APPENDIX K:

FINAL REPORT
Use of Remotely Sensed Imagery to Map and Quantify the Extent
and Distribution of Lake Tahoe’s Nearshore Substrates and Fish
Habitats
A Report to the Tahoe Regional Planning Agency
In Partial Completion of Work Order #2 of Contract #16C00011
Prepared By:
Jarlath O’Neil-Dunne, Shane Romsos and David Saah
Spatial informatics Group, LLC
July, 2016

2015 Threshold Evaluation - Appendix K

K-1

Recommended Report Citation:
O’Neil-Dunne, J., S. Romsos, and D. Saah. 2016. Use of remotely sensed imagery to map and quantify the
extent and distribution of Lake Tahoe’s nearshore substrates and fish habitats. Report Submitted to
TRPA (WO#2, Contract #16C00011).

DISCLAIMER
The statements and conclusions in this report are those of the authors from the Spatial Informatics
Group, LLC and not necessarily those of the Tahoe Regional Planning Agency. The mention of
commercial products, their source, or their use in connection with material reported herein is not to be
construed as actual or implied endorsement of such products.

ACKNOWLEDGEMENTS
This report was submitted in fulfillment of TRPA Work Order #2 of Agreement/Contract #16C00011.
TRPA provided funding for this project. Dan Segan of TRPA provided project management and guidance
throughout the project. TRPA’s boat crew, Kris Morehead and Jeff Miller, skillfully maneuvered TRPA’s
boat through Lake Tahoe’s nearshore facilitating an efficient field data collection effort. TRPA Research
Assistants, Sean Tevlin and Tiffanee Hutton provided assistance in field data collection. Dr. Sudeep
Chandra and Christine (Ka Lai) Ngai Ryan of University of Nevada, Reno provided aquatic vegetation
maps that were used in part to help classify and attribute the final substrate and fish habitat map. In
addition, the League to Save Lake Tahoe’s “Eyes on the Lake” monitoring program data on aquatic
vegetation were reviewed to help verify to occurrence of aquatic plants. We also thank Mollie Hurt,
Director of Programs at the Tahoe Resource Conservation District, who provided knowledge of the
distribution of aquatic invasive plant infestations that corresponded in time with satellite imagery
collection.

TABLE OF CONTENTS
Disclaimer...................................................................................................................................................... 2
Acknowledgements....................................................................................................................................... 2
List of Figures ................................................................................................................................................ 3
List of Tables ................................................................................................................................................. 4
Abstract ......................................................................................................................................................... 5
Introduction .................................................................................................................................................. 5
Study Area ..................................................................................................................................................... 7
Data and Methods ........................................................................................................................................ 7
Observations for Image Classification, Validation and Accuracy Assessment .......................................... 7
Remotely Sensed Data ............................................................................................................................ 12
Substrate Mapping Approach ................................................................................................................. 13
Shoreline and Wave Detection ........................................................................................................... 13

2
2015 Threshold Evaluation - Appendix K

K-2

Substrate Mapping and Classification................................................................................................. 16
Fish Habitat Mapping Approach ......................................................................................................... 18
Results ......................................................................................................................................................... 18
Conclusions ................................................................................................................................................. 29
Literature Cited ........................................................................................................................................... 32

LIST OF FIGURES
Figure 1. Field data collection mobile application design............................................................................. 8
Figure 2. Field data mobile application development interface using an iPhone 6. .................................... 8
Figure 3. Field data records accessed using the Fulcrum online platform. .................................................. 9
Figure 4. Field data records accessed using the Fulcrum online map viewer. ............................................. 9
Figure 5. Map showing the distribution of field data (n=240) collected in 2015 symbolized by substrate
type. ............................................................................................................................................................ 10
Figure 6. Distribution and number of field data records that corresponded with 2002 IKONOS substrate
categories. ................................................................................................................................................... 10
Figure 7. Map showing the point distribution of different habitat types as determined from an
interpretation of April 2015 Google Earth imagery. Data points (n=3,002) were used to assess the
accuracy of the fish habitat classification effort. ........................................................................................ 12
Figure 8. Substrate mapping workflow. ...................................................................................................... 14
Figure 9. IKONOS imagery acquired in 2002. White caps due to wind can be seen on the far left portion
of the imagery, which was acquired during a different time period than the rest of the scene. .............. 14
Figure 10. WorldView-2 imagery acquired in 2010. The entire scene within view was acquired at the
same time period and contains some white caps due to windy conditions............................................... 15
Figure 11. WorldView-2 imagery acquired in 2015. The scene contains two images acquired at different
time periods and the clear split between the two is evident in the center of the scene. The conditions in
the left portion of the scene are calm, whereas the conditions in the right portion of the scene are rough
with numerous white caps.......................................................................................................................... 15
Figure 12. Result of the shoreline and mapping year algorithm used to define the imagery year to use.
The light blue area on the far left is the shoreline (dry substrate - consists of the area not covered with
water in 2015). 2015 imagery was always used to characterize substrate within the shoreline area. The
purple area to the left was wave free in the 2015 imagery and thus substrate mapping for each of the
polygons was carried out using the 2015 imagery. The off-yellow area on the right was impacted by wind
in 2015 and thus substrate was mapped using the 2010 imagery. ............................................................ 16
Figure 13. Objects (polygons) for the substrate mapping created through the application of a
segmentation routine. For this location, the 2015 WorldView-2 imagery was used for segmentation and
substrate mapping as it contained fewer waves than the 2010 imagery................................................... 17
Figure 14. Example of the rule-based expert system used to refine the substrate mapping. ................... 17
Figure 15. Substrate 2002 mapping showing a clear gap in the lower, center portion of the figure......... 18
Figure 16. Distribution of the area for each substrate class based on the 2015 mapping effort. Yellow
indicates the portion of the substrate that was upslope of the high water line. Blue is the portion of the

