
1 23

Journal of Coastal Conservation
Planning and Management
 
ISSN 1400-0350
 
J Coast Conserv
DOI 10.1007/s11852-014-0346-8

Using terrestrial laser scanning to support
ecological research in the rocky intertidal
zone

Jeff P. Hollenbeck, Michael J. Olsen &
Susan M. Haig



1 23

Your article is protected by copyright and

all rights are held exclusively by Springer

Science+Business Media Dordrecht (outside

the USA). This e-offprint is for personal

use only and shall not be self-archived

in electronic repositories. If you wish to

self-archive your article, please use the

accepted manuscript version for posting on

your own website. You may further deposit

the accepted manuscript version in any

repository, provided it is only made publicly

available 12 months after official publication

or later and provided acknowledgement is

given to the original source of publication

and a link is inserted to the published article

on Springer's website. The link must be

accompanied by the following text: "The final

publication is available at link.springer.com”.



Using terrestrial laser scanning to support ecological research
in the rocky intertidal zone

Jeff P. Hollenbeck & Michael J. Olsen & Susan M. Haig

Received: 8 April 2014 /Revised: 30 September 2014 /Accepted: 1 October 2014
# Springer Science+Business Media Dordrecht (outside the USA) 2014

Abstract Scale-appropriate, foundational datasets are neces-
sary for ecological analyses of the rocky intertidal ecosystem.
We used terrestrial laser scanning (TLS) to characterize and
quantify the rocky intertidal zone topography at a western
U.S. coastal site (Rabbit Rock, Oregon) to support ecological
research relating to potential climate-induced changes in dis-
tribution and abundance of intertidal invertebrates and a large-
bodied shorebird, the Black Oystercatcher (Haematopus
bachmani). Alternate available data (e.g., aerial photography,
airborne LIDAR) proved inadequate or infeasible for devel-
opment of a topographic surface model inclusive of intertidal
area from Mean Lower Low Water to Mean Higher High
Water tidal elevation. Our TLS-derived topographic surface
model competently supported development of an invertebrate
distribution model relative to tidal elevation and topography.
Using the developed model, we estimated current and future
aerial extent of the intertidal zone and potential foraging
habitat for Black Oystercatcher in our study area. Intertidal
zone area decreased from 7,194 m2 to 6,409 m2 and 3,070 m2

with 1 and 2 m sea-level rise, respectively. Surprisingly, due to
the configuration of site substrate, potential foraging habitat
for Black Oystercatcher increased from 5,658 to 5,903 m2

with 1 m sea-level rise, but declined to 3,068 m2 with 2 m sea-
level rise. Our results demonstrate the utility of TLS for
ecological research in the rocky intertidal zone. They further

illustrate that climate change effects on ecological conditions
may vary considerably depending on local configurations.

Keywords Terrestrial laser scanning . Airborne lidar . Rocky
intertidal . Shorebird habitat . Sea-level rise . Climate change

Introduction

Airborne laser scanning (i.e., Light Detection and Ranging;
LIDAR) has been used extensively to support natural resource
research, including forestry (Clark et al. 2004; Popescu et al.
2004; Andersen et al. 2006; Hudak et al. 2008), coastal change
and resource management (Young et al. 2010) and wildlife
ecology (Clawges et al. 2008; Vierling et al. 2008; Martinuzzi
et al. 2009). LIDAR has been used extensively for a variety of
coastal studies (Parrish 2012) including resource management
(Brock and Purkis 2009), coastal change (e.g., Young et al.
2010), storm damage, flood mapping, tsunami inundation
modeling, shoreline mapping (e.g., White et al. 2011), and
navigation. LIDAR is also beginning to see increased use in
coastal ecological research (e.g., Chust et al. 2010), but re-
mains uncommon for research specific to the intertidal zone,
primarily because the technology and its wide application is
still emerging. A detailed discussion of LIDAR technol-
ogy and a variety of applications are discussed in the
recent ASPRS Manual of Airborne Topographic LIDAR
(Renslow 2012).

