized extirpations caused by
disturbances (e.g., Lamberti et al., 1991; Schlosser, 1991; Northcote,
1997; Gresswell, 1999; Roghair et al., 2002), and therefore, fragmenta-
tion of the mountainous landscape (intrinsic and anthropogenic) can
reduce dispersal and may render fish populations less resilient to epi-
sodic disturbances (Kruse et al., 2001; Guy et al., 2008).

Understanding the linkages between geomorphic disturbance pro-
cesses and riverine habitat is particularly important for Pacific salmo-
nids because these fish are intricately tied to Pacific Rim topography
(Montgomery, 2000;Waples et al., 2008;May et al., 2013). Disturbances
play such an important role in this region because hillslope and channel
processes are tightly coupled in terms of routing water and sediment.
This type of connectivity throughout the landscape can lead to large
short-term fluxes of sediment such as debris flows and post-fire surface
erosion (e.g., Benda and Dunne, 1997; Jackson and Roering, 2009), as
well as long-term fluxes driven by channel incision triggered by chang-
es in base-level. Lithologic knickpoints may play a unique role in the
points disconnect hillslope and channel processes, isolating salmonid
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landscape by functioning to disconnect hillslope and channel processes
that are driven by baselevel lowering (Crosby and Whipple, 2006;
Ouimet et al., 2009; Hurst et al., 2012).

Wehypothesize that the restriction of base-level lowering imposed by
waterfalls (i.e., geologic knickpoints) inhibits channel incision, resulting in
wider than anticipated valleys, lower than anticipated channel slopes,
lower hillslope angles, and reduced shallow landslide potential. These
morphologic conditions would in turn lead to the development of ideal
fish habitat and dampen the incidence of landslides and debris flows in
above-barrier channel networks.

The Oregon Coast Range is an ideal landscape to explore these ideas
because a large portion of this humid, steep, soil-mantled landscape is
underlain by the Tyee sandstone formation and presents a uniform
ridge-and-valley landscape where sediment transport is dominated by
shallow landslides and debris flows (e.g., Stock and Dietrich, 2003).
Within the Tyee Formation; however, resistant igneous dikes crop out
locally, often forming persistent waterfalls (Oxford, 2006). Variation in
tributary networks and slopemorphology above and below knickpoints
indicate that the rate of knickpointmigration is slow comparedwith the
timescale of landform adjustment (Sweeney et al., 2012). This provides
time for the above-barrier channel and valley network to adjust to base-
level lowering that proceeds more slowly than the surrounding terrain.

Within a stream network the place for greatest potential overlap be-
tween debris flow disturbance and fish habitat is in small headwater
streams, which provide habitat for resident and anadromous salmonids
(May and Lisle, 2012). In the Oregon Coast Range, Coastal Cutthroat
Trout (Oncorhynchus clarkii clarkii) populations are present above nu-
merous waterfalls that limit connectivity with downstream popula-
tions, with an estimated 269 barrier isolated populations in western
Oregon (Gresswell et al., 2006). Similarly, waterfalls created by isostatic
rebound in Alaska have isolated numerous populations of coastal cut-
throat for thousands of years (Whiteley et al., 2010). Ecological theory
indicates that small isolated populations in disturbance-prone ecosys-
tems are at greatest risk of extirpation because immigration and recolo-
nization are not possible and because small populations are subject to
genetic drift, inbreeding, and basic demographic factors that reduce
their survival potential (e.g., Lande, 1988; Purvis et al., 2000; Wofford
et al., 2005). In the Oregon Coast Range; however, above-barrier popu-
lations of coastal cutthroat trout have persisted over long timescales,
potentially millennia (Guy et al., 2008).

The location of suitable habitat for salmonids in the Pacific North-
west is predicted for habitat conservation plans (e.g., Agrawal et al.,
2005) using Intrinsic Potential (IP) modeling (Burnett et al., 2007).
Based upon topographic analysis, this approach identifies stream
reaches of high potential for developing productive habitat, specifically
areas with broad valleys and low gradient channels within the range of
various salmonid species. We hypothesize that a network of unusually
broad valleys will be present upstream of knickpoints in the Oregon
Coast Range; and we further hypothesize that when normalized for
drainage area, channel slopes will be lower because of reduced vertical
incision and increased lateral erosion. An overall reduction in channel
slope would be associated with more productive habitat (e.g., reduced
water velocity and increased nutrient retention) and would allow for
an increased spatial distribution of fish by making more of the network
accessible as a result of slope-induced limits to their upstreamextent. In
addition, we hypothesize that hillslope angles will be lower above the
knickpoint due to the decreased pace of base-level lowering, reducing
the frequency of landslide and debris flow disturbance to channels.