3
2015 Threshold Evaluation - Appendix K

K-3

substrate that is within the high water line (i.e. substrates that would be submerged if lake level was at
legal high water limit of 6,229). .................................................................................................................. 19
Figure 17. Distribution of the area for each TRPA fish habitat class based on the 2015 mapping effort.
Yellow indicates the portion of the substrate that is outside of the high water line. Blue is the portion of
the substrate that is within the high water line (6,229 ft.). ........................................................................ 20
Figure 18. 2015 habitat classification broken down by substrate type. Only substrate that falls within the
high water line is included. ......................................................................................................................... 21
Figure 19. WorldView-2 2015 imagery and 2015 field data locations for the Commons Beach area........ 22
Figure 20. 2002 substrate mapping for the Commons Beach area. ........................................................... 22
Figure 21. 2015 substrate mapping for the Commons Beach area. ........................................................... 22
Figure 22. WorldView-2 2015 imagery and 2015 field data locations for the Logan Shoals area. ............. 23
Figure 23. 2002 substrate mapping for the Logan Shoals area. ................................................................. 23
Figure 24. 2015 substrate mapping for the Logan Shoals area. ................................................................. 24
Figure 25. 2002 habitat mapping for the Logan Shoals area. ..................................................................... 24
Figure 26. 2015 habitat mapping for the Logan Shoals area. ..................................................................... 25
Figure 27. Changes to the habitat classification for the areas within Lake Tahoe high water line for the
2002 and 2015 mapping efforts. The height of the bars represents the total area in each habitat class
based on the 2015 mapping effort. The colors for each bar show the habitat classification for each of the
classes using the 2002 map. ....................................................................................................................... 26
Figure 28. WorldView-2 imagery (top) and UAS imagery (bottom) for the Ski Run Marina area. Both
images are displayed at the same scale. From the bottom image collected from an UAS, substrate can be
clearly interpreted, included discriminating metaphyton algae (brilliant green) from aquatic invasive
species (darker green Eurasian milfoil and curly-leaf pond weed)............................................................. 31

LIST OF TABLES
Table 1. Translation of substrate classification to TRPA fish habitat classification. ................................... 18
Table 2. Substrate totals (acres) for the 2015 mapping effort. “Outside” indicates acreages enumerated
upslope of the high water line (6,229 ft.). .................................................................................................. 19
Table 3. TRPA habitat type totals (acres) for the 2015 mapping effort. “Outside” indicates acreages
enumerated upslope of the high water line (6,229 ft.). ............................................................................. 20
Table 4. Habitat classification area comparison of the 2002 and 2015 mapping efforts for the area within
the high water line. Area values are acres. ................................................................................................. 26
Table 5. Comparison between the 2002 and 2015 substrate classifications. Percentages in each class are
the relative amount of the class in the 2015 map that fell within each class in the 2002 map. Only areas
within the high water line are included. ..................................................................................................... 27
Table 6. Comparison between the substrate and habitat totals (acres) for the 2002 and 2015 mapping
efforts. Only areas within the high water line are included. ...................................................................... 27
Table 7. Crosswalk between the 2015 field data and the 2002 and 2015 mapping efforts. ...................... 28
Table 8. Comparison of photo-interpreted habitat validation points to the habitat classification. .......... 29

4
2015 Threshold Evaluation - Appendix K

K-4

ABSTRACT
Surface and submerged littoral substrates in Lake Tahoe, CA, NV were mapped from high-resolution
satellite imagery using Object-Based Image Analysis (OBIA) analysis techniques. The derived substrate
classes were translated into three fish habitats classes (spawning, feed and cover, marginal) in order to
evaluate the attainment status with environmental standards related to nearshore fish habitat and to
improve map products used for land-use planning and regulatory purposes. The results confirm previous
satellite mapping efforts that feed and cover habitats and spawning habitats are limited in distribution
to distinct areas around the lake, and that the Region is meeting TRPA fish habitat goals as currently
defined. Our results support the use of high-resolution satellite data for discriminating substrate
variation at a resolution sufficient to inform regional planning however addition investigation and data
are needed to confidently discriminate aquatic vegetation features. Future efforts to improve estimates
of changes in submerged substrate conditions over time may consider the use of higher spatial
resolution imagery provided by unmanned aircraft systems.

