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flood event, Rio Puerco, New Mexico, USA
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[1] The spatial distribution of riparian vegetation can strongly influence the geomorphic
evolution of dryland rivers during large floods. We present the results of an airborne lidar
differencing study that quantifies the topographic change that occurred along a 12 km
reach of the Lower Rio Puerco, New Mexico, during an extreme event in 2006. Extensive
erosion of the channel banks took place immediately upstream of the study area, where
tamarisk and sandbar willow had been removed. Within the densely Ve%etated study
reach, we measure a net volumetric change of 578,050 £ ~ 490,000 m”, with 88.3% of
the total aggradation occurring along the floodplain and channel and 76.7% of the erosion
focusing on the vertical valley walls. The sediment derived from the devegetated reach
deposited within the first 3.6 km of the study area, with depth decaying exponentially
with distance downstream. Elsewhere, floodplain sediments were primarily sourced from
the erosion of valley walls. Superimposed on this pattern are the effects of vegetation and
valley morphology on sediment transport. Sediment thickness is seen to be uniform
among sandbar willows and highly variable within tamarisk groves. These reach-scale
patterns of sedimentation observed in the lidar differencing likely reflect complex
interactions of vegetation, flow, and sediment at the scale of patches to individual plants.
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1. Introduction

[2] The morphology of alluvial river corridors is primarily
dictated by the interactions of water, sediment, topogra-
phy, and vegetation during flood events. The influence of
riparian vegetation on the dynamics of the flow and the mor-
phology of rivers has been extensively explored [Hupp and
Osterkamp, 1996; Micheli and Kirchner, 2002; Simon and
Collison, 2002; Murray and Paola, 2003; Corenblit et al.,
2007; Tal and Paola, 2007; Corenblit and Steiger, 2009;
Osterkamp and Hupp, 2010]. Understanding the role that
vegetation plays on the evolution of arid and semiarid rivers
has been of particular importance given their significant con-
tribution of sediment to the fluvial system [Zooth, 2000;
Tooth and Nanson, 2000; Coulthard, 2005; Hooke, 2007,
Sandercock et al., 2007; Dunkerley, 2008; Stromsoe and
Callow, 2012]. The effects of the invasive species tamarisk
on the geomorphology of dryland rivers have been of special
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interest since its introduction to the American southwest
in the early 20th century [Graf, 1978; Barz et al., 2009;
Pollen-Bankhead and Simon, 2009; Vincent et al., 2009;
Jaeger and Wohl, 2011].

[3] The relative importance of the mechanisms that
govern morphologic change vary across spatial and temporal
scales [Finnigan, 2000; Nepf, 2012a, 2012b]. At the patch
scale, the presence of vegetation on the channel can increase
the drag on the flow and reduce the flow velocity [Raupach,
1992; Larsen et al., 2009; Folkard, 2011], as well as deflect
the flow toward zones of bare ground [Rominger and Nepf,
2011; Zong and Nepf, 2011]. As water interacts with emer-
gent vegetation, large vortices dissipate while turbulence at
the scale of the stems increases [Tanino and Nepf, 2008].
Where the clusters of vegetation are sparse, this turbulent
energy can exceed that of nearby bare beds [Nepf, 1999;
Finnigan, 2000], leading to enhanced erosion [Moore, 2004;
Vollmer and Kleinhans, 2007; Celik et al., 2010; Lawson
et al., 2012]. Roots can also increase the stability of banks
by boosting their cohesion [Thorne, 1990; Abernethy and
Rutherfurd, 2000; Simon and Collison, 2002; Simon and
Thomas, 2002] and thus raising the threshold for sediment
transport. At the reach scale, the drag that plants impart on
the flow is thought to be determined primarily by the fraction
of the channel cross section that is vegetated [Green, 2005;
Nikora et al., 2008; Luhar et al., 2008]. The effects that
the spatial distribution of vegetation across the landscape
have on flow resistance and topographic evolution are still
an open question [Bal et al., 2011; Luhar and Nepf, 2013].
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[4] The availability of data sets that capture changes in
the topography of rivers over time has allowed the appli-
cation of the morphological method [4shmore and Church,
1998] as an alternative to directly measuring sediment trans-
port. Several techniques have been previously used to collect
these repeating data sets, including hand and total station
surveys of cross sections [Milne and Sear, 1997], real-time
kinetic global positioning system (RTK-GPS) [Brasington
et al., 2000], aerial photography [ Winterbottom and Gilvear,
1997; Lane, 2003; Westaway et al., 2003], ground-based
lidar [Wheaton et al., 2010], and combinations of several
methods [Lane et al., 2003].

[s] The collection of multiple airborne lidar data sets
allows for the detection of topographic change over large
areas of the landscape at higher spatial resolutions than
other methods provide. Multitemporal airborne lidar sur-
veys have previously been used to create digital elevation
models (DEMs) of Difference (DoDs) that capture geomor-
phic change in coastal terrain [Woolard and Colby, 2002;
White and Wang, 2003; Sallenger et al., 2004; Mitasova
et al., 2009; Richter et al., 2011], glaciers [Hopkinson and
Demuth, 2006; Abermann et al., 2009], evolving landslides
[Corsini et al., 2007; Burns et al., 2010; Ventura et al., 2011;
DelLong et al., 2011], volcanic landscapes [Favalli et al.,
2010], seismically disturbed watersheds [Matsuoka et al.,
2008], and gradually evolving braided rivers [Wheaton
et al., 2013]. The stochastic nature of floods has made it dif-
ficult to capture the changes resulting from extreme events
using this method. So far, it has only been possible to use air-
borne lidar for fluvial change-detection studies in locations
where large events are anticipated [Procter et al., 2010].

[6] We use multitemporal airborne lidar to quantify the
spatial patterns of morphologic change that resulted from a
large flood on a vegetated reach of a dryland river follow-
ing the widespread removal of invasive and native plants
upstream. This is one of the first case studies that uses
multitemporal airborne lidar to capture the morphologi-
cal changes caused by a large precipitation-driven flood
throughout a river corridor. The unique conditions cap-
tured at this site make it an ideal natural experiment for
understanding the role of floodplain vegetation on the dis-
tribution of sediment across the landscape. This case study
also explores the consequences of widespread removal of
invasive plants on downstream fluvial systems and the
potential influence of vegetation on the long-term evolution
of arroyos.

2. Field Site

[7] The ephemeral Rio Puerco drains 19,030 km? of
semiarid north-central New Mexico (NM) in the American
southwest (Figure 1, inset). The watershed is dominated by
easily eroded fine-grained sedimentary rocks [Nordin and
Curtis, 1962; Heath, 1983; Love, 1986], resulting in high
sediment discharges of clay, silt, and sand [Phippen and
Wohl, 2003]. Coarser sediment fractions are seldom found
within the arroyo and do not represent a significant com-
ponent of the sediment load. Streamflow in the Rio Puerco
is mostly unregulated. High flows usually result from con-
vective thunderstorms between July and October and have
durations ranging from hours to days [Heath, 1983; Griffin
et al., 2005].
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Figure 1. Location map of the area of interest in the Lower
Rio Puerco. Light gray shading shows the area covered by
the 2010 airborne lidar data set. Dark gray shading shows
part of the area of the 2005 lidar data set, which extends for
50 linear kilometer downstream of Highway 6. The study
area is the zone of overlap between the two data sets, imme-
diately downstream of the devegetated (“sprayed”) reach.
Inset map shows the location of the watershed (gray) and
study area (black square).

[8] The Rio Puerco, like most arroyos in the American
southwest, has gone through cut-and-fill cycles during the
late Quaternary [Karlstrom and Karlstrom, 1987; Waters
and Haynes, 2001], with the most recent episode of inci-
sion taking place during the late 19th century and early
20th century [Bryan, 1925, 1928; Thornthwaite et al., 1942].
The causes and mechanisms of arroyo evolution are debated
[Leopold, 1976; Karlstrom and Karlstrom, 1987; Elliott
et al., 1999; Gellis et al., 2001, 2011; Harvey et al., 2011]
and are thought to include changes in mean rainfall, precip-
itation intensity, vegetation or land use, or the crossing of
geomorphic thresholds.