Conventional airborne LIDAR acquisitions of coastal
areas typically do not plan for low tide coverage primarily
because it is not feasible to fly large areas during short low-
tide intervals. In particular, acquisitions are rarely made
during very low tides that expose the entire intertidal zone
because such tides occur infrequently and often occur
when atmospheric and weather conditions are less than
ideal for data collection. The National Coastal Mapping
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Program (NCMP: administered by the U.S. Army Corps of
Engineers) attempts transitional coastal coverage from onshore
topography to submerged bathymetry using an airborne plat-
form. NCMP data covering coastal areas of the eastern and
southern U.S. have been released for public use, but presently
these data have not been released for most of the western U.S.
coast. The NCMP uses a combination of near-infrared and green
wavelength laser instruments to simultaneously collect data
from emergent and submerged topography, respectively (Irish
and Lillycrop 1999; Wozencraft and Lillycrop 2003; Renslow
2012). A comparable system (Hawk-Eye) with similar charac-
teristics has been used in Europe (Chust et al. 2010). Bathymetry
data are collected regardless of tide and have a lower hit density
than emergent data. Topo-bathymetry data (NCMP or Hawk-
Eye) show considerable promise for coastal research, but may
suffer from issues associated with excessive water turbidity and
dense surface material (e.g., foam), both of which occur fre-
quently at the lower intertidal and subtidal regions. Turbidity
may decrease the density of bathymetric returns or obscure
bathymetric hits completely. Regardless, these data (NCMP
and Hawk-Eye) have been successfully used in ecological stud-
ies, including Piping Plover (Charadrius melodus) nest-site
selection along the eastern coast of the U.S. (Seavey et al.
2011) and modeling the distribution of intertidal invertebrates
on the northern Spanish coast (Valle et al. 2011).

Terrestrial laser scanning (TLS) provides an alternative to
airborne LIDAR for ecological research. TLS uses nearly the
same technology as airborne LIDAR; however, the data are
acquired from a compact, tripod-mounted instrument on the
ground rather than a moving plane. To our knowledge, TLS has
not been used in rocky intertidal research; most coastal research
uses airborne LIDAR. Digital terrain models (DTM) derived
from TLS provide very fine scale information that may be
useful in ecological studies of highly complex ecosystems, such
as the rocky intertidal zone. Furthermore, site-level (e.g., 0.5–
1.0 km shoreline frontage) TLS acquisitions are logistically
more flexible and may be planned for extreme low tides,
assuring complete coverage of the intertidal zone and even
portions of the subtidal zone. However, it should be noted that
while TLS provides more detail at a site, it requires significant
time to complete an entire coastline (e.g., Olsen et al. 2009).

Young et al. (2010) provide a comparison of airborne and
terrestrial LIDAR for sea cliff erosion quantification near San
Diego, California. They discuss the differences in incidence
angles between platforms and how that influences the quality
of data acquired on beaches and cliffs. Airborne LIDAR
enables efficient regional studies and generally results in a
DTMwith a cell size of 0.5 to 2.0 m from data acquired with a
post spacing of 1–36 points per m2, depending on the mission
objectives. TLS, in contrast, enables higher resolution data
acquisition over smaller areas and generally results in data
with resolutions of 100–1,000 points per m2, resulting in
DTMs with cell sizes of 0.1–0.25 m. Because TLS data are

acquired from a static platform, they can have higher accuracy
(1–5 cm RMS 3D) compared to airborne techniques (5–15 cm
RMS vertical only).

The Black Oystercatcher (Haematopus bachmani) is a
strongly interactive (Soule et al. 2005) rocky intertidal obli-
gate shorebird that has been shown (though trophic interac-
tion) to effectively structure rocky intertidal ecosystems on the
Pacific coast of North America (Frank 1982; Marsh 1986;
Wootton 1992, 1993; Lindberg et al. 1998). Consequently, the
Black Oystercatcher is an ideal focal species for monitoring
and evaluating the current and potential condition of the rocky
intertidal ecosystem, in particular as anthropogenic (e.g.,
coastal development) and climate changes (e.g., sea-level rise)
occur. Because Black Oystercatchers exert strong trophic
pressure in their ecosystem, understanding the extent of avail-
able foraging habitat and prey are critical components for
subsequent analyses of changes that may occur in this system.