INTRODUCTION
The nearshore (or littoral zone) environment in Lake Tahoe is the shallow water interface between the
upland shoreline and the deep-water lake environment. Conditions in the nearshore are in constant flux
- fluctuating with annual and seasonal precipitation and lake levels. The nearshore is the zone of Lake
Tahoe that most people interact with and is used for both land- and shore-based recreational activities.
In Lake Tahoe, the nearshore is also utilized by non-native and native fish species as feed and cover
habitat, as well as seasonally for spawning and rearing young (Byron et al. 1989, Beauchamp et al. 1991,
Beauchamp et al. 1994). In accordance with its directives to protect Lake Tahoe Region’s environmental
quality, the Tahoe Regional Planning Agency (TRPA) ensures the long-term persistence of littoral fish
populations occurring in the lake through the implementation of policies and regulations designed to
protect fish habitat, while also applying policies to maintain high-quality recreational experiences for the
region’s locals and visitors (TRPA 2012a). As a result of potentially conflicting demands for nearshore
land uses, responsible agencies’ focus has been drawn to the shallower nearshore zone as an area in
need of continued management attention, monitoring and evaluation.
Remote sensing in water presents challenges, mostly related to the complex physical interactions
between water and light (Lyzenga 1978, Mumby and Edwards 2002, Goetz et al. 2008). Simply
described, shorter wavelengths of visible light (~450nm) penetrate deepest into the water column
(~10m), while longer wavelengths (~500 – 750nm) are more rapidly absorbed. Differential light
penetration depths limit the potential extent of remotely sensed data to describe sub-surface features,
as well as reducing the utility of the longer wavelengths due to their greater absorption rates. Variable
lake levels, sun glint, wave action and other human features on the water’s surface (e.g., boats, buoys,
and piers) can obscure interpretation of features of interest and can require novel spatial analysis
techniques to overcome. These factors notwithstanding, remote sensing is recognized as a tool for
mapping coral reef substrates (Mumby et al. 1998, Andréfouët et al. 2003), aquatic vegetation
(Hochberg and Atkinson 2003), stream characteristics (Marcus et al. 2003), fish habitat (Perkins 2005,
Herold et al. 2007), and thus has evolved for a potential tool for local scale resource planning and
monitoring (Sawaya et al. 2003, Goetz et al. 2008).
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The TRPA is the regulatory authority charged with creating and enforcing environmental quality
standards for the Lake Tahoe Basin. TRPA’s Resolution 82-11 adopted Environmental Threshold Carrying
Capacities (or “threshold standards”) for nine environmental and socioeconomic topic areas, including
standards for fisheries. Threshold standards are targets for environmental quality in the Tahoe Basin.
For fish resources, a threshold standard for lake habitat aims to maintain at least 5,948 acres of
‘excellent’ or ‘prime’ fish habitat around the entirety of Lake Tahoe’s nearshore.1 TRPA classifies littoral
fish habitat into three types including: 1) ‘marginal habitats’ which correspond to nearshore areas
dominated with sand and silt substrates, 2) areas dominated with cobble and boulder substrates
represent ‘feed and cover habitats’ and 3) ‘spawning habitats’ which are limited to areas of gravel
(Byron et al. 1989, TRPA 1996). TRPA (1982a) considers naturally occurring cobble/boulder and gravel
substrates combined as ‘excellent’ or ‘prime’ fish habitat and acreage measurements of these substrates
have been used to judge compliance with the adopted lake habitat threshold standard.
The origin of the currently adopted fish habitat threshold standard comes from TRPA (1982a) where it
was reported that there are “approximately 6,152 acres of excellent spawning and feeding habitat…”
Even though an estimate of 6,152 acres was identified, TRPA (1982a and 1982b) proposed a standard (as
a policy) to achieve 5,948 total acres of excellent “habitat”. A time-constrained field survey of the
nearshore zone of Lake Tahoe was completed by Byron et al. (1989). The survey provided spatially
referenced data that described changes in the lake-bed substrate around the entire lake and fish habitat
quality at a rather coarse level. Since then, newer techniques and technology became available that
offered the promise of increased mapping precision and extent within reasonable cost constraints.
Additionally, because Lake Tahoe is a clear, oligotrophic lake, it is a good candidate for implementing
such a novel mapping/monitoring approach. It is within this context that TRPA first explored the use of
high-resolution, multi-spectral satellite imagery as a means to improve the quality and repeatability of
lake substrate mapping and contracted a fish habitat mapping project in 2003 (Metz and Herold 2004,
Herold et al. 2007).
Based on the Metz and Herold (2004) analysis of IKONOS data collected 2002 there were about 5,602
acres of “excellent/prime” fish habitat in Lake Tahoe’s nearshore, suggesting that the Region reached
approximately 94% of the 5,948-acre target as of 2002. However, TRPA (2012b) determine there was no
statistical difference in the extent of fish habitat reported by Metz and Herold (2004) and the TRPA
management target because of reported overall mapping error of ±14% and made a determination that
the Region was meeting the threshold standard (as of 2002 when the data were collected).
Since the evaluation of the 2002 IKONOS data, two newer and higher spectral and spatial resolution
WorldView 2 satellite imagery datasets were collected for the Lake Tahoe region in 2010 and 2015.
These new data sets presented the opportunity for TRPA to update information on the distribution and
extent of nearshore fish habitat in support of threshold evaluation needs as well as for other nearshore
planning needs. Specifically, the objectives of the project were to:
1. Explore the utility of 2010 and 2015 WorldView-2 imagery for mapping submerged and dry
shore-zone substrates and aquatic vegetation.
1

TRPA Resolution 82-11, Threshold ‘Management’ Standard for Lake Habitat: “A nondegradation standard shall
apply to fish habitat in Lake Tahoe. Achieve the equivalent of 5,948 total acres of excellent habitat as indicated by
the Prime Fish Habitat Overlay Map as may be amended based on best available science.”