[9] During the mid-19th century, most of the Lower Rio
Puerco occupied a broad and gentle floodplain that sup-
ported irrigation along the valley [Bryan, 1928]. By the early
1900s, however, channel incision had created a continuous,
steep-walled canyon (arroyo) about 10 m deep, 100 m wide,
and 200 km long [Bryan and Post, 1927; Bryan, 1928; Elliott
et al., 1999]. Arroyo incision in the Rio Puerco generated
very high sediment loads and caused channel aggradation,
avulsion, and flooding along the Middle Rio Grande. The
source of the sediment transported by the river has changed
as the Rio Puerco has progressed through the arroyo cycle.
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Figure 2. Plan view of the arroyo 2 km down-valley from NM Highway 6 (extent shown in Figure 1).
(a) Quickbird II satellite image (panchromatic with 60 cm pixels) collected on 15 November 2006. Dark-
est areas indicate vegetation. (b) Shaded relief map of 2005 lidar data set, corrected for the systematic error
(9.75 cm), with 2 m cells. (c) Shaded relief map of 2010 lidar data set with 0.5 m cells showing the loca-
tion of the GPS cross section. (d) Lidar differencing calculated by subtracting the corrected 2005 DTM
from the 2010 DTM, with 2 m cells. Cool colors show positive topographic change (aggradation), warm
colors show negative change (erosion). Solid black lines delineate the arroyo bottom (interior), and walls
and terraces (exterior). Dashed black lines approximate the outline of floodplain depressions. Arrows
indicate sections of the arroyo wall that collapsed as large blocks. (e) Map of differencing uncertainty
(shown over shaded relief map for context), with 2 m cells.

During the early 20th century, material originated almost
equally from erosion of the main stem channel and banks,
the incising tributaries, and rill erosion of the upper valley
surface [Happ, 1948]. The source of sediment transported by
the river has migrated upstream as the Rio Puerco has pro-
gressed through the arroyo cycle [Happ, 1948; Elliott et al.,
1999]. Gellis et al. [2011] calculated that, at present, 80%
to 100% of the sediment originates from the erosion of the
vertical arroyo walls of the main stem and tributaries.

[10] The sediment that the Rio Puerco supplied to the
Middle Rio Grande posed a threat to the Elephant Butte
Reservoir, a 2.7 billion m? reservoir constructed in 1916. In
1925, the Bureau of Reclamation estimated that sediment
largely derived from the Rio Puerco would fill the reser-
voir by 1980 [Collins and Ferrari, 2000]. This prompted
the introduction of tamarisk (7amarix ramosissima) in 1926
to the Rio Puerco watershed as a means of erosion control
[Bryan and Post, 1927]. Since then, tamarisk has become the
dominant species in the Lower Rio Puerco. Mature tamarisk
are 2 to 8 m tall woody plants with dense branch networks
that form linear bands along former levees. Young tamarisk
have thin stems and grow in floodplain depressions where
overbank flow velocities tend to be slow. The banks of the
channel are lined with dense colonies of 1 to 3 m tall native
sandbar willow (Salix exigua), which have thin and flexible
stems. A variety of small shrubs and occasional cottonwood
trees also grow on the floodplain and terraces (Figure 2a).

[11] The high density of stems along the channel banks
and floodplains exert considerable drag on overbank flow
[Smith and Griffin, 2002; Kean and Smith, 2004; Smith,
2007], decreasing the boundary shear stress and reducing

erosion within vegetated reaches [Kean and Smith, 2004].
The introduction of tamarisk to the Rio Puerco led to
more stable banks and attenuated floods, and contributed
to dramatic channel narrowing, arroyo filling, and a reduc-
tion in the volume of sediment delivered to the Rio Grande
[Vincent et al., 2009].

[12] Following its spread along other rivers in the
American southwest, tamarisk has become the second most
abundant woody riparian plant in the interior western United
States [Elliott et al., 1999; Molnar and Ramirez, 2001;
Friedman et al., 2005]. Tamarisk is a target for control
efforts across the western US because it may increase
water lost to evapotranspiration and decrease habitat for
native species [Shafroth et al., 2005]. The widespread
removal of tamarisk from floodplains, however, has been
seen to increase erosion [Pollen-Bankhead and Simon, 2009;
Vincent et al., 2009].

2.1. 2006 Flood of the Lower Rio Puerco

[13] In September 2003, the Valencia Soil and Water
Conservation District sprayed the herbicide Imazapyr on the
banks and floodplains of a 12 km reach of the Lower Rio
Puerco (Figure 1), killing most tamarisk and sandbar willow.
Over the next 3 years, minor flows removed some of the
woody debris from the banks [Vincent et al., 2009]. Field
observations and aerial photographs show that, by 2006, the
vegetation density along the sprayed reach was lower than
elsewhere in the arroyo.

[14] In August 2006, a period of severe storms caused the
largest flood in the Rio Puerco since 1972 [Vincent et al.,
2009]. The largest precipitation values for the watershed
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were recorded at the National Weather Service climate
station in Cubero, NM (station number 292250, 57 km north-
west of the Highway 6 bridge), with a total of 163 mm
falling mostly before 7 August. The repeated high precipita-
tion resulted in increased discharge at Bernardo, NM, 81 km
downstream from the study area, between 4 and 11 August
2006. A peak flow of 176 m?/s was recorded at Bernardo
(U.S. Geological Survey (USGS) streamgage 08353000) at
5:00 AM MST on 10 August 2006 and lasted about 14 h. The
discharge across the flooded arroyo bottom at the study reach
was not directly measured but was estimated to be 625 m®/s
near the Highway 6 bridge (E. R. Griffin, submitted, 2013).

[15] The 2006 flood caused extensive erosion and channel
widening along the devegetated reach (Figure 1). Around
62% of the banks in the sprayed reach eroded, widening
the channel from an average width of 12.7 m in 2005 to
23.4 m in November 2006 [Vincent et al., 2009; Griffin
et al., 2010]. This study quantifies the topographic change
that occurred along the valley immediately downstream of
the sprayed reach.

3. Lidar Differencing for Change Detection

[16] We focus on a 12 km segment of the Rio Puerco
immediately downstream of the sprayed reach where healthy
vegetation remained on the banks and floodplain at the time
of the 2006 flood (Figure 1). Field observations suggest
that widespread floodplain sedimentation occurred along
this reach, decreasing in thickness with distance downstream
of the Highway 6 bridge. Enhanced aggradation is apparent
within dense vegetation, while overbank channels are seen
to have formed in the bare areas between groves of tamarisk.

[17] Two overlapping high-resolution topographic data
sets bracket the 2006 flood event. On 5 April 2005, air-
borne lidar data were collected for the portion of the arroyo
between Highway 6 and Bernardo, NM, near the conflu-
ence with the Rio Grande (Figure 2b). A second data set
was obtained on 26 March 2010, postdating the flood, that
extends from the confluence of Rio Puerco and Rio San
Jose, at the upstream end of the devegetated reach, to a point
12 km down-valley from the Highway 6 bridge (Figure 2c).
The study area consists of the 3,656,408 m? of overlap
between the two data sets. By subtracting the elevations of
the pre-event lidar-derived digital terrain model (DTM) from
those of the post-event DTM, we can measure the topo-
graphic change that occurred between the two collection
campaigns at every point in this area (Figure 2d). Because
the 2006 event was the only major flood that occurred within
this time period, we assume that the differencing of the two
lidar data sets records the net elevation change that resulted
from this flood.

