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THESIS ABSTRACT

Daniel Ryan Baldwin
Master of Science
Department of Geography
June 2019
Title: Monitoring Aquatic Habitat Restoration using Multispectral High-Resolution

Remote Sensing

The restoration of riverine habitats is a widespread industry valued at millions of

dollars annually. Quantifying the success of river restoration projects is an important
component of restoration planning but is often impractical in the long term. This study uses
cheaply available consumer grade technology to monitor a restoration site on the Middle
Fork John Day River, Oregon, and evaluate changes using 3 sets of high-resolution
imagery over a 12-year period. Additionally, it explores the experimental generation of
submeter resolution NDVI imagery though a modified consumer grade camera. This study
finds that restoration is moving towards its intended goals. Riparian vegetation has
generally expanded and encroached on the channel within the study site, and that the most
vigorous vegetation is that which has been protected from deer and elk browse in addition

to cattle grazing removal. Wood structures have remained relatively stable.
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CHAPTER I

INTRODUCTION AND BACKGROUND

River Restoration in the Pacific Northwest

In the western United States, mitigating the degradation of freshwater habitat
through restoration is a longstanding priority among land managers (Palmer et al, 2005).
In Fiscal Year 2015 alone, Bonneville Power Administration (BPA) reported a total of
$124 million dollars spent on improving habitat for anadromous fish in the Columbia
River Basin, with an additional $82 million spent on researching, monitoring, and
evaluating these projects (NW Power & Conservation Council, 2016). Despite decades of
costly habitat restoration in the Pacific Northwest, the specific ecological benefits
associated with a given project in the long term are often unclear (Bennett et al., 2016).
Effectiveness monitoring is critical for assessing restoration projects because it informs
the adaptive management principles that guide emerging restoration techniques.
Widespread effectiveness monitoring, however, is often impractical due to constraints of
cost, time, and available technology (Rumps et al 2007). Industry demand for low cost
alternatives to standard monitoring techniques is therefore growing. Recent technological
advances in unmanned aerial vehicles (UAV) present an opportunity to improve
monitoring and evaluation of river restoration projects through imagery-based reach-scale
assessment. Structure from Motion (SfM) digital photogrammetry has allowed for, in
contrast to infrequent and costly LiIDAR surveys, the rapid and low-cost generation of
high-resolution aerial imagery and DEMs of river environments using off the shelf

consumer grade equipment (Fonstad 2013, Marteau 2017). This research seeks to



investigate the utility of using SfM-derived imagery to monitor river restoration by
testing it in an applied habitat monitoring context with a set of practitioner-defined
management goals.

Riparian vegetation is an important component of fluvial systems because of its
demonstrated ability to reduce instream temperatures by shading the channel, decrease
turbidity by improving bank cohesion, and influence channel morphology by supplying
woody debris and increasing roughness (Corenblit et al., 2009, Kalny et al., 2017).
Riparian zones are known to play a crucial role in maintaining biodiversity and
ecosystem functions, due in large part to their connecting terrestrial and aquatic systems
(Beechie et al. 2010), and can be particularly sensitive to anthropogenic impacts. In the
Pacific Northwest, these impacts are often related to mining, grazing, or dam construction
(Bennett et al., 2016). The hydrologic connectivity a stream maintains with its
surrounding floodplain can have dramatic effects on local biodiversity as well as reach-
scale and watershed-scale processes. A river is considered to be “connected” with its
floodplain if peak flows are likely to create flooding on a regular basis, which in turn
tends to raise groundwater and support diverse plant and animal communities. Sedges
(Carex sp.) and willows (Salix sp.) are considered to be generally good indicators of
hydrologic connectivity between channels and banks (Winward, 2000) and can respond
rapidly to grazing removal (McDowell & Magilligan, 1998; Hough-Snee et al., 2013).
Floodplains with high degrees of hydrologic and biologic connectivity provide a wealth
of ecosystem services, such as improving water quality, decreasing nitrate and

phosphorus concentrations, maintaining biodiversity, and reducing bank erosion (Lyons



et al. 2000; Muller et al. 2015). The maintenance or enhancement of these conditions is a

frequent goal of restoration throughout the region.

Challenges to Effectiveness Monitoring

The diverse processes inherent to riverine habitats fundamentally require
effectiveness monitoring methodologies equipped to assess both biotic and abiotic
aspects of the system. Substrate monitoring has long required labor-intensive manual
counts of clasts (e.g., Wolman 1954) which, despite improvements in remote-sensing
based photosieving (e.g., Vasquez-Tarrio et al., 2017), remain the standard in many
studies of turbid streams where a clear view of the bed is not possible. Reach- or site-
scale vegetation data is frequently collected via transect or point-based survey methods
that identify species, height classes, and record browse effects (e.g., Winward, 2000;
Gothe et al., 2016) Large woody debris is commonly monitored via photopoints (Roni,
2018), or with simplified inventorying that assesses abundance per channel unit length.
These techniques still retain value despite new technological developments, although for
cheaply available monitoring, the amount of labor required often make these techniques
cost prohibitive, resulting in a shortage of long-term data.

The shortage of long term-effectiveness monitoring is well-known in restoration
ecology literature (Gonzalez et al., 2015, Roni 2018), and that which does exist is met
with the significant methodological challenges. While multiple scales of monitoring
programs exist and may be occasionally implemented with large-scale coordination,
scalar mismatches can occur between the target process being restored and the metrics

chosen for evaluating the success of a given project (Knighton, 1998, Beechie et al.,



2010). For example, Bonneville Power Administration’s Columbia Habitat and
Monitoring Program (CHaMP), which aimed to characterize restoration throughout the
Columbia watershed, was evaluated in 2018 as underrepresenting the value of tributary
restoration actions (Rosgen et al, 2018). Intensively monitored watersheds (IMWs), by
contrast, attempt to gauge the physical and biological response of particular watersheds to
inform practices elsewhere, building on detailed site-level effectiveness monitoring to
estimate watershed-level response. This is particularly crucial when examining the
response of mobile organisms, e.g., salmon, to extensive changes in land use. Within the
Columbia watershed, there is ample room to bridge the multiple scales of monitoring that

can be facilitated by emerging remote sensing methodologies.

Remote Sensing and Rivers

Rivers have long been an important area of study in remote sensing. Multispectral
studies of rivers have examined in-channel units (Marcus and Fonstad, 2008), bathymetry
(Dietrich 2017), and riparian zones (Jeong et al., 2016), among a host of other
applications (see Bizzi et al., 2015). Structure-from-Motion (SfM) photogrammetry has
recently given researchers and practitioners the ability to obtain very high-resolution
imagery (<0.1m?) of riverine landforms with unprecedented ease (Fonstad et al., 2013).
When mounted on an unmanned aerial vehicle (UAV), consumer-grade cameras are now
capable of producing continuous georeferenced imagery through SfM workflows, which
lends itself to continua of data, rather than traditional broad scale classification (Woodget
2017, Passalacqua et al., 2015). A continuum in this context refers to a coherent whole of

data - more practically, a high resolution orthophoto and DEM that can be customized to



fit the particular needs of a survey. High-resolution UAV data have the potential to act as
objective and cost-effective alternatives to traditional monitoring.
Study Site

This study focuses on the Middle Fork of the John Day River (MFJD) in
northeastern Oregon (Figure 1). The MFJD is one of three major headwaters of the John
Day River, which is itself the longest undammed tributary of the Columbia River. The
MFIJD provides critical spawning habitat for wild native runs of spring Chinook and
summer steelhead salmon. This river drains 2088 km”? of semi-arid mountainous terrain
receiving between 25c¢m and 100cm of precipitation annually, with a range of elevation
of 2500m at its headwaters to 670m at its confluence with the North Fork John Day. The
MFJD additionally has a long history of human impacts, the most dramatic of which is
the floodplain dredge mining that occurred during the late 19" through mid-20" century
(Middle Fork IMW, 2017, Magilligan & McDowell, 1998). Grazing pressure, and manual
clearing additionally stripped much of the floodplain of its woody vegetation, increasing
the solar loading on the channel and intensifying high summer stream temperatures that
threaten cold water dependent salmon. In dredged reaches, the mainstem MFJD became
incised and disconnected from its floodplain. Additionally, the coarse cobble-sized
substrates left by dredging prevented already degraded reaches from meandering
naturally — a pattern seen across many streams in the American West (Kondolf, 1997).