6
2015 Threshold Evaluation - Appendix K

K-6

2. Develop spectral relationships between remotely sensed spatial data and field observations of
dry and submerged substrate, and if possible, aquatic vegetation.
3. Inform the Lake Fish Habitat component of the TRPA Environmental Threshold Standards,
including determining the 2010 and 2015 status (in terms of extent and distribution) of
‘marginal’, ‘feed and cover’, ‘spawning’ habitats, and ‘excellent/prime’ habitat. If data quality
and resolution allows, conduct an analysis to determine the magnitude of change (in terms of
acreage) of the various fish habitat types and aquatic vegetation using results of image
classification and interpretation of 2002 IKONOS, 2010 WorldView-2 and 2015 WorldView-2.

STUDY AREA
The Tahoe Region is located on the border of the states of California and Nevada, between the Sierra
Crest and the Carson Range. Approximately two-thirds of the Region is located in California, with onethird within the state of Nevada. The Tahoe Region contains an area of about 501 square miles, of which
approximately 191 square miles comprise the surface waters of Lake Tahoe. The nearshore zone of Lake
Tahoe for this project is roughly measured from an upper lake level legal limit elevation of
approximately 6229 to a benthic elevation of 6,193ft. and comprises approximate 14,522 acres. Lake
Tahoe dominates the features of the Region and is the primary focus of local environmental regulations
to protect its exceptional water clarity. Over 85% of the land area in the Lake Tahoe Basin is managed by
public agencies.

DATA AND METHODS
Observations for Image Classification, Validation and Accuracy Assessment
We conducted two water-based (from motorized boat) and four land-based field sampling campaigns
between September 18, 2015 and October 20, 2015 to aid the classification and validation of dry and
submerged substrate types derived from satellite imagery. Dates sampled in the field were within 3
months of the 2015 WorldView-2 imagery capture with some minor variation in lake levels between
imagery collection and field sampling (a reduction in lake level of approximately -0.82 ft. from August 1
to October 20, 2015; USGS gage data at Tahoe City, CA.)2. No field data were collected simultaneously
with the 2010 WorldView-2 satellite imagery collection.
Field data were collected using a customized mobile application developed using the Fulcrum platform
(Figure 1) and then deployed using iOS smartphones (Figure 2). At each field data point, the GPS
location, date, and time were automatically recorded. The user then recorded information on the
substrate type, water depth, invasive species presence/absence and algae cover, along with taking a
photograph (representative to the site’s characteristics). During the field campaign the data were
periodically synced to the Fulcrum cloud storage platform where the data could be immediately
accessed (Figure 3) and viewed (Figure 4) by any user assigned to the project.

2

http://waterdata.usgs.gov/usa/nwis/uv?site_no=10337000
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Figure 1. Field data collection mobile application design.

Figure 2. Field data mobile application development interface using an iPhone 6.
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Figure 3. Field data records accessed using the Fulcrum online platform.

Figure 4. Field data records accessed using the Fulcrum online map viewer.

For boat surveys a bathyscope was used aid in viewing through the water column to identify submerged
substrate types. Field sampling was conducted in a systematic random fashion in order maximize
sampling site coverage around the Lake’s nearshore and the representation of different substrate types
and combinations of substrates at different water depths. A total of 240 sites (Figure 5) were sampled in
the field to aid in substrate and habitat classification (131 from water and 109 from land).
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Figure 5. Map showing the distribution of field data (n=240) collected in 2015 symbolized by substrate type.

The field data were then aggregated into categories used in the 2002 mapping. The number and
distribution of the field data substrate types are shown in Figure 6.

Figure 6. Distribution and number of field data records that corresponded with 2002 IKONOS substrate categories.
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We also reviewed data from other sources to aid in the classification and attribution of aquatic plant
distribution and extent. Other aquatic plant data reviewed including data: 1) from Dr. Sudeep Chandra’s
(University of Nevada, Reno) lab, 2) from the League to Save Lake Tahoe’s – Eye’s on the Lake citizens
monitoring program (https://keeptahoeblue.org/our-work/eyes/), and 3) personal knowledge provided
by the Aquatic Invasive Species Control Program Director at the Tahoe Resource Conservation District
(Mollie Hurt pers. comm.).
Accuracy assessment data were created by classifying and digitizing 3,002 points sourced from a Google
Earth satellite image basemap (Digital Globe Worldview 3, April 2015). We interpreted Google Earth
imagery (viewed at a scale of 1:500) used our familiarity of Lake Tahoe shorezone (> 20 years of field
experience) to classify points into one of the three TRPA littoral fish habitat types (i.e., Feed and Cover,
Marginal and Spawning; see Figure 7). In GIS, points were overlaid onto the final fish habitat map and
summarized into a confusion matrix to assess accuracy of TRPA fish habitat classification effort.
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Figure 7. Map showing the point distribution of different habitat types as determined from an interpretation of April 2015
Google Earth imagery. Data points (n=3,002) were used to assess the accuracy of the fish habitat classification effort.