[18] The 2005 lidar data set was collected and processed
by Spectrum Mapping LLC. The provided bare ground point
cloud (0.91 points/m?) and DTM (2 m spacing) have a
reported horizontal and vertical positional accuracy of 30 cm
(Spectrum Mapping LLC, unpublished report, 2005). The
National Center for Airborne Laser Mapping (NCALM)
collected and processed the 2010 data set. The classified
point cloud (6.08 points/m?) and first-return (unfiltered) and
bare-earth DTMs (0.5 m spacing) have a reported vertical
accuracy of 5 cm and a horizontal accuracy of 10 cm
[National Center for Airborne Laser Mapping, 2011].

[19] The 2005 DTM supplied by the contractor showed
significant error in the position and slope of the arroyo walls
due to imprecisions in the delineation of the slope break-
lines. We created a new bare ground DTM with 2 m spacing
by interpolating the 2005 bare ground point data using an
inverse distance weighted technique with no breaklines. The
resulting DTM more accurately represents the position and
morphology of the arroyo walls as observed in aerial and
satellite imagery. Resampling the 2005 data set into a finer
grid led to artifacts along the arroyo walls. The 2010 bare
ground and first-return DTMs were therefore aggregated into
tiles with 2 m spacing to match the cell size of the 2005
data set. All data sets were clipped to cover the same extent
and referenced to the universal time meridian coordinate sys-
tem, Zone 13N, North American Datum of 1983 (NAD 83).
Elevations were referenced to the North American Vertical
Datum of 1988 (NAVD 88).

3.1. Calculating and Mapping Uncertainty

[20] For the results of a differencing study to be mean-
ingful, the minimum level of change that is detectable
above the noise of the data must be determined
[Brasington et al., 2000]. The rapid magnification of error
during the creation of derivative products such as differ-
encing maps requires that the uncertainty be determined
directly for the derived products [Burrough and McDonnell,
1998; Westaway et al., 2000; Wise, 2000]. In DEM of Dif-
ference (DoD) studies, the uncertainty is assumed to be
either spatially uniform, constant within zones of similar
characteristics [Westaway et al., 2003; Lane et al., 2003] or
variable for every cell of the raster [Wheaton, 2008]. For
this study, the uncertainty of the DEM of Difference will
be the sum of errors of four categories: (1) systematic error
affecting the accuracy of the measurements, (2) random
error affecting the precision of the data, (3) filtering error
arising during the extraction of bare ground points from
the raw data, and (4) interpolation error resulting from the
transformation of point data to continuous rasters across
complex topography.

3.1.1. Systematic Error

[21] Systematic errors in DEMs of Difference primarily
arise from the horizontal (8s,) and vertical (8s,) misalign-
ment of the elevation data sets [Delong et al., 2011;
Streutker et al., 2011]. When systematic errors can be quan-
tified, a correction can be applied to the position of the data
sets to reduce the overall uncertainty of the DoD.

[22] A horizontal shift between the two DTMs can result
in significant changes in the patterns of differencing across
the landscape. The error will be largest along steep slopes,
where horizontal misalignment can result in large appar-
ent vertical shifts. The majority of the techniques used to
detect horizontal misalignment [e.g., Maas, 2000, 2002;
Kraus et al., 2006; Akca, 2010] are based on a least-squares
matching process of nonchanging surfaces where one data
set is shifted until the absolute difference between the two
is minimized. Other methods that are applied extensively in
engineered environments use patch [Filin, 2005] or linear
feature matching [Habib et al., 2008] and depend on detailed
knowledge of the geometry of control surfaces. The lack of
multiple well-constrained nonchanging surfaces or artificial
structures in the study area make the Rio Puerco DoD a poor
candidate for the use of these methods.
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[23] DeLong et al. [2011] used systematic variations in
topographic change with surface slope angle (following
Streutker et al. [2011]) to calculate the horizontal corrections
necessary to co-register two data sets. This method works
best if used in large areas with smoothly varying surfaces,
a range of slope values and minimal morphologic change
between images. We modified this technique for use in the
study area by isolating the arroyo walls and observing the
values of the DoD across a range of aspects. If the two data
sets are misaligned, then large values of positive topographic
change are expected along arroyo walls of similar aspect.
Using this method, we found no evidence for significant hor-
izontal offset between the two data sets at a scale coarser
than the reported positional accuracy.

[24] Any vertical displacement between the 2005 and
2010 DTMs will result in errors in the magnitude of the
topographic change measured at every point in the land-
scape and very large differences in the net volumetric change
calculated across the entire DoD. Repeat measurement of
the elevation of unchanging surfaces is the most commonly
used method for determining the systematic vertical offset
between data sets as well as the random noise that is part of
the measurement uncertainty [Lane et al., 1994; Brasington
et al., 2000; Wheaton, 2008; Mitasova et al., 2009; DeLong
et al., 2011]. The Highway 6 bridge would seem to serve
as an ideal surface to use with this method, but its elevation
changed between 2005 and 2010 after it was repaved. Sev-
eral small rudimentary access roads exist in the study area,
but their surface elevation and position cannot be assumed
to be unchanging.

[25] The floor of the valley into which the arroyo is
incised is a long-term stable flat surface that should have
seen minimal net elevation change between the acquisi-
tion of the two data sets. Small-scale change, however, is
expected to have been caused by overland flow, acolian pro-
cesses, and animal activity. The 2005 DTM does not extend
far onto the valley floor above the vertical arroyo walls
(Figure 2b), limiting the availability of data. The edge of
the valley floor along the arroyo walls is actively modified
by piping of overland flow through the substrate and by the
rotation and collapse of fractured blocks into the arroyo. To
remove areas prone to such effects, we defined cells of the
valley floor more than 10 m away from the arroyo wall as
long-term stable flat surfaces. Terraces within the arroyo,
which were not directly impacted by the 2006 flood, also
serve as stable vertical references. These surfaces receive
sediment from the uplands through overland flow during
large storms as well as wind-blown dust throughout the year,
and they lose material to the modern floodplain via overland
flow, aeolian processes, and surface reworking by grazing
cattle. Their net topographic change between 2005 and 2010
is, however, likely very small and focused primarily along
the arroyo walls and the edge of the terraces.

[26] In the absence of systematic or random error, the
stable surfaces should show no difference in elevation
between the 2010 and 2005 DTMs. We find, however, a
median difference between the elevation of all cells in these
areas of 9.75 cm. This value represents the systematic verti-
cal offset g, between the two data sets for the entire study
area. While the misalignment is within the published ver-
tical accuracy of both data sets, it represents 356,450 m?
of difference over the entire reach. We corrected the verti-

cal position of the 2005 data set by increasing the elevation
of all its cells by the systematic error to reduce the median
difference between the elevation of the long-term stable
surfaces to zero.

3.1.2. Random Error

[27] The noise around the median elevation differences
of the cells of the stable surfaces is, in part, caused by
the random error that propagates from the point elevation
measurements to the DTMs [Wheaton, 2008]. The standard
deviation for the distribution of elevation differences of the
stable surfaces is 11.7 cm. Real changes in the topography
of these surfaces between 2005 and 2010 are also captured
within this variability. In the absence of fully stable surfaces,
it is not possible to isolate the random error that originates
from the lidar measurements from these real changes. We
therefore assume that the standard deviation of the differ-
ence distribution, 11.7 c¢m, is the total random error 8z of the
DoD. This approach likely overestimates the uncertainty of
the DEM of Difference.