Since the 1990s, extensive habitat restoration has been done to improve
conditions for ESA listed aquatic species, with a mix of passive and active techniques
that vary in intensity throughout the watershed. The goals of these projects were

generally to decrease summer water temperature, decrease turbidity, and, in actively



restored sites, to reduce the slope and velocity of the channel (Middle Fork IMW, 2017).
The Middle Fork John Day’s patchwork of restoration techniques, as well its status as an
Intensively Monitored Watershed makes it an ideal place for a methods test, as numerous

studies have been conducted on restoration effectiveness within this watershed (Middle

Fork IMW, 2017).

20 Kilometers

]

Figure 1: Hypsometric shaded relief map of the Middle Fork John Day river showing its position within
the John Day watershed

The data collected for this study are within two conservation areas in the upper
MFIJD. The first, Oxbow Conservation Area, was acquired by the Confederated Tribes of
Warm Springs (CTWS) in 2001 and underwent extensive restoration in five phases
between 2011 and 2015 to undo the effects of gold dredging in the 1940s. Prior to
restoration at Oxbow, the channel was artificially bifurcated by dredging, with a straight,

badly incised northern channel left behind by the dredge diverting much of the flow from
6



the relatively intact meandering southern channel (see Figure 2). Forrest Conservation
Area is several kilometers upstream and was also purchased by CTWS in 2001 — this
reach underwent multiple phases of restoration in the same time period, the most recent
of which focuses on removing boulder weirs from a previous generation of work and
replacing them with large woody debris jams. In addition to LWD placement, extensive
strips of riparian vegetation were planted near the channel to increase stream shade and,

in the future, provide more large wood to the channel.

Research Questions

This research aims to characterize variables that, while specific to the goals of
restoration in this watershed, are often are of interest in long-term effectiveness
monitoring programs. While numerous proof-of-concept studies have demonstrated the
ability of drone imagery to inexpensively characterize meso- and micro-scale river
habitats (e.g. Marteau 2017, Dietrich 2016), less work has been done in extracting and
assessing explicit monitoring data from this imagery in an applied habitat restoration
context, particularly with a high-resolution multispectral approach. Table 1 gives a
complete list of the variables examined in Question 1, as well as their field-based

equivalents as described in the Maintenance and Monitoring Plans for the MFID.

Question 1: How can key UAV-derived monitoring variables be used to assess

restoration performance within this study reach?

Question 2: How do observed changes present within Oxbow Conservation Area align
with goals of restoration for the Middle Fork John Day?

7



Figure 2: Oxbow Conservation Area before restoration (left) and after restoration (right). Following restoration, the northern dredge channel has been
eliminated and a new channel has been constructed for Granite Boulder Creek, in addition to multiple grazing exclosures, large woody debris placement,
and riparian plantings.
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Table 1 | UAV and Field-Based Monitoring Techniques in Oxbow Conservation Area

Restoration

s Restoration Actions
Objective

UAV-Derived Variable

Traditional
Monitoring

o Dredged northern channel sealed
off, restored flow in south
Dynamically stable channel
natural channel form
o Construction of large woody

debris jams

o Removal of livestock grazing,
with additional fencing to reduce

Bhliiies My deer & elk browse

e o Riparian planting within Granite

Boulder Creek and the mainstem
Middle Fork John Day

o Construction of large woody
debris jams to facilitate cover
and spawning gravel storage

Increased instream
habitat

o Greenline to greenline width by
year to estimate channel migration

o NDVI as a correlate for vigor of
plantings throughout restoration
sites

o Areal mapping of vegetation

communities using textural /

spectral properties to estimate
diversity

o Assessment counts of logjams to
assess structure stability

O

o Width/depth
measurements,
channel lateral

migration

Vegetation plots,
visual browse
assessment

o Field-based
structure stability
count of LWD



CHAPTER II
PRODUCTION, CALIBRATION, AND TESTING OF A FOUR-BAND
MULTISPECTRAL SYSTEM FOR A SMALL DRONE

USING OFF-THE-SHELF-COMPONENTS

Camera Modification

Plant vigor is important to understand when making management decisions about
revegetation projects similar to the MFJD. Multispectral methodologies that utilize non-
visible wavelengths of light can provide valuable information about landscape function
beyond what can be seen by the human eye (Njiland, 2012). Near infrared is particularly
useful for detecting the chlorophyll present in plants, which functions as a spatial
correlate for vigor and stress. A 4-band multispectral camera is a common but expensive
tool to assess plant vigor in the near infrared. While many calibrated 4 band cameras are
available for purchase for several thousand dollars, this study investigated the utility of
using a cheaper modified Canon Powershot A480 to explore the spatial patterns of

vegetation health.

Most consumer grade cameras come equipped with either charged coupled device
(CCD) or complementary metal oxide semiconductor (CMOS) sensors that are sensitive
to nonvisible spectra in near-infrared. CCD and CMOS sensors record the amount of red,
green, and blue light that reaches a given point, effectively storing an image as a 3-band
raster stack. However, what is perceived and recorded as “red”, “green”, or “blue” by the

sensor fundamentally represents the sum of a range of spectra that fall outside of the

10



wavelengths one would normally assign to red green or blue light (Figure 3). Non-visible
spectra recorded as “RGB” light will contaminate this color, resulting in an unnatural
looking image. To account for this, camera manufacturers install a “hot mirror” that
prevents near infrared and UV light from reaching the sensor. The result of this is a
natural color image similar to what is perceived by the human eye. By removing the hot
mirror and restoring the sensor’s expanded spectral sensitivity, one only needs to block
the remaining red, green, blue, and ultraviolet light via a new filter for the camera to
perceive only near infrared light. The camera will still record raster data across three
“RGB” bands, but the range of wavelengths reaching the sensor will be far narrower and

confined to the near infrared portion of the spectrum.

To produce a low-cost near infrared imaging instrument for this study, a Canon
Powershot A480 was modified by MaxMax LLC to capture infrared images. The hot
mirror was removed and a 1” diameter, lightweight plastic infrared longpass filter was
subsequently installed over the camera lens to pass only light with wavelengths between
650nm and 1000nm (Figure 4). The steep transition slope of the longpass filter allows for

nearly all near infrared light to be transmitted efficiently to the sensor while minimizing

CCD Spectral Response 100
OPTICAL CAST PLASTIC
Camera Bands -
. R 80 IR FILTERS
— Bue & Visible Spectrum
o 8 Green g
z = 60
§ " blocked by hot mirror é
T e c 40
3l ©
2
g 20 |
8 A\j\ L . B ‘
o | = 400 450 500 550 €00 @50 700
400 500 60D 700 800 900 Wave|ength-r]m
Wavelength
Figure 3: Sensitivity curves of a typical CCD array, F.igure 4: Transmissivity of the NIR-Pass
showing NIR wavelengths blocked by the hot mirror. F11.ter. )
(Data source: Dan Lewellyn 2018) (Figure Source: Edmund Optics, 2018)
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the potential for visible light to contaminate the final result. The resulting images contain
only near infrared radiation and can be treated as a single band similar to those produced
by widely used multispectral sensors. Figure 5 shows an example of the raw aerial

images produced by a standard RGB camera compared with a raw near-infrared image.