Our approach to test these hypotheses about knickpoint effects on
channel development and disturbance potential uses high resolution
light detection and ranging (LiDAR) derived topography in a paired wa-
tershed comparison. The pattern of valleywidening, drainage area depen-
dent channel slope, hillslope angles, and shallow landslide potential are
quantified for a basin above a knickpoint (Kentucky Falls) and a neighbor-
ing basin absent of knickpoints (Harvey Creek). This type of pairedwater-
shed comparison holds great promise in the Oregon Coast Range (OCR)
Please cite this article as: May, C., et al., The waterfall paradox: How knick
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because of the uniformity of the landscape (Gresswell et al., 2004;
Sweeney et al., 2012; May et al., 2013; Marshall and Roering, 2014); in
the absence of deep-seated landslides and gabbro dikes that regulate
base-level lowering and upstream geomorphic processes for a small frac-
tion (b20%)of catchments in theOCR. Past studies haveobserved remark-
ably consistent hillslope angles, slope-area channel network metrics, and
shallow landslide potential for OCR catchments (Montgomery, 2001;
Kobor and Roering, 2004; Montgomery and Dietrich, 1994). In fact, the
observed uniformity of steep, dissected terrain in western Oregon in-
spired a suite of geomorphic studies that sought to minimize local varia-
tions in lithology, climate, vegetation, and the pace of uplift/erosion in
order to isolate the influence of geomorphic processes on topography
(Reneau and Dietrich, 1991; Seidl and Dietrich, 1992; Roering et al.,
1999; Heimsath et al., 2001; Stock and Dietrich, 2003, 2006). The limited
availability of LiDAR derived topography prevented us from investigating
numerous above-waterfall basins; therefore, the results are limited to a
paired watershed study where the generality of the results remain to be
tested.
2. Methods

Paired basins were selected based on the availability of LiDAR data for
the entire drainage network (101 km2). TheNorth Fork Smith River (basin
area 27.6 km2) resides above an ~100 mwide gabbroic dike that forms a
70 m high knickpoint at Kentucky Falls (Fig. 1). Of the estimated 269 ba-
sins above waterfalls in western Oregon, basin area ranged from 5.4 to
57.5 km2with an average size of 14.2 km2 (Gresswell et al., 2006). Nearby
Harvey Creek (basin area 21.7 km2) contains no sizable knickpoints
(Marshall and Roering, 2014) and was selected as the reference basin to
represent typical ridge-valley topography in the absence of variation
from lithology or baselevel lowering.
2.1. Measuring valley width

To map valley width, we used the approach by May et al. (2013)
where the gridded bare earth LiDAR data was smoothed with a moving
window algorithm (Wood, 1996). At each grid node, we fit a second-
order weight polynomial to a 15x15 node matrix of neighboring points
and calculated slope gradient from the polynomial coefficients. From
these slope maps, flat valley floors can be clearly distinguished from
the adjacent steep hillslopes, which transition abruptly from the valley
floor. Next we measured cross sections on the slope map perpendic-
ular to the valley along the mainstem and several major tributaries
in the drainage network of Harvey Creek to construct the baseline
relation between drainage area and valley width. Measurement
spacing corresponded to individual stream reaches in a synthetic channel
network developed by Clarke et al. (2008) and described below. Above
Kentucky Falls, valley width was also measured at cross sections on the
slope map along the mainstem and major tributaries.

We tested for a difference in the regression coefficients between the
two basins using multiple linear regression of the log-transformed var-
iable. Differences in intercepts of the regression lines were evaluated by
using a variable that identified the basin; differences in slope of the
regression lines were evaluated by adding an interaction term to the re-
gression (basin ∗ drainage area). Effect size of thewaterfall on upstream
valley widthwas calculated from the difference between Kentucky Falls
andHarvey Creek,whichwas divided by the value fromHarvey Creek as
a reference point. These values were calculated over a range of drainage
areas using the regression equations for the width-area relations. We
hypothesized that the above-waterfall basin would have broader val-
leys for a given drainage area compared to the ambient landscape, as
represented byHarvey Creek. Data from basins b0.1 km2were excluded
from the Harvey Creek data set because of the scaling break identified
by May et al. (2013).
points disconnect hillslope and channel processes, isolating salmonid
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Fig. 1. Slope maps based on LiDAR-derived topography for the basin above Kentucky Falls on the North Fork Smith River and nearby Harvey Creek, which contains nomajor knickpoints.
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2.2. Slope-area relation