3.1.3. Filtering Error

[28] Creating DTMs that reflect the surface topography of
the study area requires removing from the raw point data the
laser signals that were intercepted by vegetation. Filtering
algorithms commonly use four characteristics to classify a
point as bare ground: lowest elevation within a buffer area,
slope threshold, relief threshold when compared to points
around it, and surface smoothness [Zhang and Whitman,
2005; Meng et al., 2010]. Few studies have investigated the
propagation of terrain filtering error into derivative prod-
ucts such as DEMs of Difference [Fisher and Tate, 2006;
Kobler et al.,2007]. The accuracy of the filtering algorithms
is most commonly tested by comparing the elevation of a
bare ground DTM with other high-resolution measurements
of the surface [e.g., Bowen and Waltermire, 2002; Hutton
and Brazier, 2012]. We use this approach both as a general
validation test of the accuracy of the lidar data and as a
means of identifying potential vegetation filtering errors.
3.1.3.1. Lidar Validation Using GPS Survey

[29] A high-precision GPS survey of a section of the study
area and the zone immediately upstream of Highway 6 was
performed within a week of the collection of the 2010 data
set. This survey provides independent data with which to test
the validity and accuracy of the lidar DTMs. We classified
each GPS point as stable surface, near wall, bare floodplain,
or vegetated floodplain using 2006 Quickbird II imagery.
Points within the channel, where the GPS elevations record
the elevation of the bed but the lidar detected the water sur-
face elevation, were removed. Figure 3 shows the GPS and
2010 bare ground DTM elevations for a cross section of the
arroyo (location of the cross section shown in Figure 2c).
The difference in elevation between the GPS and 2010 DTM
data for points classified as bare floodplain (n = 467) and
vegetated floodplain (n = 36) had similar median values
(1 cm or less) and standard deviation (0.09 m). The similar-
ity between the standard deviation of this mismatch and the
random error of the DoD suggest that the filtering of veg-
etation from the lidar data added minimal error to the bare
ground 2010 DTM.

[30] While no high-precision GPS survey of similar extent
and close timing exists for the 2005 data, RTK GPS data
obtained in April 2002 can be used to constrain the preci-
sion of the lidar elevation measurements within vegetation.
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Figure 3. High-resolution GPS elevations collected in early April 2010 (squares) and 2010 DTM eleva-
tions at the same locations (crosses). Gray points show the elevation of all bare ground laser returns of the
2010 lidar data set within 2 m of the cross section. There is minimal offset between the elevation of GPS
points and DTM within the vegetated and unvegetated arroyo bottom and the stable surfaces, but higher
mismatch and spread of the lidar point elevations along the arroyo walls, where the slope is highest.

A total of six point measurements of surface elevation were
collected under dense canopy in areas unlikely to have
experienced topographic change between 2002 and 2005.
The GPS elevation of those points are (median) 0.081 m
higher than the elevation at the same location of the uncor-
rected 2005 DTM (standard deviation of 0.14 m). After
correcting the elevation of the 2005 DTM for the system-
atic error, the median elevation difference becomes 1.6 cm.
Given the small size of the sample, the time span between
the GPS survey and the lidar campaign, and the similarities
between the filtering methods used to process the 2005 and
2010 data sets, we assume that no significant filtering error
is introduced to the corrected 2005 DTM by the terrain filter-
ing. A similar analysis by Vincent et al. [2009], for a larger
area of the Rio Puerco and using the 2005 DTM provided by
the contractor, reached similar conclusions.
3.1.4. Interpolation Error

[31] Interpolation errors arise during the creation of
DTMs from point data. They can originate from sampling
patterns that lead to variability in the point density across
the landscape [MacEachren and Davidson, 1987], or when
the point density is too low to accurately capture the shape
of morphologically complex terrain [Lane et al., 2003]. The
bare ground points for both the 2005 and 2010 data sets are
uniformly distributed across the study area, minimizing the
interpolation error of low slope surfaces. Steep slopes, like
those along the arroyo walls, can result in large interpola-
tion errors [Maling, 1989; Hodgson and Bresnahan, 2004;
Zhang and Whitman, 2005] because small horizontal mis-
placements of the point measurements of elevation can lead
to large shifts in the position of the surface in the interpolated
raster. We assume that the interpolation error §; for every cell
i in each of the Rio Puerco DTMs is primarily a function of
the surface slope «; at that point and the horizontal accuracy
of the data oy, for that data set [Hodgson and Bresnahan,
2004]:

8[[ = tan (Oli) O(x,y) (1)

[32] The horizontal accuracy of the lidar data is reported
by the suppliers as 0.30 m for the 2005 DTM (Spectrum
Mapping LLC, unpublished report, 2005) and 0.10 m

for the 2010 DTM [National Center for Airborne Laser
Mapping, 2011].
3.1.5. Creating a Map of Uncertainty

[33] We calculated a final differencing map by subtract-
ing the corrected 2005 DTM from the 2010 DTM to create
a raster that represents the topographic change of the land-
scape between 2005 and 2010. Positive values correspond
to upward movement of the surface or net aggradation,
while negative numbers show lowering of the surface or net
erosion (Figure 2d).

[34] The total uncertainty of the differencing measure-
ments 87, for every cell, is equal to [Brasington et al.,
2000]:

or= \/5122 + 812005 + 812010 ()

where 6z is the random error, and §,559s and 85519 are the
interpolation errors for the 2005 and 2010 data sets, respec-
tively (Figure 2e). After correcting the elevation of the 2005
DTM, the systematic error g, does not contribute to the total
differencing uncertainty.
3.1.6. Field Validation of Differencing Map

[35] The accuracy of the differencing map was tested by
measuring the thickness of the 2006 flood deposits in
the field on 4-6 November 2011. The material deposited by
the 2006 event is primarily fine white sand, in contrast to the
often dark red mixture of sand, silt, and clay that covered
the floodplain prior to the flood [Vincent et al., 2009]. We
dug 26 pits along the first 3.5 km of the floodplain down-
stream of the Highway 6 bridge and used the appearance
of thick clay layers, dark or red sand, or significant oxida-
tion to define the base of the 2006 deposits. The location
of each of the pits was selected to be representative of the
area and to avoid the effects of small-scale topography and
individual plants on the sediment thickness. The coordinates
for each pit were collected using a handheld Garmin GPS
with a reported accuracy of 15 m (Figure 4).

3.2. Detection of Vegetation

[36] A vegetation map of the study area was generated
from remote sensing imagery by classifying each pixel as
covered by large woody vegetation, small woody vegetation,
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Figure 4. (top) Location of 26 pits where the thickness of the 2006 flood deposits was estimated, and
lidar differencing map. NM Highway 6 is seen on the left side of the map. (bottom) Field measurements
(squares) and lidar differencing results (crosses, spanning the uncertainty) at every pit location; light gray
shading marks sites where the surface deposits are clay rich. Dark gray bars span one standard deviation
of the lidar differencing measurements within a 15 m radius around every pit.

or bare ground. The category of large woody vegetation
is assigned to zones where the terrain filtering algorithms
used to process the 2010 lidar data set detected obstacles
above the bare ground. We assume that these areas are vege-
tated primarily by mature tamarisk, which have dense branch
networks that intercept the laser beams before they reach
the bare ground. Young tamarisk plants and sandbar willow
are effectively invisible to airborne lidar because their thin
near-vertical stems and branches do not consistently reflect
the laser signals. A minimum height for obstacles of 0.1 m
above the surface was selected to remove the random error
in the data.

[37] The distribution of plants on the landscape was also
mapped from the 2006 Quickbird II images by using an
iso cluster unsupervised classification algorithm [Richards,
1986] to categorize each pixel as either bare ground or veg-
etation. Cells classified as vegetated using this method but
not by the 2010 lidar were categorized as small woody vege-
tation. These zones are thought to represent dense groves of
sandbar willow and young tamarisk.

[38] Vegetation cover and density were assumed to be
constant between 2005 and 2010. The vegetation classifi-
cation was confirmed to be accurate over this time period
by comparing the vegetation map against aerial and satel-
lite imagery, GPS-referenced field photographs of the area
surrounding each of the field-validation pits, and overview
photographs of the arroyo taken from the Highway 6 bridge
and the upper valley surface with identifiable morphologi-
cal landmarks. The vegetation map was found to accurately
detect the patterns of vegetation on the landscape as well as
correctly represent the dominant plant type.