Remotely Sensed Data
WorldView-2 satellite imagery collected in August of 2010 and 2015 were used for substrate mapping.
For both dates, the WorldView-2 imagery acquisitions consisted of panchromatic imagery collected at a
resolution of 0.5m and seven bands of multispectral imagery collected at a resolution of 2.0m
(DigitalGlobe 2009). The 2010 imagery had been orthorectified and pan-sharpened by Spatial
Informatics Group, LLC (SIG) as part of a previous effort to map impervious surfaces within the Lake
Tahoe Basin. The 2015, WorldView-2 imagery were orthorectified and pan-sharpened by DigitalGlobe.
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The 2002 IKONOS imagery, used in the 2002 fish habitat study, were obtained by SIG, but only used for
comparison purposes, not for new substrate mapping. The WorldView-2 sensor has two chief
advantages over the IKONOS sensor. The first is that the resolution is better. The panchromatic
resolution for IKONOS is 1m and the multispectral resolution is 4m. The second advantage is that
WorldView-2 contains seven multispectral bands, compared to the four for IKONOS. For substrate
mapping, shorter wavelengths are preferable as they penetrate water farther than longer wavelengths.
WorldView-2 has two additional shorter wavelength bands, “coastal” and “yellow” that IKONOS does
not.
The WorldView-2 imagery datasets, as with the 2002 IKONOS imagery, were acquired at multiple
different time periods as the field of view for all the satellite systems is smaller than the study area.
Wind impacted lake conditions during some of the collection periods, causing waves that resulted in
imagery that was less than ideal for submerged substrate and habitat mapping.

Substrate Mapping Approach
The overall focus on the mapping approach was to improve the 2002 substrate map derived from
IKONOS imagery, using the WorldView-2 imagery acquired in 2010 and 2015. The rationale behind this
approach was that it would have the advantage of leveraging the existing substrate mapping work,
which was done at a considerable investment, while at the same time making use of more recent, higher
quality imagery. Incorporating both sets of WorldView-2 imagery was necessary as neither dataset
offered comprehensive wave free coverage of the nearshore. The decision was made not to use the
IKONOS imagery as the spatial resolution was inferior and it lacked the same spectral coverage as
WorldView-2.
Substrate mapping consisted of two main phases (Figure 8). In the first phase a shoreline and wave
detection algorithm was run to determine if substrate should be mapped from the 2010 or the 2015
imagery. In the second phase, the 2002 substrate map was refined using a rule-based expert system and
information from either the 2010 or 2015 imagery.

Shoreline and Wave Detection
The purpose of the shoreline (dry substrate zone) and wave detection (substrates covered with water)
routine was to determine, for a given location, whether the 2010 or 2015 image dataset was better for
the substrate classification (i.e., imagery with fewer waves is better for classification). Based on this
outcome, subsequent substrate mapping would then only use the properties from the imagery
containing the least amount of waves, allowing submerged substrate could be more accurately
identified. Also included in this process was a routine to classify the shoreline based on the 2015
imagery. For the purposes of this study, shoreline was defined as any area within the 2002 substrate
map that was not covered by water in 2015. For all areas classified as shoreline the 2015 imagery was
used in the substrate mapping.

13
2015 Threshold Evaluation - Appendix K

K-13

Figure 8. Substrate mapping workflow.

The 2002 IKONOS imagery is presented in Figure 9 only as a reference. The location represented in
Figure 9 includes two separate 2002 IKONOS image acquisitions and it can be seen that a portion of the
imagery on the far left was acquired during white cap conditions, greatly impacting the ability to see the
substrate beneath waves. The 2010 WorldView-2 imagery, showing the same area, is presented in
Figure 10. The entire area depicted in Figure 10 was acquired at the same time in 2010. The substrate is
visible, but there some white caps, visible as small white speckles in the imagery. The 2015 WorldView-2
imagery for the same area (Figure 11) was acquired on two separate occasions, with about 60% of the
water in the scene covered by white caps.

Figure 9. IKONOS imagery acquired in 2002. White caps due to wind can be seen on the far left portion of the imagery, which
was acquired during a different time period than the rest of the scene.
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Figure 10. WorldView-2 imagery acquired in 2010. The entire scene within view was acquired at the same time period and
contains some white caps due to windy conditions.

Figure 11. WorldView-2 imagery acquired in 2015. The scene contains two images acquired at different time periods and the
clear split between the two is evident in the center of the scene. The conditions in the left portion of the scene are calm,
whereas the conditions in the right portion of the scene are rough with numerous white caps.

The first step in the shoreline (dry substrate) and wave detection step was the application of a
segmentation routine that grouped the pixels into objects (polygons) based on their spectral and spatial
properties. These polygons were then classified as shoreline based on a combination of imagery
brightness, the Normalized Difference Vegetation Index (NDVI), and the Normalized Difference Water
Index (NDWI). The remaining non-shoreline objects (i.e., submerged substrate) were further subdivided
into small objects for the purpose of wave detection. Waves were mapped using both the 2010 and
2015 imagery based on the brightness of the WorldView-2 visible bands. This information was then
aggregated up to the larger objects where a rule compared the number of waves detected in the 2010
imagery to the 2015 imagery. Each object was then tagged as 2010 or 2015, indicating the date of
imagery to be used for the subsequent substrate mapping, based on the least number of waves. Figure
12 shows the result of the shoreline and wave detection mapping for the same area as the previous
figures. The shoreline (light blue), polygons to be mapped using the 2010 imagery (off-yellow), and
polygons mapped using the 2015 imagery (purple) are visible. The boundaries within each of the three
classes were then dissolved. It is important to note that using this approach (i.e., identifying which
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imagery had the fewest number of lake surface waves between 2010 and 2015) assumes that little or no
change in substrate has occurred between 2010 and 2015 time frames.