Geomorphologists have long recognized the relationship between
channel slope (S) and drainage area (A) as an important predictor of
river profile characteristics (Hack, 1957). Empirical observations from
river systems around the world reveal a consistent power-law scaling
of the slope-area relation (e.g., Hack, 1973; Flint, 1974; Howard and
Kerby, 1983). Reach-scale slope-area datawere obtained from synthetic
channel networks developed by Clarke et al. (2008). The resulting linear
relation was restricted to stream reaches with drainage areas N1 km2 to
limit observations to the fluvial process domain, based on the scaling
break observed in previous studies (Stock and Dietrich, 2003). Differ-
ences in the regression coefficients between the two basinswere exam-
ined using multiple linear regression of the log-transformed variable.
The difference in intercepts of the regression lines was tested by adding
a variable that identified the basin; a difference in slope of the regres-
sion lines was tested by adding an interaction term to the regression
(basin ∗ drainage area). Effect size of the waterfall on upstream channel
slope was calculated from the difference between Kentucky Falls and
Harvey Creek and dividing by the value from Harvey Creek as a refer-
ence point. These values were calculated over a range of drainage
areas using the regression equations for the width-area relations. We
used a steepest descent algorithm to generate longitudinal profiles for
each mainstem channel. We hypothesized that the above-waterfall
basin would have a lower channel slope for a given drainage area com-
pared to the basin adjusting to a fluctuating base level, as represented
by Harvey Creek.
Please cite this article as: May, C., et al., The waterfall paradox: How knick
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2.3. Hillslope angles and shallow landslide potential

Because the propensity for hillslopes to produce shallow landslides
depends on the topography of headwall regions, including colluvial hol-
lows and sideslopes, we analyzed the average angle of hillslopes. In ad-
dition, we employed a commonly-used coupled slope stability-
hydrology algorithm to identify sites of potential shallow landsliding
in the paired basins and used the resulting data as a proxy for landslide
disturbance potential (Montgomery and Dietrich, 1994). The actual
likelihood of channel disturbance depends on the details of predicted
landslide runout pathways (e.g., May and Gresswell, 2004), but such
an analysis is beyond the scope of this contribution. Instead, the long-
term persistence of knickpoints at our study site implies that hillslopes
above and below have adjusted to the pace of local base-level lowering
such that sediment production processes can be inferred frommorphol-
ogy all else equal.

We calculated values of q/T, where q is effective rainfall and T is soil
transmissivity according to Montgomery and Dietrich (1994) using pa-
rameters characteristic of the Oregon Coast Range. The topographic vari-
ables required for this computation include local hillslope gradient, which
wegeneratedusing the LiDAR smoothing procedure described above, and
drainage area per unit contour width, which we generated using the Dinf
algorithm as implemented in Matlab by Perron et al. (2008). Following
the procedures described in Montgomery and Dietrich (1994), we de-
fined unconditionally stable terrain as having slopes less than the critical
value for full soil saturation (in this case 0.38 or 38%). Slopes greater than
1.0 (or 100%) were deemed unconditionally unstable and these areas
points disconnect hillslope and channel processes, isolating salmonid
.1016/j.geomorph.2016.03.029
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Table 1
Knickpoint effect size on valley width (m), calculated from the regression equations in
Fig. 2 for a range of drainage areas.

Drainage area (km2) Harvey Creek Kentucky Falls Effect size

0.1 4.8 7.8 63%
1 18.1 32.5 80%
10 67.8 134.4 98%
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commonly have thin or absent soil mantle based on our field observa-
tions. As such, the q/T values define the relative propensity for shallow
landslide failure for slopes between 0.38 and 1.0. Low values of q/T reflect
failure-prone siteswith a high propensity for failure because low effective
precipitation is required to induce landsliding.