3.3. Data Analysis

[39] Separate calculations of topographic change were
performed for zones directly impacted by the 2006 flood
(arroyo bottom, consisting of the channel and floodplain)
and for those outside of'its direct path (arroyo walls, terraces,

and upper valley surface). The boundary between the
near-horizontal arroyo bottom and the steeply sloping walls
was delineated automatically by selecting cells of the 2005
DTM with a 6° slope, which are generally found at the toe of
the walls. The edges of terraces were selected from the same
data set by following zones of high topographic curvature.
Both edges were combined and compared to the 2005 DTM
for misplacement (Figure 2d).

[40] The coordinate system of the differencing and veg-
etation maps was transformed to a valley-wise and valley-
normal coordinate system using the techniques presented by
Legleiter and Kyriakidis [2006]. All locations are identified
in terms of distance downstream of the Highway 6 bridge
along the valley centerline (Figure 5).

[41] Trends of mean topographic change were calculated
by averaging the data across 25 m wide slices in the down-
valley direction. The spatial correlation between topographic
change and vegetation was observed by dividing the DoD
and the vegetation map into 25 m by 25 m windows and
averaging the values within each cell. The relationship
between sedimentation and vegetation was only analyzed
for cells within the arroyo bottom along the downstream-
most 7 km of the study area, where sediment thickness
does not appear to be strongly affected by proximity to the
sprayed reach or arroyo morphology. The uncertainties of
the differencing measurements are reported as the sum of
the uncertainties calculated for each of the cells of the DoD
(Figure 2e).

3.4. Results

[42] Figure 6 shows the areal and volumetric distributions
of topographic change for the study area, the arroyo bottom,
and the walls and terraces. Areal change distributions are
histograms that record the total surface area that experi-
enced a given magnitude of change. Volumetric distributions
are derived from the areal distributions by multiplying each
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Figure 5. (a) Planform view of the DEM of Difference, in valley-wise and valley-normal coordinates.
(b) Quantiles of differencing values within the arroyo bottom (dark gray) and walls (light gray) averaged
over 25 m wide windows perpendicular to the valley-wise direction: median (black line) and 25th—75th
quantiles (shading). (c¢) Mean elevation change (black points), uncertainty in the differencing (light gray
shading) and theoretical model for sedimentation depth with distance from the sediment source (black
line) as shown in equation (8). Deviations of the mean elevation change from the model: overpredictions
in dark gray, under-predictions in light gray. (d) Vegetation map created from the difference between
the first-stop and bare ground 2010 DTMs (large woody vegetation, dark green) and the iso cluster
unsupervised classification algorithm (small woody vegetation, light green).

magnitude of elevation change by the corresponding area
[Wheaton et al., 2010].

[43] Table 1 summarizes the average topographic change
and measurement uncertainty calculated from the DEM of
Difference for each zone of the reach. The differencing
map records a net volume change for the study area of
578,050 m® £+ ~ 490,000 m?, with a mean increase in ele-
vation of 0.16 m % 0.13 m. The total volume of aggradation
measured in the study area is 988,790 m> & ~ 330,000 m®.
The elevation of cells showing positive topographic change
increased, on average, by 0.37 m £ 0.12 m between 2005
and 2010. Most of the positive topographic change is seen
within the arroyo bottom (88.3% of the total volume of
aggradation).

[4] A volume of 410,740 m® £+ ~ 350,000 m® is
measured as having eroded from the study area, with
a mean change in elevation of the eroded zones of
—0.42 m £<0.16 m. Most of the erosion is found along
the vertical arroyo walls and terraces, accounting for 76.7%
of the total material removed. Gullies and collapsed piping
features along the arroyo walls are seen in the lidar differ-
encing as linear zones of negative topographic change on

the upper valley surface, perpendicular to the arroyo walls
(Figure 2d). Only 2.9% of the study area records more than
1 m of erosion, but this fraction corresponds to 58.4% of
the total material eroded. These are sites where blocks, esti-
mated in the field to be around 1.5 m thick, 5 m wide,
and the height of the wall, collapsed into the arroyo (shown
with arrows in Figure 2d). The differencing map shows that
they are found either directly in the path of the down-valley
flood flow, facing upstream, or are found where a meander
bend abuts the arroyo wall. Zones of focused aggradation are
sometimes visible next to sites of high erosion, indicating
the growth of point bars or the presence of collapsed blocks
within the arroyo bottom.

[45] Field measurements of the thickness of the 2006
flood deposits collected in areas where the surface sediments
consisted of medium and fine sands are consistent with the
findings of the lidar differencing (Figure 4, no shading),
and underestimate the DoD measurements in pits with sur-
face material composed primarily of clays and silty clays
(Figure 4, gray shading). In sand-rich pits, the field measure-
ments are on average 0.07 m shallower (standard deviation
of 0.26 m) than the local value of the lidar differencing.
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Figure 6. (a) Areal and (b) volumetric differencing distri-
butions for the total study area (gray bars), arroyo bottom
(solid line), and walls and terraces (dashed line).

At clay-rich sites, the field measurements are, on average,
0.66 m shallower (standard deviation of 0.31 m) than the
values of the lidar differencing.

[46] The vegetation density map shows that plant groves
are densest on the banks of the channel and along strips on
the inside of meander bends (Figure 5d). The fraction of
the floodplain that is blocked by vegetation, known as the
blockage factor [Green, 2005; Luhar et al., 2008], increases
gradually for the first 4 km downstream of Highway 6, with
similar proportions of vegetation classified as small woody
vegetation and large woody vegetation. Vegetation cover is
variable between 4 and 6.5 km and then is uniformly high to
the end of the study reach. The floodplain is dominated by
small woody vegetation between 4 km and 9.5 km and by

[47] Figure 7 shows the relationship between mean
sediment depth and vegetation density and type for the
down-valley 7 km of the study area. There is a poor corre-
lation between mean deposit thickness and vegetation cover,
although aggradation is lower in areas with minimal vege-
tation and generally higher where the landscape is 60-70%
covered by vegetation (Figure 7a). A stronger relationship
is seen between vegetation density and type and the vari-
ability in deposit thickness (Figure 7b). Sites dominated
by large woody vegetation show very high variability in
sediment depth. Where the landscape is covered by small
woody vegetation, sediment depths tend to be uniform
across the landscape.

[48] The magnitude and down-valley patterns of topo-
graphic change seen in the landscape are different for the
arroyo bottom and the walls and terraces (Figure 5b). The
mean elevation change recorded within the arroyo bottom is
highest immediately downstream of the Highway 6 bridge
and decreases with distance down-valley. Downstream of
7 km, the thickness of deposition along the arroyo bottom
no longer varies and has a median value of around 30 cm.
Along the arroyo walls and terraces, erosion is uniform with
distance down-valley for the length of the study area, with a
mean value of around 30 cm. Large negative deviations from
the mean correspond to zones of localized wall retreat.

4. Theoretical Depositional Profile With Distance
From Sediment Source

[499] We aim to determine whether a simple, one-
dimensional mass balance model can account for the major
down-valley patterns of deposition seen within the arroyo
bottom in the lidar differencing. This model does not attempt
to fully describe sediment transport along the Rio Puerco
during the 2006 flood but instead separates the first-order
controls on sediment distribution, such as the distance from
the sprayed reach, from the local influence of vegetation and
arroyo morphology on the patterns of floodplain aggrada-
tion. The model starts with an equation for conservation of
suspended sediment:

large woody vegetation between 9.5 km and the downstream dCh . . . dg,
—=E+§S-D- — 3

end of the study area. 7 I 3)

Table 1. Total Topographic Change Measured by Lidar Differencing

Volumetric Change Mean Elevation Change % of Zone % of Change
Total Area

Net change 578,050 &£ 488,190 m? 0.16 £ 0.13 m

Aggradation 988,790 =+ 334,400 m? 037 £0.12m 73.5%

Erosion 410,740 % 153,780 m? —042 4+ 0.16 m 26.5%

Arroyo Bottom*

Net change 899,723 4 316,110 m* 034 +£0.12m

Aggradation 927,300 =+ 287,180 m? 039£0.12m 91.3% 88.3%

Erosion 27,577 £ 28,935 m? —0.124+0.13m 8.7% 23.3%

Walls and Terraces®

Net change 321,662 &+ 172,070 m? —0.30 £ 0.16 m

Aggradation 61,498 & 47,224 m? 020 £0.15m 29.8% 11.7%

Erosion —383,160 % 124,850 m? —0.52 4+ 0.17m 70.2% 76.7%

271.0% of arroyo area (channel and floodplain).