Impacts of global climate change on intertidal ecosystems
are the focus of many coastal managers. The rocky intertidal
zone is especially vulnerable to climate change impacts
(Menge et al. 2008) where sea-level rise is expected to in-
crease 1 to 2 m by 2100 (Rahmstorf 2007). Additionally,
changing wave and storm dynamics, rising air and water
temperature, and nearshore acidification are expected to im-
pact intertidal ecosystems as well. However, the substantial
variability of topography along coastal areas makes it difficult
to make broad generalizations regarding the effects of chang-
ing ocean conditions due to climate.

Fine scale topographic models of the rocky intertidal zone,
derived from TLS, provide an opportunity to model the cur-
rent distribution of intertidal invertebrates that comprise for-
age for Black Oystercatchers as well as projected changes in
distribution due to sea-level rise. Thus, we present an example
of TLS use to support ecological research in the rocky inter-
tidal zone. Our specific objectives are to (1) develop a model
of rocky intertidal invertebrate distribution based on tidal
elevation and topography, (2) estimate the area of potential
foraging habitat for Black Oystercatchers, and (3) estimate
changes in potential foraging habitat area with predicted sea-
level rise associated with global climate change by 2100 (i.e.,
1 to 2 m). Analytical methods such as those presented here are
of clear importance to coastal managers who need reliable
information to plan for current and potential future conditions.

Study area

We acquired laser scans at Rabbit Rock, 2.6 km north of
Depoe Bay, Oregon, on the northwestern coast of the U.S.
(Lat, Lon: 44.350, 124.550; Fig. 1). Rabbit Rock is a tongue-
shaped, basalt substrate, coastal rocky area characteristic of
much of the Oregon coast rocky intertidal zone (Figs. 1 and 2).
There is approximately 0.5 km of “frontage” coastline with
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adjacent land use consisting of low density housing and
natural area management. The site is typical of the rocky
intertidal ecosystem of the northwest coastal U.S. with high
biodiversity, and is representative of suitable foraging and
nesting habitat for the Black Oystercatcher (Fig. 2).

Methods

The general workflow we applied to create habitat models
from the TLS data involved field data acquisition, geo-

referencing, point cloud processing and generation of raster
digital elevation models, intertidal invertebrate model devel-
opment, and evaluation of invertebrate distribution as poten-
tial Black Oystercatcher foraging habitat (Fig. 3). We subse-
quently calculated intertidal area with simulated sea-level rise
of 1 and 2 m, and changes in potential foraging habitat up to
2 m sea-level rise.

Data acquisition

Using a terrestrial laser scanner (Riegl VZ-400; Riegl Laser
Measurement Systems GmbH), we acquired scans of our

Fig. 1 Map (inset) and aerial
photograph of study area (Rabbit
Rock, OR, USA) showing loca-
tion and overview of the rocky
intertidal zone
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study area on May 18, and June 16, 2011 during extreme low
tides (Fig. 4). Two scanning days were necessary to ensure
adequate data acquisition close to the water’s edge because the
tide was higher than anticipated on the first day. Consequently,
the second day focused on scanning in the lowest elevations
with a few redundant scans on the upper section to provide
quality control. The number of scan station setups could be
dramatically reduced for sites with smooth topography, how-
ever, given the rocky nature of the terrain at our study site,
multiple setups (20) were required to minimize occlusions
(Fig. 5).

Geo-referencing

The scans were geo-referenced into the UTM Zone 10N
coordinate system with the NAD83 (Cors 96) Epoch: 2002
horizontal datum and NAVD88 (Geiod 09) vertical datum.
Olsen (2011b) provides a discussion of common TLS geo-
referencing techniques, including: targets, cloud to cloud, and
hybrid methods as well as verification techniques. We geo-
referenced our scans using a similar methodology to that
outlined in Olsen et al. (2011), which constrains the scan
origins to GPS coordinates, inclination sensor\level

Fig. 2 Rocky intertidal habitat
exposed during low tide. Inset:
Black Oystercatcher
(Haematopus bachmani), an
obligate rocky intertidal shorebird

Fig. 3 Workflow diagram for TLS data processing
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compensator readings, and uses a least-squares solution
to refine the azimuth estimate from digital compass
measurements.