2.4. Fish habitat modeling

We modeled juvenile trout habitat potential using a reach-scale
intrinsic potential (IP) value:

IP ¼ IMAD � IBFW � IGRADIENTð Þ1=3

where IMAD is an index of mean annual discharge, reflecting the need for
channels large enough to supply adequate perennial streamflow for sal-
monid persistence (Burnett et al., 2007). Suitability curves developed
for coastal cutthroat trout indicate that habitat suitability is maximized
in mid-sized streams (0.05–0.6 m3/s). The second parameter, IBFW, is an
estimate of the bank-full channel width from local hydraulic geometry
relations (based on field data from the Oregon Department of Fish and
Wildlife and the U.S. Environmental Protection Agency, as cited by
Clarke et al., 2008). Suitability curves suggest that habitat is maximized
for coastal cutthroat trout in channel reaches with an estimated bank-
full width between 1and 8 m. The third parameter, IGRADIENT, is an
index of reach-scale channel gradient estimated from synthetic stream
network routed through 10-m DEMs using elevations interpolated
from contour lines (Clarke et al., 2008). The habitat suitability curve
for coastal cutthroat trout developed by Griswold and Reeves (2014)
originated from below-barrier streams where cutthroat are in competi-
tion with other salmonids, most notably Coho Salmon (Oncorhynchus
kisutch). Competition leads to habitat segregationwith coastal cutthroat
trout occupying riffles and coho salmon occupying pools, resulting in
the competitively inferior trout occupying less favorable habitat
when dominated by salmon (Glova, 1987). Similarly, Sabo and
Pauley (1997) concluded that the advantages of size and experience
allow salmon to dominate and that trout populations that have
evolved with salmon are less competitive than those that have
evolved in isolation. Therefore, we compared the coastal cutthroat
suitability curve developed by Griswold and Reeves (2014), where
habitat suitability is maximized in channel reaches with 4–8%
channel gradient with a revised curve where habitat suitability is
maximized in all reaches with b8% channel gradient to reflect the
lack of competitive exclusion from low gradient habitats in above-
barrier populations.
Fig. 2. The power-law relation between valley floor width and drainage area for the above
waterfall basin (Kentucky Falls) compared to the ambient landscape (Harvey Creek) for
the full extent of the channel network.

Please cite this article as: May, C., et al., The waterfall paradox: How knick
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The IP value is based on reach-scale habitat suitability scores, which
convert the value of each variable to a score between 0 and 1. The com-
ponent indices are equally weighted and IP value is calculated at the
geometric mean of each of the three parameters. The IP values close to
one indicate great potential for high-quality habitat; whereas, IP values
close to zero indicate almost no potential for habitat. The proportion of
the channel network length in each of four IP categories (negligible
habitat b0.25, low quality habitat 0.25–0.49, moderate quality habitat
0.5–0.74, and high quality habitat N0.75) was calculated for each basin
and compared using a Chi-square (χ2) test.

In addition to determining the overall quality of habitat using the
IP value, the quantity of habitat can be calculated as the proportion
of the drainage network that is accessible to fish. This calculation is
based on a slope-induced limit for coastal cutthroat trout of ~10% for the
reach-scale channel gradient (unpublished data by R. Gresswell). Past
studies have shown that slope-induced limits to fish distribution
can be a strong predictor for trout occurrence and their presence
tends to decrease linearly with increasing channel slope up to the
10% limit (Kruse et al., 1997).
3. Results and discussion

3.1. Valley width

Regression analysis revealed a significant difference in the rela-
tion between drainage area and valley floor width in the two basins
(Fig. 2). The intercept of the regression lines was greater for Kentucky
Falls (p b 0.001); however, the slope of the regression lines did not differ
(p = 0.142). Because the regression lines diverged at larger drainage
areas, the effect size increased with drainage area and ranged from 63
to 98% (Table 1). These results indicate that valley floorwidthwas consis-
tently broader than anticipated in the above-waterfall basin, suggesting
that lateral river erosion that broadens valleys is playing a larger role
than in actively incising valleys that are keeping pacewith base-level low-
ering. This in turn can lead to lower hillslope angles (Penserini, 2015),
Fig. 3. Comparison of the slope-area relation for stream reaches in the fluvial process
domain (N1 km2) in the above waterfall basin (Kentucky Falls) and the ambient
landscape (Harvey Creek).

points disconnect hillslope and channel processes, isolating salmonid
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Fig. 4. Comparison of hillslope steepness in the above-knickpoint basin (Kentucky Falls)
and the basin devoid of knickpoints (Harvey Creek).