Within the range of spectral sensitivity of the Canon camera, the IR filter passes
as much as 80% of near infrared light, which is sufficient for the production of aerial
imagery under well-lit conditions. Because slightly more near-infrared light is captured
on the red band of the Canon camera than the blue or green (Figure 3), I used only the
modified red band of the camera to extract NIR data. While other studies utilize the blue
band of the camera to minimize interference, the red band records comparatively more
near infrared radiation than the blue, making it a practical choice in situations where the
IR filter has a steep absorption curve and removes the vast majority of visible red light
(see Figure 4). Additionally, the NIR sensitivity peak in the camera’s blue band occurs
near 850 nanometers. In vegetation applications, the “red edge” between 680nm and
730nm contains the strongest change between visible red and near infrared and is

considered to be the best portion of the spectrum to emphasize in terms of spectral

Figure 5: Example of unprocessed JPEG images taken with the Phantom III Pro FC300X camera (left)
and modified Canon A480 (right). The RGB image at the left can be subsequently broken down into its
3 constituent bands of visible light and merged with the NIR image to produce a 4-band raster stack.

12



indices (Tucker 1979). The total cost to produce a drone-capable NIR sensitive camera
came to $160: $125 for the removal of the hot mirror, $25 for the camera, and $10 for the
longpass filter. A standard drone-mounted NIR-sensitive camera, by contrast, can cost
upwards of $3,000.

To allow for the use of an intervalometer and optimized remote sensing settings,
the KAP (Kite Aerial Photography) Exposure Control script was installed on the
camera’s memory card. KAP Exposure Control is an open source Canon Hack
Development Kit (CHDK) script designed for situations in which the camera is in
constant motion. The intervalometer included in the script allows the camera to take
pictures at a predefined interval, making it useful for drone mounted photography in
situations where the camera cannot be remotely controlled. Additionally, the script allows
the user to store predetermined settings which need to be recorded for calibration

purposes. Flight details are provided and discussed in detail in Section VI, part i.

Radiometric Calibration

Because of the different physical properties of the two cameras, radiometric
calibration is necessary to produce the 4-band imagery stacks needed for indices
(Mathews, 2015). The simplified empirical line calibration method used by Wang and
Myint (2015) provides a practical and effective method to convert the digital numbers
(DNs) of two different cameras to reflectance, such that they can be quantitatively
comparable. Manufacturer specifications for both the DJI Phantom Pro III FC300X

camera and modified Canon are detailed in Table 1 below.
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Table 2 | Manufacturer specifications for Phantom 3 Pro Camera and Canon A480

Camera Model Lens IFOV  Sensor Size: Effective Pixels Image Size
DIJI FC300X 94° 6.17 x 4.55mm  12.4 megapixels 4000 x 3000px
Canon Powershot

A430 82.7° 6.17x4.55mm  10.0 megapixels 3648 x 2736px
For this study, I optimized the settings of each camera for the sunny conditions
typical of late summer in the Middle Fork John Day. The Phantom III Pro camera was
programmed with a shutter stop of 1/2500 sec, f-stop of /2.8, and ISO of 400. Using the
CHDK script described in section i., the Canon was set with a constant shutter speed of
1/2000 sec, f-stop of /3, and ISO of 800. The high ISO setting on the Canon is necessary
as a result of the smaller amount of light reaching the sensor - as the longpass filter
allows the camera to “see” roughly 1/3 of the radiation that simultaneously reaches the

Phantom camera’s sensor.

Numerous past studies utilizing the empirical line calibration method (See
Mathews et al., 2015, Berra et al., 2017) have used a single material at various brightness
levels, or simply one very light and one very dark panel (Smith & Milton, 1999). This
may not, however, be entirely representative of the actual spectral curves that may be
encountered in imagery. To account for this, I selected calibration panels for their varied
spectral curves, to better approximate diverse spectral characteristics encountered in
imaging. To calibrate the images to reflectance, a FieldSpec Handheld spectrometer was
used to gather the reflectance spectral curve for each panel (Figure 6). Panel 8 was
discarded because its spectral curve changed significantly within the near-infrared band,

resulting in an anomalously high DN in relation to its reflectance.
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Figure 6: Spectral reflectance curve of each calibration panel.

Because the camera sensors are not equally sensitive to all wavelengths of light
within their band (see Figure 3), producing a weighted average of reflectance is
advantageous as it gives a more accurate estimate of the radiation actually being
perceived by the sensor. Many studies (e.g., Coburn, 2018) utilize a simple unweighted
average of the reflectance across all wavelengths within a respective band (in other
words, it assumes the camera records the entire band equally), but this may mask some
variation in the sensor that has the potential to affect the final raster output. For example,
the red band in Figure 3 shows a strong peak at 500nm, while other wavelengths of light
within the red band are far less represented. An unweighted average assumes equal
sensitivity to the entire range. For each panel, the reflectance at a given wavelength
(Figure 6) was weighted by spectral sensitivity in Figure 3 and summed to produce
a“weighted reflectance that is more representative of the camera sensitivity using the

equation:
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950nm
T = z (ry * wy)

i=350nm

Where 7 is the weighted average reflectance, and w; is the weight derived from
the spectral sensitivity curves in Figure 3 for a given wavelength, r;. After assigning
weights, each mean reflectance can then be plotted against its respective blue, green, red,
and near-infrared DN in their respective images taken at the same time as the
spectrometer data. An important limitation of interpreting these calibrated values,
particularly those in visible wavelength, lies in the difference between the sensors. The
Phantom 3’s FC300X utilizes a CMOS sensor, for which spectral sensitivity data was not
available. Sensitivity is thus assumed to be roughly equivalent to the sensitivity of a

standard CCD array.

Table 3 | Weighted and Unweighted Mean Reflectance of Calibration Targets

Band Target 1 (P101) Target 2 (P102) Target 3 (P103) Target 4 (P104)
Weighted ~ Non Weighted Non Weighted ~ Non Weighted ~ Non
0.33 0.30 0.28 0.27 0.18 0.18 0.13 0.13
.29 30 33 27 35 .32 .16 13
B 25 .30 .30 27 15 18 15 13
NIR 0.48 0.51 0.24 0.24 0.30 0.32 0.12 0.13
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Table 3 shows the weighted and unweighted mean reflectance values for a subset of
calibration panels. Though the weighted values are typically in good or full agreement
with each other, they nevertheless represent a more accurate estimation of the radiation

sensed by the camera.

Table 4 | Weighted Mean Reflectance and DN of Calibration Targets for Each Sensor Waveband

Band Target 1 (P100) Target 2 (P101) Target 3 (P105) Target 4 (P102)
Reflectance DN Reflectance DN Reflectance DN Reflectance DN

R 0.88 2549 0.37 1973 0.04 120.6 0.28 213.10

G 0.96 255 0.49 206.4 0.04 105.27 0.33 198.87

B 0.94 255 0.52 169.5  0.04 93.9 0.29 197.27

NIR 0.83 249.5 0.19 228.1 0.04 135.0 0.23 195.7

Table 4 lists a subset of calibration target DNs paired with their respective
weighted reflectance used to build regression equations to convert red and near-infrared

orthophotos to reflectance (Figure 7).