Figure 12. Result of the shoreline and mapping year algorithm used to define the imagery year to use. The light blue area on
the far left is the shoreline (dry substrate - consists of the area not covered with water in 2015). 2015 imagery was always
used to characterize substrate within the shoreline area. The purple area to the left was wave free in the 2015 imagery and
thus substrate mapping for each of the polygons was carried out using the 2015 imagery. The off-yellow area on the right
was impacted by wind in 2015 and thus substrate was mapped using the 2010 imagery.

Substrate Mapping and Classification
The substrate mapping process consisted of four steps:
1)
2)
3)
4)

Segmentation of the WorldView-2 imagery into objects,
Assignment of each object based on the majority class in the 2002 substrate map,
Automated refinement of substrate classification using the WorldView-2 imagery and
Manual review and refinement of the substrate classification.

In the first step a segmentation routine to create image objects by grouping pixels together was applied
independently to the areas identified as shoreline (dry substrate), where the 2010 imagery contained
fewer waves, and where the 2015 imagery contained fewer waves (Figure 12). This segmentation
routine resulted in polygons that were unique, based on their spectral and spatial properties for a given
year of WorldView-2 imagery (Figure 13).
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Figure 13. Objects (polygons) for the substrate mapping created through the application of a segmentation routine. For this
location, the 2015 WorldView-2 imagery was used for segmentation and substrate mapping as it contained fewer waves than
the 2010 imagery.

In the second step each object was then assigned to one of the nine substrate classes based on the
majority substrate class from the 2002 mapping effort (Herold et. al. 2007). In the third step, a rulebased expert system was used to refine the substrate classification using either 2010 or 2015 imagery.
The rule-based expert system was derived using the 2015 field data as a reference and was developed to
mimic the cognitive process a human would use to map substrate. The primary WorldView-2 imagery
attributes used for substrate class assignment consisted of imagery brightness, standard deviation, and
relative difference to neighbor objects in the coastal, blue, green, yellow, and red bands for the water
areas and the imagery brightness and standard deviation in the green, yellow, red, first near infrared,
and second near infrared bands for the shoreline area. An example of the rule-based expert system for
correcting areas classified as either sand or boulder in the 2002 mapping effort is presented (Figure 14).

Figure 14. Example of the rule-based expert system used to refine the substrate mapping.
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The rule-based expert system also slightly modified the 2002 substrate boundaries, filling in small gaps
that were found to exist in select areas (Figure 15). These gaps appeared to be the result of errors in the
mapping process stemming from data limitations in the bathymetric data.

Figure 15. Substrate 2002 mapping showing a clear gap in the lower, center portion of the figure.

In the final step the updated substrate classification based on the 2010 and 2015 WorldView-2 imagery
that was reviewed at a scale of 1:5000. Out of the 78,792 objects, 4,218 had their label changed. Finally,
the minimum mapping unit of 10m2 was enforced. All objects below the minimum mapping unit were
merged into the neighboring object with the largest shared border.

Fish Habitat Mapping Approach
Following the same procedures used in the Metz and Herold (2004) mapping effort, substrate classes
were cross-referenced to the fish habitat classes (Table 1).
Table 1. Translation of substrate classification to TRPA fish habitat classification.

Substrate Class
Boulder
Cobble
Cobble/Boulder/Bedrock
Gravel
Gravel/Cobble/Small Boulder
Gravel/Cobble/Small Boulder/Large Boulder
Periphyton (i.e., aquatic vegetation)
Sand
Sand/Cobble/Boulder

TRPA Habitat Class
Feed & Cover
Feed & Cover
Feed & Cover
Spawning
Feed & Cover
Feed & Cover
Marginal
Marginal
Feed & Cover

RESULTS
In total, 14,533 acres (13,842 acres lake-ward of the high water line of 6,229) of substrate were mapped
as part of the 2015 effort (Table 2). The distribution of these substrate classes, along with whether or
not they fell within the high water line can be seen in Figure 16. Sand was the dominant substrate class
for the lake followed by a number of classes that are either partially or entirely comprised of a mixed
composition of boulders and cobble and other smaller substrate types.
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Table 2. Substrate totals (acres) for the 2015 mapping effort. “Outside” indicates acreages enumerated upslope of the high
water line (6,229 ft.).

Figure 16. Distribution of the area for each substrate class based on the 2015 mapping effort. Yellow indicates the portion of
the substrate that was upslope of the high water line. Blue is the portion of the substrate that is within the high water line
(i.e. substrates that would be submerged if lake level was at legal high water limit of 6,229).

The totals for the three fish habitat classes are presented in Table 3, and the distribution of the habitat
classes, along with whether or not the habitat was covered by water in 2010 is presented in Figure 17.
Of particular note is that only about 14% of the spawning habitat class was covered by water in 2010.
Figure 18 shows the breakdown of the habitat classification by substrate type.
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Table 3. TRPA habitat type totals (acres) for the 2015 mapping effort. “Outside” indicates acreages enumerated upslope of
the high water line (6,229 ft.).

Figure 17. Distribution of the area for each TRPA fish habitat class based on the 2015 mapping effort. Yellow indicates the
portion of the substrate that is outside of the high water line. Blue is the portion of the substrate that is within the high
water line (6,229 ft.).
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Figure 18. 2015 habitat classification broken down by substrate type. Only substrate that falls within the high water line is
included.