Table 2
Knickpoint effect on channel slope (m/m), calculated from the regression equations in
Fig. 3 for a range of drainage areas.

Drainage area (km2) Harvey Creek Kentucky Falls Effect size

1 0.07 0.03 −57%
5 0.02 0.01 −32%
10 0.01 0.01 −18%

Fig. 5.Maps of q/T values (Montgomery and Dietrich, 1994) for Harvey Creek and the basin abo
indicate highpropensity for shallow landsliding;whereas highvalues (slightlynegative, cool col
stable and deep red colors show terrain that is unconditionally unstable (or too steep to retain
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longer residence times for soils (Sweeney et al., 2012), reduced erosion
rates (Hurst et al., 2012), and is consistent with the effect of knickpoints
formed by resistant rock layers in the study by Marshall and Roering
(2014).

Exponents for the power-function relation of drainage area and
valley floor width ranged from 0.57 for Harvey Creek to 0.62 above
Kentucky Falls, which are both within the range reported by Snyder
et al. (2000) of 0.50–0.67but notably higher than the value of 0.4 reported
by Snyder et al. (2003). Surprisingly, no scaling breakwas observed in the
width-area relation for the North Fork Smith River above Kentucky Falls.
A previous study by Snyder et al. (2003) and our research inHarvey Creek
documented a scaling break at a drainage area of 0.1 km2 (May et al.,
2013), below which no corresponding decrease in valley width with
drainage areawas observed. This constant width is likely the signal of de-
bris flows carving valleys of small drainage areas, with downstream areas
being carved by fluvial incision (Montgomery and Foufoula-Georgiou,
1993; Stock and Dietrich, 2003). The lack of a robust scaling break
above Kentucky Falls suggests that some headwater channels may be
too broad and low gradient to transport debris flows.

Broad valley floors are a critical driver of fish habitat because they
allow for floodplain development (e.g., Naiman et al., 2010), increased
carbon storage (Wohl et al., 2012), enhanced hyporheic exchange
(e.g., Baxter and Hauer, 2000), and provide off-channel habitats during
floods that increase juvenile salmonid survival (e.g., Solazzi et al., 2000;
Bell et al., 2001). A previous study by Belmont (2011) observed a similar
pattern of relatively wide and mostly unconfined floodplains above a
steep incising knickpoint. Broad valley floors also intercept debris flows
ve Kentucky Falls on the N.F. Smith River. Low values of q/T (highly negative, warm colors)
ors) reflect lowpropensity for failure.Darkblue pixels reflect terrain that is unconditionally
a persistent soil mantle).

points disconnect hillslope and channel processes, isolating salmonid
.1016/j.geomorph.2016.03.029
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Fig. 6. The distribution of IP values from habitat suitability curves developedwhere coastal
cutthroat trout are in competition with coho salmon and habitat utilization is maximized
in reaches with 4–10% gradient (A), and the distribution of IP values from habitat
suitability curves where cutthroat are expected to use lower gradient channels (all
reaches b8%) in the absence of competition (B).
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and thus dampen episodic inputs of sediment (May andGresswell, 2004),
rendering fish populations more resilient to disturbance.

3.2. Channel slope

Reach-scale channel slopewas lower for a given drainage area in the
above-barrier catchment (Fig. 3). Regression analysis revealed a differ-
ence in the slope-area relation between basins, where the intercept
(p b 0.001) and slope (p b 0.001) of the regression was lower in the
above-waterfall basin compared to the ambient landscape. Because
the regression lines converged at larger drainage areas, the effect size
decreased with drainage area and ranged from 57 to 18% reduction in
slope with increasing drainage area (Table 2). With lower channel
slopes extending farther up into the drainage network, the potential
for pool-riffle morphologies was greatly expanded. Pool-riffle morphol-
ogies typically occur in reaches ≤2% slope (Montgomery and Buffington,
1997;Wohl andMerritt, 2005), which extend as high up in the network
as 1.8 km2 inNorth Fork Smith River above Kentucky Falls,whereas they
are limited to drainage areas N4.0 km2 in Harvey Creek.