The R? values for each band are relatively low compared to those obtained by
Mathews et al., 2015 and Michez et al., 2016 - this is to be expected when prioritizing
diverse spectral characteristics during calibration, and highlights the caution one should
have when interpreting heterogeneous materials and landscapes. It is additionally
important to note that the cameras must theoretically be recalibrated if the settings are to
be adjusted - for example, if imaging during cloudy conditions requires a longer shutter
speed for adequate brightness, then reference image DNs would need to be re-taken with
camera settings used under those conditions, and subsequently plotted against calibration

panel spectral curves.
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Figure 7: Plot of DNs and Reflectance values for each sensor waveband used to generate calibration
regression equations.

Performance and Imagery Products

The calibration regression equations pictured in Figure 7 tended to underpredict
reflectance in darkest areas of imagery, resulting in negative values that are conceptually
inconsistent with reflectance. This is mostly due to the lack of dark materials used during
the calibration process, which was complicated by the relatively high ISO settings on
both cameras. The bands within these images can thus be compared to each other since
they were generated by the same calibration panels, but cannot be considered to be
spectrally consistent with other reflectance-calibrated sources of imagery. The bands can,
however, be used for false color composite imagery and indices needed for many

multispectral remote sensing methods.
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CHAPTER III

FIELD METHODS & IMAGE PROCESSING

Planning and Implementing UAYV Flights

Mounting the modified Canon camera to the drone required the construction of a
lightweight acrylic and carbon fiber platform. The camera mount was secured to the
Phantom III frame with duct tape and positioned high enough to avoid the lens striking
the ground upon landing. Both cameras were oriented 90° relative to the ground (nadir)
and set to take simultaneous images at 3 second intervals. Within Oxbow Conservation
Area, I collected RGB and NIR images at 30m, 50m, 100m, and 120m above ground
level (see Table 5 for details). Structure from motion requires 75-80% overlap of images
to allow for a given point to be imaged at minimum three times, but more overlap
generally results in a more accurate end product. Excessive image overlap (>90%) has
been shown to drastically increase imaging and processing time with minimal associated
benefits in model quality. At all three sites, the flight plans include more overlap than is
minimally necessary, since many parts of the floodplain consist of homogenous grassy
vegetation and lack the strongly contrasting edges utilized by structure-from-motion

algorithms.

While the Phantom III has the technical capability to image the entire floodplain
at 1.5cm? or less, this can significantly increase processing time and file size, limiting the
area that can feasibly be imaged and analyzed in a short amount of time. Lower
resolution allows for more rapid capturing of the Earth’s surface, but detail is sacrificed.

Because the vegetation patches of interest are on the order of 0.5-1m?, I flew the majority
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of the imagery near the Federal Aviation Administration’s maximum allowable height of
120m for consumer grade drones (FAA, 2014), at which the spatial resolution of each
pixel is roughly 5-6cm?. Within Oxbow Conservation Area, the highest spatial resolution
4 band imagery (1.5cm? RGB / 1.6cm” NIR) covers approximately 1/3 of the study area
and serves primarily to validate vegetation identification in comparatively lower
resolution (5.4/4.8cm?) images. Table 5 summarizes the sidelap spacing, maximum flight
speed, and maximum flight speed for each study site that were used to create flight plans.
Marginal increases in altitude can dramatically increase the amount of area covered
without significantly compromising spatial resolution. The highest resolution imagery,
collected at a height of 30m within the upstream portion of Oxbow CA, has an on-the-
ground footprint of 64m x 64m per raw image. By contrast, when flying at a height of
100m, the Phantom III and Canon IFOVs are capable of covering roughly 216m x 216m
on the ground, meaning that a few kilometers of floodplain were readily imaged in about

4 hours of flying time.

Table 5 | Flight Characteristics and JPEG Image Resolution collected by Study Site

Height Above  Image  Max Flight Spatial Resolution #of

Szl b Ground Spacing Speed RGB NIR Bands
30m 20m 11.5 km/hr 1.6 1.5 cm?
cm?
50m 53m 19.3 km/hr 2.7 2.4 cm?
Oxbow cm? 4
Conservation Area 100m 107m 38.6 km/hr 5.4 4.8 cm?
cm?
120m 120m 40.0 km/hr 6.4 5.8 cm?
cm?
30m 20m 11.5 km/hr 1.6 1.45 cm?
Forrest cm’ 3
Conservation Area 50m 53m 19.3 km/hr 2.7 2.4 cm?
cm?
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Each flight was implemented at or near the maximum speeds for their respective
heights shown in Table 5. Ground control points for this study were not collected in the
field, and instead utilize a combination pseudo-invariant orthorectification from features
identifiable within the floodplain and the Phantom III’s direct georeferencing.

The total flight time came to just over 3 hours for each site, for a total of 6 hours
of flight time for just over 2km of river channel and floodplain. This is a great
improvement over manual surveys that may normally take more than triple that time to

cover the same spatial extent.

Structure-from-Motion Image Processing

To produce orthophotos from the JPEGs images collected during the drone
flights, I utilized a commercial-grade structure-from-motion software: Agisoft PhotoScan
(now Agisoft Metashape) Professional v.1.4.3. This software uses edge detection and
convergent geometries to construct spatial 3-dimensional data from overlapping images.
After collecting images, I first inspected the images and removed any that were irrelevant
or particularly blurry to avoid contaminating the model. I then used the ‘Estimate Image
Quality’ tool to quantitatively gauge the quality of the remaining images, removing any
image that scored below a 0.6/1 in Agisoft’s image quality estimation tool. I then aligned
the photos, manually removed photos that the software failed to align. This resulted in
200-400 images per orthophoto in both RGB and NIR depending on the study site. I then
selected and removed the points with the highest reconstruction uncertainty within the

sparse 3-d cloud. The trimmed sparse cloud was then used to generate a dense point cloud
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and mesh. The final result is an orthophoto of each site with spatial resolution detailed in
Table 5.

Because of the extensive overlap present among raw aerial images (Figure 8),
processing time for each orthophoto was increased significantly. The additional overlap
was necessary in this flight because of its focus on vegetation, which has been shown to
be particularly problematic in SfM applications (Dietrich, 2013). However, even with
overlap as extensive as 9+ images for a given point, gaps still occur in the near infrared
orthophoto due to the cameras’ different FOVs (Figure 9). Future studies should take care
to account for the differences in spatial extents of two cameras, perhaps by slightly
reducing the photo interval of the drone camera and increasing that of the Canon.