©29.0% of arroyo area (upper valley surface, vertical arroyo walls, and terraces).
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Figure 7. Moving window comparison between lidar differencing values and vegetation density and
type within the arroyo bottom between 7 km and 12 km down-valley from NM Highway 6. (a) Mean
sediment depth against fraction of small woody vegetation (horizontal axis) and large woody vegetation
(vertical axis). Dark colors represent higher depths of sedimentation. (b) Standard deviation of the sedi-
ment depth against fraction of small woody vegetation and large woody vegetation in the landscape. Dark

colors represent higher variability in sediment depth.

where C is the volumetric sediment concentration in the
flow, h is the flow depth, £ and D are the entrainment
and depositional fluxes, S is the flux of material into the
flow from sources other than the bed, ¢, is the sediment
discharge per unit width, and x is the distance along the
valley axis, increasing downstream. The entrainment flux,
E, should depend primarily on the shear stress applied by
the flow on the bed. Since the volume of erosion that might
have occurred along the arroyo bottom is likely very small
relative to the measured volumes of aggradation, we assume
that this term is negligible. Assuming steady state sediment
concentration in the flow, we can write

dq,

S-D
dx

“)

[s0] Many relationships have been proposed to describe
the rate of material flux from the flow onto the bed. We
assume that the depositional flux is given by the relation
D = pv,C, where p is a dimensionless number that reflects
the distribution of sediment in the water column [e.g., Davy
and Lague, 2009] and vy is the net settling velocity of a
particle in the flow. The sediment discharge per unit width
is given by g, = Cg, where ¢ is the water discharge per
unit width. By assuming that the discharge per unit width is
uniform with distance downstream, we can write

dC _ S pvC
q

q

e )

[s1] Integrating with respect to distance, we find an
expression for the volumetric sediment concentration with
distance downstream from the sediment source.

N 9 +
va)é

where C, is the sediment concentration at the inlet.

s

PVs

Cx) = (Co - (6)

[52] The rate of change of bed elevation niys given by the
simple relationship

dnwy D-E
dt  1—¢y (7)
where ¢fs the bed porosity. We again consider the erosion
rate £ to be negligible. Combining equations (7) and (6)
and integrating over the flood duration 7, we can write an

expression for the change in the elevation of the channel bed

and floodplains:
S _bsx S pVst
wo=| ¢,-—|p v +=—
e ( pvs)< pvs) -y

[53] This expression suggests that the depth of sedimen-
tation at any point in the study reach can be represented
as the sum of the accumulation of material sourced from
the sprayed reach, which follows an exponential profile
decreasing with distance downstream, and the deposition of
sediment that originates from local sources.

[54] We interpret the deviations of the median sediment
thickness obtained from the lidar differencing from this
theoretical model as reflecting the influence of arroyo mor-
phology and floodplain vegetation on sediment transport. To
isolate these processes, we fit the one-dimensional model
to the values of median sediment thickness with distance
downstream obtained from the DoD. We assume a uni-
form distribution of sediment in the water column (implying
p = 1) [Nordin, 1963] and a porosity of the sediment on the
bed of 30% (¢y= 0.3) [Beard and Weyl, 1973]. We choose
a time ¢ = 50400 s to represent the duration of the peak
discharge at the Bernardo, NM, streamgage (14 h) and a
grain size of 0.045 mm (coarse silt) as representative of the
material carried by the flow [Nordin, 1963]. Using the for-
mulation of Ferguson and Church [2004], which is valid for
both viscous and turbulent conditions, we calculate a settling
velocity for quartz grains in the flow of v, = 0.00175 ms™'.

®)
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[s5s] We calculate a value for the water discharge per
unit width of the arroyo bottom, ¢, from a total dis-
charge at the Highway 6 bridge of 9 = 625 m? s
(E. R. Griffin, submitted, 2013) and a mean width of the
active flow equal to the mean width of the arroyo bottom
along the study reach b = 235 m. This results in a
discharge per unit width for the 2006 flood of approximately
g=2.66m>s".

[s6] In the downstream-most 5 km of the study reach, we
observe a depositional profile that is essentially uniform in
space. This is consistent with the prediction of equation (8)
that sediment accumulation should asymptote downstream
to a constant depth that reflects local sources. The flux of
sediment from sources other than the bed S can be calculated
from the mean elevation change of the arroyo bottom seen
in the lidar differencing downstream of 7 km, Az = 0.31 m,
to find § = 4.3 x40° ms!.

[57] We fit this theoretical model to the down-valley mean
values of elevation change (Figure 5b), excluding the data
upstream of 1 km and between 5 km and 7 km, to find a
value for the incoming sediment concentration C,. Along
those reaches, the local morphology of the arroyo appears
to strongly influence the sedimentation pattern. We find that
the sediment concentration at the upstream end of the study
reach is approximately C, = 0.009 (R?> = 0.65). Figure 5¢c
shows the fit of the theoretical model to the median sedi-
ment thickness as well as the deviations of the data from
the model.

5. Discussion

5.1. Sources of Sediment Throughout the Rio Puerco

[s8] Within the study area, we interpret the down-valley
sedimentation pattern as the sum of a depositional pro-
file of the sediment derived from the sprayed reach, which
decreases roughly exponentially with distance downstream,
and a constant accumulation of material sourced from the
arroyo walls and upper valley surface. This interpretation
is consistent with a simple one-dimensional mass balance
model, which predicts that the contribution of the upstream
source should decay exponentially downstream. Below a
certain distance downstream of the sediment source, the con-
tribution of sediment from the upstream source is no longer
significant, and a balance is reached between the rate of
deposition onto the floodplain D and the flux of material
from external sources S. For the study reach, we observe
a transition about 3.6 km from Highway 6, downstream of
which the thickness of the deposits as predicted by the model
decreases by less than 0.05 mm per meter downstream. This
one-dimensional model therefore suggests that, while the
widespread removal of vegetation from the floodplain and
banks of the Rio Puerco had significant local consequences
for the morphology of the arroyo, its effects outside of the
sprayed reach were limited to a zone that extended a little
over 3 km downstream.

[59] The extensive bank erosion that occurred along the
sprayed reach during the 2006 flood is not found elsewhere
along the Rio Puerco. The presence of healthy vegetation
along the channel banks and floodplains might have pre-
vented erosion during the 2006 flood by increasing bank
stability [Afzalimehr and Dey, 2009; Pollen-Bankhead and

Simon, 2009] and reducing near-bed flow velocity and tur-
bulence [Lopez and Garcia, 1998; Siniscalchi et al., 2012].

[60] Localized retreat of the arroyo walls through block
collapse is observed to have occurred within the vegetated
study area (Figure 2d) as well as throughout the sprayed
reach upstream. Erosion of the walls and the edges of the
terraces occurred through three distinct processes: (1) piping
and gullying by overland flow draining the upper valley
surface, (2) the collapse of blocks fracturing parallel to the
wall edge, not driven by undercutting, and (3) the failure
of large blocks where a meander bend undercuts the arroyo
wall. While the first two processes are independent of veg-
etation and should only be a function of overland flow and
soil saturation [Istanbulluoglu et al., 2005], the removal of
plants from the floodplain and banks might have led to more
effective undercutting of arroyo walls by leaving the banks
unshielded and allowing for faster migration of meanders.
We are not able to fully quantify the differences in wall
erosion between the sprayed and vegetated reaches due to
the lack of repeat topography along the upstream section.
A visual comparison of the 2005 New Mexico Digital
Orthophoto Quarter-Quads (DOQQs) (1 m pixels, collected
in July/August 2005) [New Mexico Geospatial Data Acqui-
sition Committee, 2006] and the 2010 lidar DTM, however,
suggests that the number of large block failures along the
arroyo walls is similar between the two reaches.