3.3. Hillslope angles and shallow landslide potential

While some subcatchments above Kentucky Falls are as steep as
those observed in Harvey Creek many are systematically gentler im-
plying decreased rates of sediment production through soil creep
processes and shallow soil slips. The mean hillslope gradient for
Harvey Creek is 0.74±0.20, whereas the mean value above Kentucky
Falls is 0.53±0.25 (Fig. 4). The coupled hydrology-slope stability model
results demonstrate that a substantial fraction of the basin upstream of
Kentucky Falls is unconditionally stable (slopes b 0.38) in contrast to
Harvey Creek where only the valley floor and debris fan deposits exhibit
such low slope angles (Fig. 5). The origin of the numerous and contiguous
gentle hillsides in the basin above Kentucky Falls is unclear, although it
may result from decreased steepness owing to reduced base-level lower-
ing. The proportion of unconditionally unstable slopes (slope N 1.0) is
much higher in Harvey Creek than above Kentucky Falls, where steep
slopes are scattered throughout the catchment. The q/T values are
systematically lower in Harvey Creek than above Kentucky Falls as
well, suggesting that the frequency of shallow landsliding and de-
bris flows may be higher in Harvey given that lower values of effective
precipitation are required for failure. Taken together, the topographic dif-
ferences between Harvey Creek and the hillslopes above Kentucky Falls
are profound despite their proximity, implying a substantial knickpoint
control on the rate and pattern of sediment production in the basin
above Kentucky Falls.

3.4. Habitat quality and quantity

Because broad valleys and low-gradient channels extend higher in
the network in the above-waterfall basin, a greater proportion of the
network exhibits high IP values compared to the reference landscape
of Harvey Creek (Fig. 6). This finding is consistent with the original IP
values developed for coastal cutthroat trout where habitat use was
maximized in channels with 4–8% gradient because of competitive
exclusion (p-value b 0.01; Fig. 6A), and the revised IP value for coastal
cutthroat trout residing in the absence of competition (habitat utiliza-
tion maximized in all reaches b8%) provided similar results (p b 0.01;
Fig. 6B). Correspondingly, we observed an increase in habitat quantity,
with 59% of the total channel length above Kentucky Falls occurring in
reaches that were less than the slope-induced limit for cutthroat trout
(b10% slope); whereas Harvey Creek had only 27% of the network pro-
viding habitat (Fig. 7). This is a direct result of the less steep river profile
aboveKentucky Falls (Fig. 8). However, the areawhere there is potential
for direct overlap between debris flows and fish habitat (S = 3–10%:
May and Lisle, 2012) is greater in the above-barrier stream network
(Table 3).
Please cite this article as: May, C., et al., The waterfall paradox: How knick
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The resulting effect of the differences in river profiles is an increase
in potential habitat of 2.3 times in the above-barrier basin, with more
longitudinally and latitudinally connected habitat. This high connectiv-
ity of habitat and consistently lower gradient reaches in the above-
barrier network can increase gene flow and reduce genetic differen-
tiation (Wofford et al., 2005; Guy et al., 2008; Kanno et al., 2011).
Greater expansion of the fish-bearing channel network also creates
an opportunity for a broader spatial distribution of fish, thus reduc-
ing competition for limited resources and enhancing the opportuni-
ty for the spatial spreading of risk. Previous studies have also found
that isolated populations occurring in larger stream networks
have retained substantial genetic variation, which suggests that
the amount of habitat in headwater streams is an important consid-
eration for maintaining the evolutionary potential of isolated popu-
lations (Whiteley et al., 2010).

4. Conclusions

Ecogeomorphology is emerging as an interdisciplinary field that ex-
plores the concept of connectivity and places particular importance on
describing the structural and functional linkages between the flow of
water, landforms, and the dispersal of organisms (e.g., With and Crist,
1995; Pringle, 2003; Wainwright et al., 2011). The opposing concept
of disconnectivity in landscape processes is also being recognized as
playing some important functional roles in riverine systems (e.g., Lane
et al., 2004; Jackson and Pringle, 2010). One of the drivers on land-
scape connectivity is the geomorphic response of hillslopes and
channels to base-level lowering (e.g., Faulkner, 2008). By exploring
how knickpoints disconnect small watersheds from base-level lowering,
and thereby the surrounding landscape, we can reveal previously unrec-
ognized patterns. This is particularly insightful when investigating head-
water streams, which compose a large portion of the total channel
network length and directly connect the upland and riparian landscape
to the rest of the stream ecosystem (Freeman et al., 2007).
points disconnect hillslope and channel processes, isolating salmonid
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Results of our study explicitly linked the unique geomorphic setting
of headwater streams in above-knickpoint basins with the unanticipat-
ed ecological outcome of barrier-isolated populations inhabiting the
most resilient and ideal habitat in mountainous landscapes. Although
the geomorphic setting is unique, it is not an isolated incidence as
knickpoints are common features in otherwise steady state landscapes.
Specifically, this study posed a fundamental question about landscape
connectivity and the role of knickpoints in channel development,
while also addressing a pressing conservation question in aquatic ecol-
ogy about disconnected fish populations. We hypothesize that limited
Fig. 8. Longitudinal profiles for the mainstem of the North Fork Smith River above
Kentucky Falls (which corresponds with the steep reach at ~12,500 m) and the
mainstem of Harvey Creek.