The orthophotos produced by the Phantom 3 JPEGs have an absolute spatial
accuracy only as precise as the error present in the drone’s onboard GPS. The Canon has
no such GPS capabilities — both orthophotos require rectification in order to confidently
map change through time. To facilitate rapid imaging of the channel and floodplain, this
study utilizes pseudo-invariant orthorectification (see Galiatsatos et al., 2007) that
capitalizes on immobile features near the channel throughout each study site, rather than
extensive and time-consuming ground control. The drone records spatial data in the
WGS-84 coordinate system. I first projected each RGB raster into NAD-83 UTM zone 11
to match imagery flown of each study site in 2013 (see Dietrich 2013). To orthorectify
the imagery, 7 points that were located near the channel and were easily identifiable in
multiple years of imagery were used to rectify the RGB image (Figure 9). I then
georectified each NIR image to its respective RGB orthophoto, assigning them the same

spatial reference system. The 4-band stack was then georeferenced to 2013 imagery using
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the 7 ground control points in Figure 9 to minimize positional errors and allow
comparison between years. Using a spatially uniform equation utilized by (Hughes et al.,
2006), the root-mean-square-error between the 2013 and 2018 datasets was calculated to
be just under 12cm using the equation:

RMSE = [(xs — )% + (x5 — x,)%]"/?
where x5 and ys are geospatial coordinates of the point on the source image; and x; and y:
are coordinates of the same point on the transformed aerial photo. The RMSE for the
whole image is the sum of the RMSE for each coordinate divided by the square root of
the number of coordinate pairs. We can thus be confident that any planimetric change
detected that is greater than 12cm can be recorded as actual change, while anything
below that is within the range of error for the orthophotos.

The use of two consumer grade cameras to create 4-band imagery represents a
new and cost-effective method to collect spectral data with the high temporal and spatial
resolution facilitated by drones. While most multispectral studies are limited by publicly
available satellite images or by the costs of 4-band imaging, this study provides a cheap
alternative for practitioners seeking to gain data about vegetation vigor within restoration

sites.
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Figure 8: Final RGB orthophoto generated for Oxbow Conservation area (top), showing amount of
image overlap throughout the study area (bottom). Each dot represents the position of the drone at the
time of image capture.
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200 Meters

Figure 9: Orthophotographs of each band (from left to right: Blue, Green, Red, Near-Infrared) showing ground control points used for georectifying 2018
imagery to 2013 imagery. The gaps in the NIR orthophoto are the result of insufficient overlap in those areas and is partially due to the smaller FOV of the
Canon camera in relation to the drone’s FC300X.
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CHAPTER IV
GIS ANALYSIS
Once imagery was collected in the field and orthorectified using SfM, I then
implemented a number of GIS analyses to gauge channel and floodplain response to

restoration actions. Each technique is described below and summarized in Table 6.

Greenline Digitization

The greenline is defined as the first line of perennial vegetation that forms a lineal
grouping of community types at or near the water’s edge (Winward, 2000). A greenline
provides an effective way to gauge the establishment of plants along edges of streams.
Plant growth at the stream margin is geomorphically significant because of its ability to
stabilize streambanks and facilitate meandering morphology in river channels (Perucca et
al., 2007, Beechie et al., 2010). To locate the greenline in the field, a line is drawn
perpendicular to the channel’s centerline, until it intersects with the first continuous line
of perennial plants, which can then be sampled to make various conclusions about
community change through time. The greenline often corresponds roughly with a
channel’s planform bankfull width, though this is not always the case (see Figure 10 for
examples). The greenline can be easily replicated in a GIS, wherein a polyline is drawn to
approximate the location of perennial vegetation stems for each bank. Riparian areas with
abundant vegetation near the channel, or growing between the low flow and bankfull
water surfaces, may have a greenline to greenline width narrower than bankfull. An
incised channel whose floodplain has transitioned to xeric species communities may, in

contrast, have a greenline several meters wider than bankfull. The greenline tends to
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coincide with areas of high shear stress at the channel margin, which is where one should
expect changes to occur more rapidly when examining planform
characteristics through time. This makes it a useful feature to study with interannual

imagery, especially when vegetation recolonization is a management priority.

LI 1 ’ﬂ 5 ¢ &

Figure 10: Greenline location examples under bankfull conditions (left), low flow conditions (center),
and areas of erosion and/or incision (right). Note the inclusion of xeric vegetation in the cut bank
greenline in the third image. (Source: Winward, 2000)

Because it only samples perennial vegetation that is expected to be stable
throughout the year, greenline sampling provides a useful metric that is more or less
independent of channel discharge fluctuations and changes in water’s edge. The
composition of the greenline can serve as an effective proxy for hydrologic connectivity
— an abundance of robust hydrophytic plants (e.g., Carex and Salix) indicates reliable
moisture content for at least most of the growing season. Using a vegetation-based metric
is particularly appropriate in the context of StM-derived imagery, which cannot penetrate
vegetation for bare-earth applications.

For this study, I digitized three sets of greenlines within a 1.5km section of the
MFJD within Oxbow Conservation Area using submeter imagery from 2006, 2013, and
2018. Each greenline was digitized at a scale of 1:125 with a minimum vertex spacing of
Im — any features below this size were not recorded. To track changes in the greenline
through time, I generated transects perpendicular to the channel centerline at 2m spacing

for the entire study area, recording the distance along the line where the transect

27



encountered the greenline for each year. To be able to compare the greenline locations
through time, I only used a centerline digitized from 2013 to generate the transect
locations and azimuths for each year. Changes below the root mean error squared
threshold (RMSE) of 12cm were considered to be below the threshold of change
detection and discarded. If greenline to greenline width decreased throughout the study
period, vegetation should be encroaching on the channel. An increase in greenline-to-
greenline width indicates either channel widening or loss of vegetation.

Figure 11 shows an example of the greenline digitized for the same location in
two different years — while vegetation is present at the water’s edge in 2013, it does not
achieve >60% coverage of continuous perennial vegetation, which pushes the greenline
farther from the channel. Figure 12 shows all three digitized greenlines for each bank,
with their associated transects generated from the 2013 centerline. With removal of
grazing and the restoration of vigorous riparian vegetation, we would expect the distance
between greenlines to decrease gradually by year. Results of analysis and subsequent

discussion are presented in Chapters V and VI.

e
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Figure 11: Greenline location in 2013 (left) and 2018 (right). While some mixed annual/perennial
vegetation is present at the water’s edge in 2013, it is not until 2018 that coverage is continous enough to
place the greenline in that location. Flow is from right to left.
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Figure 12: Example of fully digitized greenlines showing transects and points of intersection for each
year’s greenline. At point A, there has been minimal change in the location of the greenline in the 12-year
study period. Point B, by contrast, captures perennial vegetation encroachment of nearly 10 meters. Flow in
this figure is from right to left. Crossed transects like those present at point B were discarded prior to
analysis.

Vegetation Classification

Maximum likelihood supervised classification is a common tool used in remote
sensing to track changes in land cover through time (Strahler, 1980). Within Oxbow
Conservation Area and Forrest Conservation Area, little to no woody riparian vegetation
existed prior to grazing control and replanting. To gauge the relative abundance of woody
and herbaceous vegetation through time within the restored reaches, I divided the RGB
imagery into 6 classes based on the apparent moisture content, height, and spectral and
textural characteristics of vegetation patches. Further subdivision tended to result in

misclassification due to similar spectral properties. While it lacks the species-level
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precision of field-based data collection, classification and change detection can be a
powerful tool to estimate change through time in relative abundance of functional plant
groups. GIS classification helps to estimate canopy cover, tracking closely with
restoration goals of increasing stream shade and reducing solar loading on the channel. It
is important to track vegetation composition and height through time in order to identify
problem areas or places to be maintained. Additionally, imagery-based classification can
supplement quantitative vegetation sampling in the field which may not be feasible to do
every growing season.

To create training classes to identify vegetation groups, I used orthorectified
submeter resolution RGB imagery stacked with a DEM for 2006 and for 2018. The 2006
DEM was sourced from highest-hit lidar data, and the 2018 DEM was sourced from StM
processing. Both effectively sample the vegetation height and return those values in a
raster format and so are roughly comparable to each other. Figure 13 gives an example

of classified imagery.
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Figure 13: Example of classified imagery in Oxbow Conservation Area. The classification performs best for
differentiating dry and wet herbaceous material, water, and large woody debris.
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The efficacy of classification was variable depending on the class itself and is discussed
in detail in Chapter V.