5.2. Role of Vegetation on Sediment Distribution

[61] Superimposed on the depositional profile described
by the one-dimensional mass balance model are the finer-
scale effects of arroyo morphology and floodplain vegeta-
tion on the distribution of flow and sediment across the
landscape. It is not the purpose of this paper to under-
stand the specific mechanisms that governed the interaction
of flow, sediment, and vegetation during the 2006 flood
(E. R. Griffin, submitted, 2013), but instead to use the
patterns of topographic change observed in the lidar differ-
encing to explore the reach- and patch-scale variability in
sediment transport across the vegetated landscape.

[62] Two sections of the arroyo show major deviations
from the predicted profile. In the reach that extends 0.75 km
downstream from Highway 6, the depth of sedimentation
is lower than predicted by equation (8). We speculate that
the presence of the Highway 6 bridge prevents the free
movement of the channel across the floodplain, forcing the
arroyo to remain narrow and leading to higher flow veloci-
ties that limit deposition. The steep channel gradient under
the bridge might also locally increase the flow velocity and
contribute to this pattern. The theoretical model is also a
poor fit between 3.5 km and 6.8 km down-valley of High-
way 6. The upstream end of this section corresponds to an
abrupt increase in the width of the arroyo bottom. At around
6.8 km, a broad floodplain depression, previously occupied
by a large meander bend but now abandoned, lies isolated
from the down-valley flow. The sudden increase in median
sediment depth at this location may reflect the accumulation
of sediment in this low area. Figure 2d (dashed lines) shows
two similar depressions at a different location in the study
area that also accumulated material during the 2006 flood.

[63] The presence of vegetation on the landscape is known
to create drag and affect the velocity of the flow, the scale
and intensity of turbulence [Raupach, 1992; Tanino and
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Nepf, 2008; Larsen et al., 2009; Folkard, 2011], and the
patterns of shear stress on the bed [Hopkinson and Wynn,
2009; Schoneboom et al., 2010]. The drag force exerted by
arrays of vertical stems is controlled by stem diameter and
spacing. Griffin et al. [2005] report that the dense groves of
sandbar willow and young, thin tamarisk (here classified as
small woody vegetation) on the banks of the Rio Puerco have
an average stem diameter D; of 0.02 m and a stem spacing
Apf 0.13 m, while the dense forests of large tamarisk (here
large woody vegetation) have D, = 0.20 m stems spaced
Ay= 0.41 m apart. These measurements were collected at
a height of 30 cm above the surface to more accurately
describe the plant morphology that interacts with overbank
flow. The frontal area per unit volume D,/A? is similar for
both classes of vegetation, suggesting that they impart simi-
lar amounts of drag on the flow [Kean and Smith, 2004]. If
the magnitude of sedimentation is only a function of drag,
then the depth of the 2006 sediments should increase with
increasing plant cover to reach a maximum depth where
the floodplains are 100% vegetated. Instead, a weak rela-
tionship is seen between sedimentation depth, vegetation
type and density (Figure 7a). The lack of a strong correla-
tion indicates that other factors such as flow depth, velocity,
and proximity to a local sediment source might significantly
contribute to the spatial distribution of sediment along the
study reach.

[64] A stronger correlation is seen between the variabil-
ity in sediment depth across the landscape and vegetation
type and cover (Figure 7b) that suggests that the characteris-
tics of vegetation are not only modifying the mean velocity
of the flow but are also influencing the spatial distribution
of sediment at the patch scale. The presence of vegetation
in the path of the flow affects turbulence by breaking up
large eddies and producing turbulence at the scale of the
stems and their spacing [Kean and Smith, 2006; Tanino
and Nepf, 2008]. There is, however, a nonlinear relation-
ship between stem density and kinetic energy in the flow
[Nepf, 1999]. When compared to unvegetated landscapes,
the flow over reaches with sparse vegetation exhibits aug-
mented turbulence intensity [Finnigan, 2000], increasing
the variability of deposit thickness and potentially causing
erosion [Moore, 2004; Vollmer and Kleinhans, 2007; Celik
et al., 2010; Lawson et al., 2012]. The high variability in
sediment depth in areas of the landscape that are dominated
by mature tamarisk, with widely spaced thick trunks in wide
bands parallel to the channel, could potentially be explained
by this process. As the density of stems on the landscape
continues to increase, the wakes of individual stems inter-
act more strongly and the intensity of turbulence decreases
[Raupach, 1992; Nepf, 1999; Larsen et al., 2009; Folkard,
2011]. Areas of uniform, dense vegetation like those covered
by closely spaced sandbar willows could therefore experi-
ence slow, uniform flow that results in minimal variabil-
ity in the depth of sedimentation. Smaller-scale variability
in sediment distribution generated by flow structures near
the leading and trailing edges of vegetation patches and
in the gaps between them [Sukhodolov and Sukhodolova,
2010; Zong and Nepf, 2010; Folkard, 2011; Siniscalchi
et al., 2012] cannot be detected at the spatial scale of
this case study.

[65] The influence of plant morphology, density, and dis-
tribution on the large-scale patterns of flow routing and

sedimentation on the landscape is still an unresolved issue
[Bal et al., 2011; Nepf, 2012b; Luhar and Nepf, 2013]. This
study suggests that the reach-scale patterns of sedimentation
observed through lidar differencing likely reflect complex
interactions of vegetation, flow, and sediment at the scale of
patches to individual plants.

5.3. Implications for the Evolution
of Arroyo Morphology

[66] Extensive bank erosion during the 2006 flood only
occurred along the 12 km reach upstream of the study area,
where most of the vegetation had been removed [Vincent
et al., 2009]. Our theoretical model suggests that the influ-
ence of this large sediment source on the morphology of the
river corridor downstream is limited to the first 3.6 km of
the reach. Downstream of this point, and elsewhere along
the arroyo, the sediment that accumulated on the floodplain
is sourced primarily from the localized collapse and gully-
ing of arroyo walls. While wall collapse might have been
enhanced by increased undercutting in areas void of plants,
these processes are active independent of vegetation cover.

[67] It is not possible to close the sediment budget for
the sprayed and study reaches of the Rio Puerco because
the flux of material from the upper valley surface into the
arroyo and the rate of transport of sediment into the sprayed
reach and out of the study area cannot be measured. The
measurements of volumetric change obtained from the lidar
differencing, however, can be combined with estimates of
the sediment yield from the sprayed reach to test the hypoth-
esis that the influence of the sediment released from the
sprayed reach was limited to the zone immediately down-
stream. The calculations of volumetric change within the
sprayed reach of Vincent et al. [2009], however, are not as
well constrained as those presented here due to a lack of
detailed before-and-after topographic data.

[68] Vincent et al. [2009] estimated that 680,000 m> of
material eroded from the arroyo bottom along the sprayed
reach of the Rio Puerco during the 2006 flood, primar-
ily through channel widening. Additionally, we estimate
that around 56,000 m® of sediment were removed from the
arroyo walls along the sprayed reach based on the compar-
ison of the 2005 DOQQs [New Mexico Geospatial Data
Acquisition Committee, 2006] and 2010 lidar DTM. When
combined with the measurements of erosion obtained from
the lidar differencing, the total volume of material eroded
from the sprayed reach and the study area is approximately
1,150,000 m*.

[69] Roughly 500,000 m* of sediment accumulated on the
floodplains of the sprayed reach during the flood [Vincent
et al., 2009]. Combined with our calculation of the vol-
ume of aggradation seen in the study area, a total volume
of aggradation of approximately 1,500,000 m* could have
occurred among the two reaches.