Please cite this article as: May, C., et al., The waterfall paradox: How knick
populations in ideal habita..., Geomorphology (2016), http://dx.doi.org/10
incision imposed by a relatively stationary knickpoint has led to lateral
expansion of the valley and less steep river profile that provides for a
greater expansion of low-gradient stream reaches throughout the fluvi-
al network and reduced sediment flux owing to lower gradient
hillslopes. From an ecological perspective, the novelty of our findings
is quantifying the geomorphic controls on the habitat template that
leads to the long-term persistence of small disconnected populations,
whereas the majority of past studies have focused on factors leading
to extirpation. Future studies are needed to test the generality of
these results as the availability of LiDAR-derived topography becomes
more spatially extensive and provides the opportunity for replication.
Our current paired watershed approach is limited, but our novel hy-
pothesis warrants testing. Qualitative examination of other small wa-
tersheds situated above knickpoints in western Oregon reveals
similar topographic characteristics. Because our analysis derives
from a process-based perspective on how channel incision regulates
valley morphology, hillslope form, and sediment production; our
approach should have application in other mountainous settings.
Table 3
Proportion of the channel network in low gradient fish habitat (b3%), habitats where
debrisflows andfish habitat directly overlap (3–10%), and nonfish bearing stream reaches
in the debris flow process domain (N10%).

Stream gradient Harvey Cr. Kentucky Falls

b3% 0.08 0.27
3–10% 0.18 0.32
N10% 0.73 0.41

points disconnect hillslope and channel processes, isolating salmonid
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The combination of broader than anticipated valley floors and the
greater extent of low gradient stream reaches interact to develop a
greater abundance of high quality fish habitat in above-barrier catch-
ments. Our results indicate that the effect of knickpoints on valley width
increases with drainage area, with a near doubling of valley width at a
drainage area of 101 km2. Concomitantly, the effect of knickpoints on
channel slope decreases with drainage area, resulting in low gradient
stream reaches with favorable fish habitat extending further up in the
channel network. In addition to differences in physical habitat that can in-
crease fish production, these disconnected above-barrier catchments are
also protected from invasion by nonnative fish, hybridizationwith hatch-
ery fish, and spread of disease (Rahel, 2013). These populations also have
reduced competition from other species (Ross, 1991), which can increase
productivity.

Channel networks above barriers experience relatively constant
base-level, and thus, hillslope and channel processes that are driven
by incision are effectively disconnected. These disconnected hillslopes
have less potential for debris flows (Penserini, 2015), longer residence
times for soils (Sweeney et al., 2012), and more rounded hillslopes
with reduced erosion rates (Hurst et al., 2012). With less potential for
episodic disturbance, fish populations may undergo fewer population
bottlenecks andmaymaintain consistently more abundant populations
than their downstream counterparts. A primary focus in conservation
genetics is to understand factors that influence small populations, and
as the rate of population fragmentation and isolation increases, it be-
comes increasingly important to examine factors that influence the
maintenance of genetic diversity and therefore the likelihood of persis-
tence (e.g., Letcher et al., 2007; Whiteley et al., 2010; Toterotot et al.,
2014). From this topographically based analysis of fish habitat we hy-
pothesize that above-barrier fish populations reside inmore temporally
stable and productive habitat and that populations will be consistently
larger and more stable through time. Future research can use population
genetics to test this hypothesis, with the prediction that above-barrier
populations have fewer population bottlenecks and larger effective popu-
lation size. In contrast, populations isolated by anthropogenic factors,
such as dams and culverts, may be at greatest risk of extirpation because
the co-evolved geomorphic template for habitat formation and reduced
disturbance is not present.
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