To track changes in near-channel and floodplain landcover through the 12-year
study period, I generated a change matrix for all landcover classes between 2006 and
2018, using the pixel counts of each landcover class to assess relative abundance within
the study area. The 2006 imagery and the 2018 imagery were collected during late
summer / early fall conditions and are more comparable in terms of their late summer soil
moisture and vegetation composition. 2013 and 2018 were not compared because the
floodplain in 2013 contained abundant vigorous seasonal herbaceous vegetation that
would bias the results towards showing more recovery than is strictly due to restoration
and replanting efforts. I therefore only compared 2006 and 2018 to control for the

seasonal differences in vegetation.

NDVI Analysis

The Normalized Difference Vegetation Index, or NDVI, is one of the most
commonly used indices in vegetation remote sensing, and is generated using the equation
developed by CJ Tucker (1979):

Pnir — Pred
Pnir + Pred

NDVI =

where p,,;- represents reflectance in the near infrared band and p, is reflectance in the
red band. Indices are useful to remove the effects of shadows, which aids in the
classification and interpretation of imagery. The NDVI takes advantage of the fact that
healthy plants are relatively dark in the visible red portion of the electromagnetic

spectrum and relatively bright in the near-infrared. Examining this in map form can yield
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valuable information about the spatial distribution of vigor, and subsequently help
identify areas of particularly vigorous or stressed vegetation (e.g., Zhou et al., 2001). This
study utilizes the multispectral imaging system described in Chapter III to gain a rough

estimate of vegetation vigor within Oxbow CA and Forrest CA.
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Figure 14: Subset of NDVI imagery focusing on restored portion of Granite Boulder Creek. Dark areas
show the low values associated with water and mine tailings. Plantings near the channel have the highest
NDVI values, while hardwood trees planted farther away are in early fall senescence with accordingly
lower values. The fence bordering the restored riparian area of Granite Boulder Creek is outlined in blue,
and the alcove formed by a remnant portion of the decommissioned north channel is circled in orange.

I used calibrated red and near infrared orthophotos to produce NDVI maps.
Because the 2018 imagery was flown during mid-September, the signal resulting from
seasonal precipitation should be at its weakest, and vegetation vigor should correlate with
areas of hydrologically connected floodplain with more available groundwater. I then
interpreted the NDVI values to assess areas of relatively vigorous vegetation and areas of
potential concern, with an emphasis on replanted areas. A portion of the restored

floodplain of Granite Boulder Creek is shown below in Figure 14 and shows the area
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fenced in to reduce browse pressure. Dark values indicate mine tailings or bare earth. The
higher NDVI values near the alcove on the right side of the image are remnants of former

streamside vegetation on the decommissioned north channel in Oxbow CA.

Large Woody Debris Assessment

Much of the active restoration that has been implemented in the MFJD has a
significant emphasis on reintroducing large woody debris to the channel. Large woody
debris (LWD) is a well-known and important physical component of in-channel habitat
for a range of aquatic species — particularly juvenile salmonids — and is thus important to
monitor in restoration contexts through time. Within Oxbow Conservation Area, LWD
structures were designed primarily to facilitate bank stabilization while allowing for the
maintenance of deep pools by promoting scour (see Abbe & Montgomery, 1999). LWD
structures at this site were intended to be stable through time while maintaining scour
pools built during active restoration. Rapid visual assessment in imagery provides a
straightforward and intuitive way to gauge each structure’s behavior through time, and
track how many pieces are being lost or recruited within a given structure. Additionally, a
human eye is more adept at noticing wood pieces that may be submerged, and thus not
readily accounted for in the classification scheme in part ii of this study’s analysis.

To analyze the LWD structures within Oxbow, I used all three submeter resolution
RGB orthophotos separated into 50m zones based on distance downstream on the channel
centerline (although it has been used in past multispectral studies of LWD, near infrared
information was not necessary at the submeter resolution). I then recorded the number of

large wood pieces over 7m in length and with a diameter >0.2m per 50m segment of
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channel to approximate the minimum size requirements for LWD as defined in the USFS
stream survey handbook for Pacific Northwest rivers east of the High Cascades (USFS,
2012). LWD outside the active channel margin was not tallied. I then produced a
longitudinal count of wood abundance per unit for 2006 (pre-restoration), 2013, and
2018. For several structures that had seen change between the 2013 and 2018 flights, a
simple comparison of the same location in two years often revealed which pieces of

LWD had moved downstream.
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Table 6 | Summary of Raw Data Formats and Analysis

Site Feature

Raw Data

Analysis

Monitoring Application

Planform
Channel Change

Riparian Zone
Composition

Riparian Zone
Vigor

RGB imagery from 2006,
2013, 2018

2018 greenline survey
data, 2018 floodplain
polygons & 2014, 2018
drone imagery

RGB + NIR Imagery

Greenline migration rate from 2006
—2013, and 2013 — 2018. Visual
identification of change hotspots

Supervised classification using
spectral and textural properties of
vegetation communities

Analysis of normalized difference
vegetation index (NDVI)
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Large woody debris and channel
greenline margins digitized from
imagery in ArcGIS.
Migration and LWD stability
assessed through a 12-year period
utilizing 3 sets of high resolution
imagery.

Vegetation classes compared with
2018 floodplain mapping, visual
assessment to determine the extent
of riparian community change.

NDVI images used to assess relative
levels of vegetation vigor
throughout the study site — higher
levels of NDVI correlated with
higher late-summer soil moisture
and floodplain connectivity.



CHAPTER V

RESULTS

Greenline

The distance between the 2013 channel centerline and the 2018 greenline has
generally decreased within Oxbow Conservation Area. Figure 15 shows that the distance
between left- and right-bank greenline has generally decreased throughout Oxbow
Conservation Area. The values summarized in figure 15 were generated by subtracting
the distance from the 2013 centerline-greenline distance from the 2018 distance along the
same transect. A negative value shows that the 2018 width was smaller than 2013,
indicating narrowing of the greenline. The data are roughly normally distributed with a
mode near zero and a slight negative skew, indicating that vegetation has, on average,
encroached on the channel by 0.89 meters between 2006 and 2018. It is notable that there
far more areas of distinct vegetation encroachment than retreat. Areas of encroachment
primarily occur inside meander bends (Figure 16), where areas of gravel bars that were
exposed in 2006 that have been rapidly recolonized by riparian vegetation. The greenline
additionally tracks well with active channel processes, and captures bank erosion
downstream of several large wood structures. The most dramatic change in the greenline
occurred between 2006 and 2013, most likely as a result of grazing removal in 2002. The
signal captured is primarily due the encroachment of Salix and Carex species. Woody
plantings that do not overhang the channel are not captured by the greenline, but should
be increasingly represented through time as canopies become larger and begin to

gradually intersect the bank.
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Figure 15: Change in greenline to greenline width, 2006 — 2018. The average throughout the study site is indicated by
the dark dashed line