We obtained Rapid Static (RS) GPS coordinates for the
scanner origin at several scan setup locations and processed
them in OPUS (Martin 2007; Schwarz et al. 2009). Low-tide
access time constraints precluded our ability to collect RS
GPS data for all scan station setups. Furthermore, because of
the longer time needed (>15 min) for an OPUS Rapid Static
solution, those scans were conducted at a higher resolution
than other scans where GPS observations were not directly
collected (Fig. 3). After comparing tens of thousands of points
in overlapping scans to evaluate correspondence, RMS resid-
uals (3D) between scans ranged from 0.02 to 0.06m. Once the
scans with RS GPS coordinates were geo-referenced, scans
without GPS coordinates were geo-referenced using commer-
cial cloud-to-cloud software techniques that used the geo-
referenced scans (with GPS coordinates) as a fixed, reference
surface that remaining scans were matched to (Olsen et al.
2011). This referencing enabled translation on XYZ axes as
well as rotation about the Z axis for those scans without GPS
coordinates. However, scans were constrained to the inclina-
tion sensor readings.

For similar studies along the coast, Real-time Kinematic
(RTK) GPS would be preferred for efficient data acquisition

since it requires very short occupation times (seconds to
minutes). However, RTK GPS requires additional equipment
with a base station and radio or cell phone coverage to obtain
correctors from a real time network (e.g., ORGN network). At
this site, RS GPS was determined to be the most effective
option because cell phone coverage was not available.

Editing and rasterization

Following geo-referencing of the scans into the appropriate
coordinate system, we manually cleaned the scans to remove
noise from the point cloud resulting from moisture in the air,
people, and water reflections. Although these artifacts could
have been removed through automated procedures, they were
less than 5 % of the data points and manual procedures
produced improved results without excessive effort.

Next, scans were processed into a DTM using the “Bin and
Grid” procedure discussed in Olsen (2011a). The principal
steps of the algorithm are:

1. Import and merge point cloud data from all scans.
2. Calculate the spatial extents of data.
3. Create a grid structure defined by the coordinate’s lower

left corner, number of rows and columns (calculated from
the spatial extent and user-specified cell size). For this
project, we created several grids with cell sizes ranging
from 0.1 to 1.0 m. Too large of a cell size can result in
smoothing of topographic roughness while too small of a
cell size will result in numerous holes (cells containing no
data).

4. Bin each point into the appropriate grid cell
5. Calculate elevation statistics (min, max, mean, standard

deviation, etc.) for each grid cell and assign the desired
value to the grid cell. For this study, we selected the mean
value since the data were already manually cleaned to
remove artifacts. However, this statistical filter could also
be used at this time to remove noise and reduce time spent
in manual processing, if desired.

6. Export data as floating point grid format for analysis in
ArcGIS (Environmental Research Systems Institute
2004).

Note that the cell size can play a significant factor in what
features can be detected (e.g., 10 cm, 20 cm vs. 1 m). Too large
or small of a cell size could lead to misinterpretation, depend-
ing on the scan point density. For this site, a small cell size was
desirable due to the high rugosity of the terrain surface. As a
reference, typical fixed-wing airborne LIDAR resolutions
would only enable cell sizes ≥ 0.5 m.

We defined the intertidal zone as the region between the
Mean Higher High Water (MHHW) and Mean Lower Low
Water (MLLW) elevation isoclines relative to the Local Tidal
[vertical] Datum (LTD). Thus, we transformed the raster

Fig. 4 Data collection using tripod-mounted laser scanner

Terrestrial laser scanning for coastal ecological research

Author's personal copy



surface data from NAVD88 (Geoid 09) vertical datum to LTD
using the VDatum software (Parker et al. 2003; Myers 2005)
and North Oregon reference data. Subsequently, we quantified
the extent of potential rocky intertidal habitat as the intertidal
area remaining after removing areas of standing water
(tidepools). Delineation of standing water is a key undertaking
in the processing of ground-based laser scanning data.
Tidepools > 10 cm deep are generally not suitable foraging
habitat for Black Oystercatchers, and since tidepools may
represent a substantial area within a given rocky intertidal
location, they need to be accounted for when deriving habitat
area estimates. Thus, we delineated tidepools ≥ 50 m2 surface
area using 2011 aerial photographs of the study area acquired
during low tide.

Black Oystercatcher foraging habitat

We developed a fitted statistical model of rocky intertidal
invertebrate occurrence and density as potential foraging

habitat for Black Oystercatcher. The model presented here is
primarily for demonstration of the utility of TLS for ecological
research. Because the rocky intertidal ecosystem is complex
and dynamic, full development of invertebrate occurrence and
density models would ideally incorporate additional biotic and
abiotic influences (e.g., wave force and direction, competitive
interaction, and predation risk).