[70] The estimates of erosion from the sprayed reach and
study area account for around 77% of the volume of aggra-
dation over the same area. These calculations ignore possible
sources of sediment from the upper valley surface that
could contribute large volumes of sediment to the arroyo.
Phippen and Wohl [2003] measured the volume of sedi-
ment behind 17 intact retention dams on the upper valley
surface of the Rio Puerco and estimated that each drainage
supplies between 104.1 and 4119.8 metric tons of sediment
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per year to the arroyo. While these values are small com-
pared to the volume of sediment eroded from the walls of
the arroyo, numerous small basins drain into the sprayed
reach and study area from the upper valley surface. Several
small tributaries also join the main stem along this section
that could have contributed significant volumes of material
to the flow. Likewise, our estimates of wall erosion along the
sprayed reach only include large areas of wall collapse and
ignore erosion of the arroyo walls by piping, gullying, and
smaller collapses that is seen in the lidar differencing to be
prevalent throughout the study reach. It is therefore likely
that the material eroded from the sprayed reach because
of the removal of vegetation deposited entirely along the
arroyo bottom of the sprayed reach and the study area.
This implies that arroyo devegetation, at least within the
specific fluvial system of the Lower Rio Puerco, does not
cause spatially extensive geomorphic change to the riparian
corridor downstream.

[71] Gellis et al. [2011] argued that, during the initial
periods of arroyo filling, material from the walls and upper
valley surface accumulates within the incised arroyo, grad-
ually increasing its elevation. We calculate that 76.7% of
the sediment that eroded from the study area originated
from the arroyo walls and terraces. These findings agree
with their measurements at two other sites in the Rio
Puerco watershed where 80-100% of the material mobi-
lized is sourced from the arroyo walls. In the Lower Rio
Puerco, the erosion of material from the vertical walls of
the arroyo is, at least in the short term, independent of
the presence of vegetation along the arroyo bottom. The
widespread distribution of dense groves of invasive plants
along the floodplain and channel within the study area
might, however, be accelerating arroyo filling by capturing
a large portion of the sediment that is transported during
overbank flows.

5.4. Uncertainty in the Measurements of Change

[72] We found large uncertainties associated with the dif-
ferencing measurements that are a result of random error
propagating from the original data as well as vertical error
arising from the horizontal accuracy of each lidar data set. A
systematic vertical misalignment between the two DTMs of
9.75 cm was also found that does not change the reach-scale
patterns of erosion and deposition but can significantly affect
the calculations of volumetric change across the landscape.
While this value is within the reported vertical accuracy of
the lidar data sets, this misalignment results in a 61.7% dif-
ference in the net volumetric change across the study area.
When it can be quantified, it is possible to correct for a
systematic error between two data sets to reduce the uncer-
tainty in the DEM of Difference. Fully validating a vertical
correction, however, would require extensive high-precision
surveys of stable surfaces at the time of each lidar campaign
to confirm their vertical alignment beyond the reported ver-
tical uncertainty. These surveys are not available for the Rio
Puerco; in their absence, much more extensive and precise
ground-truthing of the flood deposit depths would be nec-
essary to confirm the systematic error and its distribution
across the landscape.

[73] The thickness of the 2006 flood deposits measured
in the field represents a minimum depth of sediment accu-
mulation during this event. The morphology of the deposits

exposed within the pits revealed bed forms, scour features,
and interbedded clay layers that suggest that the dynam-
ics of the flow were spatially complex and evolved over
time. The mismatch between the lidar differencing values
and the field measurements is, in part, a consequence of
the spatial variability of the patterns of deposition during
the 2006 flood. Of the points collected at sites with sand-
rich surface material, only 77% of the field measurements
fall either within the vertical accuracy of the DoD at that
specific point in the landscape (Figure 4, squares and black
crosses) or are within one standard deviation of the differ-
encing values within a 15 m radius (Figure 4, squares and
dark gray bars). Field measurements from pits with clay-rich
surface sediments (Figure 4, shaded) are consistently shal-
lower than the change measured in the lidar differencing.
Those pits are located in wide overbank channels between
rows of tamarisk, and in unvegetated flats isolated from the
primary down-valley flow. These topographically low zones
often remain flooded following heavy rainfall and overbank
flows. The clay-rich deposits seen in these pits might have
settled out of suspension from standing water following the
2006 flood. Because of their grain size, we consistently
miscategorized these post-flood deposits as pre-dating the
2006 event.

[74] The variability between the measurements collected
in the field and seen in the DoD could also be the result
of topographic change that occurred between the collection
of the 2005 data set and the accumulation of the earli-
est preserved deposits of the 2006 flood, or between the
2010 lidar campaign and the 2011 field measurements. The
USGS streamgage at Bernardo records several events in
the month preceding the 2006 flood that could have caused
minor overbank flooding and potentially affected surface
morphology. Field observations suggest that floodplain ero-
sion occurred along the study reach between March 2010
and November 2011, although the magnitude of topographic
change cannot be quantified. Only one large event, in August
2005, was captured by the Bernardo streamgage during this
period. Post-2006 sedimentation was observed, in Novem-
ber 2011, to be limited to 1 to 5 cm of unconsolidated sand
on the surface.

6. Conclusions

[75] We present the results of an airborne lidar differenc-
ing study of the effects of a large flood on the topography of
the Rio Puerco following the removal of vegetation from the
floodplain and channel immediately upstream of the study
area. The DEM of Difference (DoD) shows a net volumetric
change of 578,050 & ~ 490,000 m® across the study reach;
88.3% of the aggradation occurred along the floodplain and
channel, while 76.7% of the erosion was focused along the
vertical arroyo walls and terraces.

[76] At the coarse scale, the longitudinal variation in the
depth of sedimentation along the arroyo bottom can be
explained as the sum of two signals: an exponential depo-
sitional profile that decreases with distance from the deveg-
etated reach, and the uniform deposition of locally sourced
material. The sediment released from the sprayed reach only
impacts the morphology of the arroyo bottom along the
upstream 3.6 km of the study area. Further down-valley and
elsewhere along the arroyo, widespread, uniform floodplain

1205



PERIGNON ET AL.: VEGETATION EFFECTS ON TOPOGRAPHIC CHANGE

aggradation is primarily the result of erosion of the arroyo
walls through piping, gullying, and block collapse, and the
flux of material from the upper valley surface.

[77] Superimposed on this down-valley trend are the finer-
scale effects of vegetation and arroyo morphology on the
routing of flow and sediment across the landscape. The depth
of sedimentation within the arroyo bottom is weakly corre-
lated with vegetation type and density. Aggradation is lowest
in areas with minimal vegetation, while the highest depths
of sedimentation generally occur where the landscape is
60—-70% vegetated. The spatial variability in sedimentation
depth is strongly correlated with vegetation type and density.
The highest variability is observed within mature tamarisk,
with thick, widely spaced stems. Uniform deposition thick-
nesses are seen when the floodplain is populated by sandbar
willow and young tamarisk, with thin, closely spaced stems.
While this study does not intend to discern the mechanisms
that govern the interaction of flow, sediment, and vegetation,
we suggest that the patterns of sediment distribution across
the arroyo bottom are due to the nonlinear relationship
between stem density and turbulence intensity [Raupach,
1992; Nepf, 1999; Larsen et al., 2009; Folkard, 2011] that
can lead to increased near-bed flow velocities and spatially
varied shear stress within sparse vegetation and attenuated
turbulence inside dense stem arrays. The reach-scale patterns
of sedimentation observed through lidar differencing in this
study likely reflect complex interactions of vegetation, flow,
and sediment at the scale of patches to individual plants.

[78] The consequences of the 2006 flood on the Lower
Rio Puerco accentuate the importance of developing and
testing methods for assessing the hydrologic and sedi-
mentary impacts of changes to riparian environments. The
establishment and removal of plants from the landscape, as
well as changes in the nature and density of the vegetation
that could result from climate and land-use change, hold
the potential to influence water quality and the health of
ecosystems. Understanding the behavior of natural systems
in response to these changes is fundamental for applying
effective environmental management practices.
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