Examples of the field data, 2002 substrate mapping, and 2015 substrate mapping for the Commons
Beach area are presented in Figure 19, Figure 20, and Figure 21, respectively. The field data for area,
while limited, point to the presence of gravel, either alone or part of a composite with cobble (Figure
19). The numerous darker areas in the WorldView-2 imagery indicate the presence of algae or aquatic
vegetation, likely growing on some form of rocky substrate. The 2002 substrate map (Figure 20)
however, has the area dominated by Cobble/Boulder/Bedrock and Gravel/Cobble/Small Boulder/Large
Boulder. The 2015 substrate map shows the refined classification, which better reflects both the field
data and the imagery (Figure 21). There is larger amount of sand, along with the area previously
classified as Cobble/Boulder/Bedrock largely changed to the Gravel/Cobble/Small Boulder class.
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Figure 19. WorldView-2 2015 imagery and 2015 field data locations for the Commons Beach area.

Figure 20. 2002 substrate mapping for the Commons Beach area.

Figure 21. 2015 substrate mapping for the Commons Beach area.
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A similar set of comparisons for the Logan Shoals area are presented in Figure 22, Figure 23 and Figure
24. The field data point to a combination of boulder and composite substrate in the area (Figure 22). The
algae growing on the substrate are clearly visible in Figure 22. The differences between the 2002
substrate mapping (Figure 23) and the 2015 substrate mapping (Figure 24) along the shore consist of a
refinement of the classification, replacing areas thought to be boulder in 2002 with the classification of
sand in 2015. The improved spatial resolution of the WorldView-2 imagery makes it much easier to
detect boulders on land, which cast small shadows. Within the water, the boundaries of the boulder
substrate class were refined due to the improved ability of WorldView-2 to detect the algae growing on
the boulders. In addition, the composite sand/cobble/boulder class in 2015 replaced some areas
considered only to be sand in 2002. Once again, the ability to use WorldView-2 to resolve smaller
features is the reason behind this change.

Figure 22. WorldView-2 2015 imagery and 2015 field data locations for the Logan Shoals area.

Figure 23. 2002 substrate mapping for the Logan Shoals area.
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Figure 24. 2015 substrate mapping for the Logan Shoals area.

For the Logan Shoals area both of the changes listed above resulted in adjustments to the habitat
classification. The habitat classification for 2002 can be seen in Figure 25. The habitat classification for
2015 can be seen in Figure 26. Despite these changes the majority of the habitat classification remained
unchanged.

Figure 25. 2002 habitat mapping for the Logan Shoals area.
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Figure 26. 2015 habitat mapping for the Logan Shoals area.

The impact of the change in substrate type had some effect in the marginal and feed and cover habitat
classes, but almost no effect in the spawning class (Figure 27). Overall, the 2015 mapping effort resulted
in a decrease in acreage of the marginal class, an increase in acreage in the feed and cover class, and a
very small increase in the spawning class (Table 4). Additional insights into how the substrate
classification was altered between the two mapping efforts, and how this impacted the habitat
classification are presented in Table 5 and Table 6. The most notable shifts occurred in the sand and
boulder categories, which is not surprising given the advantages of WorldView-2 imagery in detecting
fine-scale features.
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Figure 27. Changes to the habitat classification for the areas within Lake Tahoe high water line for the 2002 and 2015
mapping efforts. The height of the bars represents the total area in each habitat class based on the 2015 mapping effort. The
colors for each bar show the habitat classification for each of the classes using the 2002 map.

Table 4. Habitat classification area comparison of the 2002 and 2015 mapping efforts for the area within the high water line.
Area values are acres.
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Table 5. Comparison between the 2002 and 2015 substrate classifications. Percentages in each class are the relative amount
of the class in the 2015 map that fell within each class in the 2002 map. Only areas within the high water line are included.

Table 6. Comparison between the substrate and habitat totals (acres) for the 2002 and 2015 mapping efforts. Only areas
within the high water line are included.

A crosswalk comparing the field data collected in 2015 to the 2002 and 2015 mapping efforts is
presented in Table 7. The crosswalk was done instead of an accuracy assessment for several reasons.
The first is that it was not feasible to gather the appropriate number of field samples for an accuracy
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assessment to be statistically valid. The second is that the method of field data collection involves
mapping substrate at an individual location that is of a finer resolution than both the IKONOS and
WorldView-2 satellite imagery. Nevertheless, the crosswalk between these datasets provides some
meaningful insight into the quality of the data. Principally there are very few hard classification errors in
both the 2002 and 2015 mapping efforts. An example of a hard classification error is boulder being
misclassified as sand. There are classes with considerable confusion. For example, five locations
identified as boulder in the 2015 field data collection were classified as sand/cobble/boulder in both the
2002 and 2015 mapping efforts. This error is an example of a soft classification as boulder was included
in the composite class and there is no way to determine if the location observed in the 2015 field collect
was part of a larger pure boulder area or just a piece of boulder in an otherwise composite area.
Table 7. Crosswalk between the 2015 field data and the 2002 and 2015 mapping efforts.

To further assess the accuracy of the habitat classification 3,002 points were placed and assigned to one
of the three habitat codes by manually interpreting Google imagery from April, 2015. Table 8 shows the
cross-tabulation between the habitat validation points and the 2015 habitat classification. There is
strong agreement between the marginal and feed-cover classes, at 95% and 82%, respectively. Our
ability to classify spawning habitat appears to be less successful due to confusion with the feed-cover
class (49%). Overall, there was approximately 83% agreement between mapped habitats and validation
points manually interpreted from Google imagery.
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Table 8. Comparison of photo-interpreted habitat validation points to the habitat classification.