We modeled the occurrence and density of limpets (Lottia
sp.), a preferred prey species for Black Oystercatchers (Frank
1982;Wootton 1992; Lindberg et al. 1998; Hazlitt et al. 2002),
as a function of tidal elevation. Elevation above MLLW is a
potential surrogate for thermal and desiccation stress process-
es, which are key forcing factors for invertebrate establish-
ment and persistence (e.g., Helmuth and Hofmann 2001;
Tomanek and Helmuth 2002; Helmuth et al. 2006). Tidal
elevation, as expressed in our surface model, directly reflects
duration of low-tide emergence when invertebrates must cope
with desiccation and heat effects (Tomanek and Helmuth
2002; Helmuth et al. 2006). We used a long-term intertidal

0 5025 Meters

Scan Stations
GPS
ICP

Fig. 5 Location of scan stations
in study area (Rabbit Rock, OR).
Triangle markers (GPS) indicate
stations where GPS data were
collected. Circle markers (ICP)
show stations without associated
GPS data. These points were geo-
located in post-processing
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invertebrate dataset for model development (Partnerships in
Studies of Coasts and Oceans (PISCO) 2012) consisting of 30
100 cm2 sampling plates that were distributed within the
intertidal zone in, and adjacent to, our study area in 1999.
Plates were sampled for invertebrate abundance (including
limpets) every 2 to 4 weeks from August to January from
2000 to 2009. All limpets on the plates were counted, regard-
less of size. Although size preference varies with locality,
Black Oystercatchers generally prefer limpets ≥ 1 cm in size
(Frank 1982; Lindberg et al. 1998; Bergman et al. 2013).
Approximately 10 % of sampled limpets were ≥ 1 cm long.
Consequently, we adjusted reported values for limpet density
by a factor of 0.1 to reflect large limpet numbers. Tidal
elevation, relative to MLLW, was determined for each plate
using methods described by Schoch and Dethier (1996) based
on tidal predictions tied to nearby tide gauges. Tidal elevations
using this procedure had an estimated vertical accuracy of
0.02 m (Schoch and Dethier 1996). The resulting limpet
distribution model accounted for annual variability and de-
scribed a quadratic response of limpet density relative to tidal
elevation. We fit the model using a zero-inflated negative
binomial mixture model approach with an unspecified zero-
inflation process as a surrogate for predation and competition
processes that were not sampled during data collection.

After estimating the total intertidal area encompassed be-
tween the MLLW and MHHW isoclines (tidepool area ex-
cluded), we applied the limpet density model to the TLS-
derived, LTD-transformed, DTM to map potential limpet den-
sity in the study area. We then derived the area of potential
foraging habitat in the study area using a threshold of ≥10
limpets/m2. Furthermore, Black Oystercatchers avoid forag-
ing on sites with steep slopes (≥60°) (Lindberg et al. 1998)
because they cannot securely perch and dislodge prey. Thus,
we delineated areas with slope ≥60° on the DTM and omitted
these locations during derivation of potential foraging habitat.

Sea-level rise simulations

Because our study area is located on the outer coast (i.e., not
within a bay or estuary), we used the “bathtub model” of sea-
level rise for simulations up to 2 m, as predicted to possibly
occur by year 2100 (Bernstein et al. 2007). The bathtub model
of sea level rise (simple increase of mean sea level) is less
appropriate for bays and estuaries because of sediment accre-
tion dynamics; the rocky outer coast does not experience
sediment accretion. However geologic processes (i.e., tectonic
uplift and subsidence) do occur along the Oregon coast and
will influence the degree of sea-level rise experienced by our
sites (Long and Shennan 1998; Komar et al. 2011).We did not
compensate for these processes in our simulations because our
focus is the demonstration of the utility of TLS data for
ecological research. Such processes, if known, could be in-
corporated in simulations of sea-level rise as presented here.

The areal extent of the intertidal zone with 1 and 2 m
increases of mean sea level was estimated using topographic
models adjusted for increased tidal elevation (1 and 2 m sea-
level rise) and mapped isoclines of MLLWandMHHWon the
adjusted topographic models. Similarly, we applied the limpet
distribution model, as described above, to the adjusted topo-
graphic models to develop estimates of potential Black Oys-
tercatcher foraging habitat area at 0.25 m increments of sea-
level rise, up to 2 m.