Figure 16: Hotspots of greenline change showing all three greenlines across 2006 imagery (left), 2013 imagery
(center), and 2018 imagery (right). Red arrows indicate areas of erosion or retreat. Green arrows highlight areas where
vegetation has encroached on the channel.
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Figure 17 shows the greenline migration for each bank. Of the change visible
between 2006 and 2018, the vast majority occurred between 2006 and 2013. Separating
migration into right and left banks (facing downstream) additionally reveals that the right
bank shows considerably more change than the left bank. Throughout the study period,
the left bank was far less mobile than the right, with a total mean change below the
RMSE of 12c¢m. Interestingly, when separated into two time periods, the right bank first
widens by 0.3m between 2006 and 2013, and narrows by 0.25 from 2013 to 2018. By
contrast, the right bank’s greenline moved closer to the centerline throughout the study

period, and is the primary cause of the average narrowing in Figure 15.
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Figure 17: Change in distance from greenline to channel centerline separated into left bank (green) and
right bank (orange) organized by time interval. The top histogram includes the entire study period, while
the second two are broken into two consecutive time intervals. Negative values show movement towards
the channel centerline, while positive values indicate greenline movement away from the centerline.
The numbers in bold indicate mean change for each bank.
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Landcover Composition

A summary of landcover composition change is provided in Table 7, and the
pixels counts used to generate them can be found in Table 8. Between 2006 and 2018,
there was an increase in bare earth, large woody debris, dry herbaceous vegetation, and
wet herbaceous vegetation. Open water and woody vegetation decreased slightly, and
black plastic tarps were no longer visible in 2018. The decrease in water and woody
vegetation is primarily due to the decommissioning of the north channel, where landcover
has mostly changed to either herbaceous vegetation or reverted to bare earth. Although
the overall pixel count of woody vegetation decreased, woody vegetation in 2018 is much
less intermixed with bare earth and dry herbaceous vegetation, indicating that woody
riparian plants are filling in and becoming more established.

Supervised classification in RGB was effective in this study site largely due to the
patchiness of vegetation. Long shadows from nearby ponderosa pines were frequently
miscategorized as water. The classification did surprisingly well with large woody debris,
with the exception of some misidentification of bright bare earth. Because riparian
vegetation is particularly prone to mixed pixels even at submeter resolutions, only three

classes of vegetation were used.

Table 7 | Percent Composition of Land Cover Classes by Year

Landcover Class 2006 2018 % Change
Bare Earth 24.9% 31.2% +25.6%
LWD 0.04% 0.5% +1,101.2%
Dry Herbaceous 35.1% 32.2% + 8.0%
Wet Herbaceous 24.1% 26.6% +10.1%
Woody Vegetation 7.8% 6.5% -17.0%
Black Plastic 2.8% 0 -100.0%
Water 5.2% 2.9% -44.2%
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Figure 18: Map results of supervised classification within Oxbow Conservation Area
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Table 8 | Change Matrix of Classified Pixels at Oxbow CA

Wet
. Bare Dry Herbaceous Wood Black Sum
Pixel Class LWD Y . Herbaceous Y ) Water
Earth Vegetation . Vegetation Plastic (2006)
Vegetation
Bare Earth 67574.7675 866.34 19280.565 11821.2075 2690.91 0 546.165 102779.955
LWD 57.6675 1.7775 43.695 50.715 15.255 0 9.1125 178.2225
Dry Herbap COUS 437359375  587.1825 57953.655 34525.0575 6125.49 0 2839.095 144766.4175
Vegetation
Wet Hercheous 9364.6575 228.645 40175.4825 40766.6025 7602.075 0 1596.6225 99734.085
Vegetation
Woody 5636.0025 183.87 7776.5625 11870.415 5450.6925 0 1414.6425 32332.185
Vegetation
Black Plastic 1237.3875 15.705 4774.0725 4097.9025 1300.7475 0 234.54 11660.355
Water 2438.64 257.2425 3144.2175 6658.7175 3658.1625 0 5370.975 21527.955
Sum (2018) 129045.06  2140.7625 133148.25 109790.6175 26843.3325 0 12011.1525  412979.175
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Vegetation Vigor

NDVI values calculated for Oxbow Conservation Area are summarized in Figure
19 and mapped in Figure 20. Because there are no calibrated measurements of NDVI
prior to this imagery, these images can serve only as a point in time descriptions of
vegetation vigor within the site and cannot indicate change without multitemporal
imaging. The lowest NDVI values within both study sites correspond with areas of bare
earth — at Oxbow, this primarily reflects the dredge tailings near the decommissioned
north channel. The highest values correspond with near-channel A/nus and Salix clusters,

as well as stands of Pinus ponderosa on the hillslopes near the southern extent of the site.
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Figure 19: Histograms of NDVI values for contrasting areas of Oxbow CA
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Figure 20: NDVI Map of Oxbow Conservation Area
Spatial Resolution: 4.3cm/px
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Most of the riparian zone within Oxbow CA has an NDVI value between 0.1 and
0.3, which is consistent with late summer conditions and drought stress in semi-arid
floodplains. Remnant vegetation along the decommissioned north channel maintains a
value similar to the riparian zone of the south channel, and the plantings within the
restored portion of Granite Boulder Creek near the center of the map show notably higher
values than the bare earth outside of the deer and elk browse exclosures (Figure 14,
Chapter III shows a subset focusing on Granite Boulder Creek). Mid-channel Carex
nudata islands are visible within the mainstem MFJD and maintain values between 0.2
and 0.3. Plantings within exclosures around old planting strips, particularly in the
southwestern portion of the map, maintain some of the highest near-channel NDVI.

Imagery with 1.5cm resolution taken at Forrest Conservation reveals variations at
the scale of individual plants. Figure 21 shows a fenced area of plantings adjacent to the
MFJD containing 6 planted trees. The highest NDVI values are near the center of the
exclosure. The shrub near the water’s edge near the top left of Figure 21 is an alder that
has not been protected from browse, which may partially explain its lower NDVI values.
These values, while fundamentally descriptive and observational in nature, help to paint a

clearer picture of the success of riparian revegetation success within the study areas.
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NDVI Value

Figure 21: Subset of Forrest NDVI map, showing values at the individual plant scale
Spatial Resolution: 1.5cm/px

Large Woody Debris Assessment

In 2006, there was virtually no large wood with a length >7m in the mainstem
MEFJD, for a total count of 6 pieces. In 2013, active construction of LWD structures made
for a total count of 104 pieces — this total remained the same in 2018. Results from
analysis of 2013 and 2018 imagery show that large wood within Oxbow Conservation is
mostly stable. Figure 22 shows the downstream abundance of large wood plotted by 50m
unit for each year of aerial imagery. Between 2013 and 2018, abundance has remained
constant, but the distribution within Oxbow has become somewhat less clustered, with

some downstream movement of wood (see Figure 23 for examples).
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Figure 22: Downstream abundance of LWD organized by year

The vast majority of wood structures within the study site have remained stable,
keeping in line with the goals of restoration design. Loose pieces within the study reach
have undergone some redistributing and downstream movement. Figure 23 gives visual
examples of wood movement within Oxbow CA. The first pair of images shows
downstream movement of roughly 50 meters that remains within the same unit. The
second image pair shows the movement of 2 loose pieces downstream into two different
units. The bottom pair of images shows a stable logjam accumulating loose wood from

upstream.
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2013 2018

50 Meters

Figure 23: Examples of wood movement within the study area for June 2013 (left), and September 2018
(right). The yellow lines indicate distance downstream in meters from the beginning of the study site, and
were used for unit breaks to bin LWD. Red circles show individual pieces of wood identifiable in both
years of imagery.
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Reorganization of large wood is summarized in Figure 24, which shows the
addition or removal of pieces from individual bins between 2013 and 2018. Note that the
upstream-most bin has accumulated wood and the 2 bins farthest downstream have lost
wood, indicating that wood has both entered and exited the system. Several large
structures towards the upstream extent (distance <500) were only partially reinforced, and
should expect some downstream movement of wood pieces. The largest change for any

given unit within the study area is 5 pieces of wood.
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Figure 24: Change in LWD distribution between 2013 and 2018.
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CHAPTER VL

DISCUSSION OF RESULTS

Results from Chapter V show that the MFJD is generally moving towards long-
term restoration goals. Vegetation response is consistent with the expected disturbance
and recovery timeline of active restoration, and greenline narrowing shows progress
towards restoration goals of increased fish cover and reduced solar loading. Large woody

debris has been mostly stable and aligns with restoration goals.