CONCLUSIONS
This project delivered several data products that will be helpful for the long-term mapping and
monitoring of the substrate and fish habitat for Lake Tahoe. This project provided the following:
1. A mobile application (using the Fulcrum platform) for efficiently collecting field data for
substrate types.
2. A database of field substrate data collected in 2015.
3. A refined substrate and fish habitat GIS layer developed using the 2002 substrate layer in
conjunction with WorldView-2 2010 and 2015 that includes classification of substrates types
consistent with previous remote sensing mapping efforts (e.g., Metz and Herold 2004) and
habitat types consistent with TRPA adopted habitat typology.
By using WorldView-2 imagery from 2010 and 2015 in combination with the substrate map created
based on 2002 IKONOS imagery, the substrate map was improved upon. The improved substrate
mapping is due to improved ability to discriminate sub-surface and fine-scale features in the WorldView2 imagery. The differences between the 2002 and 2015 mapping efforts should not be interpreted to
mean that the substrate conditions have changed, but rather viewed to be a refinement of TRPA fish
habitat mapping effort. Strategically, the substrate map is a valuable tool for quantifying fish habitat for
Lake Tahoe for which high-resolution satellite imagery is likely the most cost-effective means.
From long-term monitoring and tactical decision making perspectives there are two main drawbacks to
the approaches that have been used in both 2002 and 2015. First, water conditions, principally waves
from wind, make it unlikely that a single collection of satellite imagery will ever be suitable for mapping
substrate for the entirety of the lake. Waves clearly impacted the 2002 substrate mapping effort. Had
both 2010 and 2015 WorldView-2 imagery not been available the ability to carry out this study would
have been compromised. Secondly, the composite substrate classes (i.e., settings where substrate sizes
contain a mix of, for example gravels with cobble and boulders sizes) are difficult to classify into TRPA’s
habitat typology. While composite substrate classes do exist, the field data collection indicates that at a
fine scale the composite classes used for the substrate mapping do not exist in remotely sensed data
available for this project. The composite classes are necessary for mapping primarily due to the inability
to resolve the individual substrate classes using satellite imagery at the fine scales in which they are
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present. The result is that the true extent of spawning habitat could be misinterpreted and underenumerated to suggest there is less habitat than truly exists. For example, there were numerous
examples noted from field sampling where gravels substrates were co-mingled with other substrates
such as cobble and boulders sized substrates. WorldView-2 imagery could not be used to resolve and
discriminate small patch of spawning gravels that were co-mingled within cobbles and boulders. Finally,
TRPA’s habitat typology does not provide sufficient guidance for classifying composite substrate
situations (e.g., providing typology thresholds, such as if gravel extent is greater the 50%, then substrate
is given a habitat type of “spawning”). These challenges to discriminate spawning habitats from others
may be immaterial given that TRPA’s adopted Threshold Standard targets the achievement of 5,948
acres of “Prime” fish habitat, which is the combined acreage of both “feed and cover” and “spawning”
habitats/substrates.
A comprehensive and integrated program to mapping and monitoring substrate in Lake Tahoe could
help to overcome these limitations and provide greater insight into the fish habitat. Such an approach
would include a combination of field data collection, high-resolution mapping using Unmanned Aircraft
Systems (UAS), continued mapping using high-resolution commercial satellite imagery and updated
bathymetric surveys using the newest generation bathymetric LiDAR sensors. Such an approach
however could be cost prohibitive.
Field data collection could be done effectively and efficiently using the mobile application developed as
part of this project as it can be deployed using any smartphone running Android or iOS. Training on how
to use the mobile application and identify substrate types takes less than 30 minutes. The mobile
application has a number of factors, including offline data collection, online syncing, user tracking, and
automated data compilation that make its long term maintenance costs very low.
The drawback of field data collection that it is not well suited to actually mapping polygonal fish habitat.
There are options for tablet sketch mapping applications, but these would be challenging to deploy in
the water. A low-cost solution that could deliver the resolution needed to conduct detailed substrate
mapping is imagery collected using UAS. UAS have already been deployed for aquatic mapping on Lake
Tahoe. With a resolution over 10 times better than WorldView-2 satellite imagery, substrate and aquatic
vegetation that are almost impossible to resolve using WorldView-2 imagery can be discerned (Figure
28). The flexibility of UAS flight operations enable imagery to be acquired under optimal conditions and
in conjunction with field data. The small mapping footprint of UAS would not make them a suitable
platform for mapping the entirety of the lake, but rather a valuable asset to focus on particular areas of
interest such as valuable prime fish habitat and areas of known aquatic vegetation.
Comprehensive lake-wide habitat mapping using high-resolution aerial or satellite imagery should
continue every 5 to 10 years. Strong consideration should be given to combining the imagery collect
with a new bathymetric LiDAR data. Updated bathymetric data would not only improve the lakes
elevation mapping, but members of our team have used such datasets to map complex aquatic habitat
types (Price et al., 2015).
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Figure 28. WorldView-2 imagery (top) and UAS imagery (bottom) for the Ski Run Marina area. Both images are displayed at
the same scale. From the bottom image collected from an UAS, substrate can be clearly interpreted, included discriminating
metaphyton algae (brilliant green) from aquatic invasive species (darker green Eurasian milfoil and curly-leaf pond weed).
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