Vegetation and LWD Monitoring

Between 2006 and 2018, greenline-to-greenline width decreased throughout
Oxbow Conservation area, with notable hot spots of narrowing at meander inflection
points. The majority of change hotspots coincide with areas of rapid colonization of
exposed substrates by Carex nudata, which produced the strongest channel narrowing
signal within the study period. Cross sectional data gathered in the same study area, by
contrast, does not share the same pattern (Middle Fork IMW, 2017) and indicates that
narrowing is primarily the result of riparian vegetation encroachment, rather than active
channel processes. Naturally recruited, flood-tolerant plant groups including Carex, Salix,
and A/nus clusters are the most well represented in the 2018 greenline, while the 2006
greenline primarily samples xeric species farther from the channel centerline. This shift
in community composition likely represents the re-establishment of shoreline fringe and
bank zone plants in response to cattle grazing removal. Imagery derived greenline

analysis is therefore a useful metric for gauging the initial response to grazing removal —

50



it will not, however, effectively sample near-channel plantings until they have canopies
that overhang the channel.

Key pieces of wood are mostly stable within Oxbow Conservation Area, with
some reorganization of loose pieces within the study reach. This is mostly in line with
intentions of restoration that sought to anchor large wood permanently in the channel
margin. Practitioners primarily expect wood structures to create and maintain scour pools
that create cold water refugia for salmonids (Middle Fork IMW, 2017). Movement of
large wood pieces within the study reach from 2013 to 2018 has been minimal, with no
more than 5 pieces lost or gained within a given 50m length of channel. This may in fact
aid the further development of LWD-mediated scour pools in areas beyond the original
structures, provided that the mobile pieces become stable in time. Visual inspection of
individual logjams shows some slight change and adjustment in the angle of key pieces.
It is important to note that no significant flooding occurred between 2013 and 2018, so it
is possible that much of the change simply may not occur outside stronger floods. More
years of surveys will paint a clearer picture of LWD structure performance and

redistribution of pieces within the study area.

Floodplain Mapping

Supervised classification illustrates that the overall extent of woody vegetation
has decreased slightly —this is primarily a function of disturbance from active restoration,
as the infilling of the dredged north channel removed several areas of mature riparian
vegetation. While large woody debris is usually considered to be quite difficult to

distinguish from bare earth in RGB classification, its classification performed remarkably
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well in this study (Figure 26). This is likely a result of the spectral conditions at the time
of flying — mixed pixels of dormant grasses and bare earth scattered through the
floodplain give them a slight red tint that helped distinguish bright bare earth from large
wood.

In addition to this research, mapping done by walking the extent of the MFJD
floodplain and digitizing vector community extents by tablet was completed in summer
2018 by Ellsworth et al (2018). This provides an opportunity to compare map results of
two methods. Results of 2018 field mapping are shown below in Figure 25. A
comparison of the two maps fundamentally reveals the tension between spatial extent and
resolution present in any geographic study. Vector floodplain mapping lists the dominant
species of a given area of floodplain, with the areas of each polygon determined by the
mapper in the field. The vector map provides valuable information about dominant
species that is independent of scale. For example, it successfully captures the presence of
cheatgrass (Bromus tectorum) in the north floodplain and Nebraska sedge (Carex
nebrascensis) near the channel that are small, non-clumping species outside the realm of
feasible identification achievable with drone imagery. This species level identification
and mapping is made practically feasible only by generalizing spatial variation across

larger areas.
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Figure 25: Vector floodplain map generated from field surveys showing dominant species
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Figure 26: Example of supervised classification outputs from drone imagery

Supervised classification of high-resolution imagery provides fundamentally
different information that hints at finer spatial resolution patterns of hydrologic
connectivity, consolidation of vegetation clusters and expansion of plantings within
enclosed areas. Additionally, the classification showed patterns of near channel
vegetation change that were not present in the vector maps. While the vector mapping
draws broad difference between wet and dry meadow (Figure 25), classification of dry
and wet herbaceous vegetation reveals depressions within the floodplain receiving
comparatively more moisture and supporting different communities along a spatial
continuum better suited to gauge landscape function. Future work might attempt species
level identification from drone-based imagery using extensive ground control and

validation to assess its potential.
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NDVI Performance

NDVI mapping shows that deer and elk browse exclosures are working well and
generally maintain the highest levels of vigor during late summer moisture stress. Some
areas of riparian plantings show comparatively low values, but these are correlative with
other near-channel vegetation that predates restoration. The effects of shadows, though
minimal, were still apparent in NDVI maps. Shadows from large trees show relatively
high values towards one side, and darker towards the opposite, and are a likely result of
slight inaccuracies in georectifying the red to the near infrared band (see Figure 27).
Some speckling was also present — a common side effect of using indices with high
resolution imagery. NDVI is thus effective for showing spatial patterns of vegetation
health, but no strong conclusions can be made with a single point in time measurement.
However, the maps show promise that exclosures are performing well and that reducing
browse pressure may help reestablishment of riparian woody vegetation. Future research
could re-image enclosed areas to evaluate change in NDVI through time. As vegetation
becomes more established and more drought tolerant, it should track with increased late-

season NDVI values.
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Figure 27: Example of shadow effects from tall Ponderosa pine trees in NDVI map. Green areas
correspond to individual trees.
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CHAPTER VIIL.

CONCLUDING COMMENTS

This research has shown one application of using UAV-derived data to monitor
restoration effectiveness quickly and effectively, and presents applications that may be
particularly useful to practitioners working in semi-arid streams where loss of riparian
vegetation is among the primary causes of habitat impairment. UAV imagery has proven
to be a reliable source of spectral data, with useful applications in both visible and near-
infrared spectra. This research has also shown how the spectral limitations of consumer
grade cameras can be overcome with proper calibration to aid in analysis. Here, the
production and calibration of 4-band imagery, as well as the NDVI index, was made
possible with the use of a spectrometer and cheaply modified Canon camera, and
revealed useful information about the performance of enclosed riparian plantings within
the floodplain and, consequently, the impacts of wild ungulate browses. I have also
shown that supervised classification can be a useful tool to track changes in land cover
through time in a restoration context.

This research was successful in using greenline methodologies developed in the
field within a GIS context, and extracting a narrowing signal not present in other
geomorphic studies of this reach. NDVI calibration could be greatly improved by the use
of more low-reflectance panels, which would fix the under-prediction of reflectance
values for water surfaces and sparsely vegetated areas of the floodplain. To advance this

research I suggest careful planning of drone flights to ensure proper coverage, as well as
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the inclusion of species-specific vegetation ground control to test higher resolution
identification for assessing restoration goals.

High quality monitoring data is a critical component of adaptive management. It
is important to constantly reassess our methods and principles in order to meet the
ecological challenges of the next century. Continued research in methods development
for restoration monitoring will help give researchers and practitioners the tools, skills,
and understanding necessary to manage landscapes for the greatest possible success and

resilience.
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