Results

We acquired 148 million scan points over the study area (after
filtering) collected from 20 scan stations. The resulting DTM
(10 cm pixel resolution) ranged in elevation from −0.95 to
5.45 m (MLLW datum), with an average of 156 (SE=436)
scan points per pixel (Fig. 6). Using MLLW and MHHW
isoclines of tidal height (0 and 2.44 m, respectively), the
intertidal area of our study site was calculated as 7,194 m2.
Simulated intertidal area (between MLLW and MHHW tidal
height isoclines) decreased slightly with 1 m sea-level rise to
6,409 m2. Simulated intertidal area decreased substantially to
3,070 m2 with 2 m sea-level rise as the intertidal zone on the
rocky tongue of the study area is submerged and concentrates
at the toe of a steep coastal bluff.

A quadratic relationship between tidal height and limpet
density best described the observed data from sampling plates
(Table 1).

Density ¼ eβ0Yearþβ1TidalElevationþβ2TidalElevation
2

Potential limpet density peaked at 1.2 m above MLLW
with 33 large limpets/m2, and declined to 10 large limpets/
m2 at 0.47 and 2.1 m elevations (Fig. 7). We used the average
of the model coefficient for year (Table 1) when mapping
predicted limpet density. Current mapped potential limpet
distribution (large limpet density ≥ 10 limpets/m2) had an area
of 5,658 m2 and generally followed the contour of the rocky
tongue at our study site (Fig. 8). Simulated potential limpet
density increased slightly to 5,903 m2 with 1 m sea-level rise
but decreased substantially to 3,068 m2 with 2 m sea-level rise
(Fig. 9). In general, potential foraging habitat area increased as
mean sea level increased by 0.56 m, then decreased with
further sea-level rise (Fig. 10).

Discussion

When technical requirements are taken into consideration,
TLS is a remarkable tool for supporting ecological research
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in the intertidal zone. TLS provides a basis for “mapping”
ecological processes related to tidal elevation and allows
model development that cannot be attempted using the alter-
native available data sources. Data currently available from
“traditional” airborne laser scanning platforms do not provide
critical data at lower (submerged) tidal elevations, making
reliable area estimates of the intertidal zone, and subsequent
modeling, difficult or impossible. The coastal-specific NCMP
data currently available for the north Pacific coast appear

inadequate for mapping the intertidal zone due to extensive
return deficiency in submerged areas. The magnitude of miss-
ing data are exacerbated by missions planned for high-tide
acquisitions. Consequently, most of the intertidal zone in the
U.S. Pacific Northwest has little, or severely inadequate,
coverage. Furthermore, DTMs possible by aerial platforms
(such as NCMP) may not capture data at a scale appropriate
to ecological processes (Fig. 11). TLS acquired during very
low tides addresses this issue competently. Although we were

0 4020 Meters

Scan Density (points/m2)
1 - 1,000
1,000 - 5,000
5,000 - 10,000
10,000 - 20,000
> 20,000

Fig. 6 Scan density (points/m2)
distribution in study area (Rabbit
Rock, OR)
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directed to TLS by a lack of alternatives (i.e., airborne LI-
DAR), our findings suggest that TLS may be preferable for

ecological research when the intrinsic scale of ecological
processes of interest are best matched by TLS characteristics
(e.g., timing of acquisition, resolution of terrain, or occlusion
of features by canopy structure) (Cote et al. 2012). At least in
the US, airborne LIDAR data are publicly available for most
coastlines (Parrish 2012). Conversely, TLS acquisitions need
to be performed as needed, and require planning and logistic
effort. However these considerations are much less than that
required for airborne LIDARmissions when the data currently
available for the area of interest do not meet the end users’
needs. Compared with digital stereo aerial photography (e.g.,
Meager et al. 2011), there is a substantial advantage associated
with the very fine scale possible with TLS-derived DTMs that
provides the flexibility to match modeling efforts with the
scale of the ecological process(es) of interest.

Clearly, TLS-derived topographic surfaces portray the
rocky intertidal at a scale appropriate to ecological processes
of interest. Where possible, typical airborne platforms can
provide topography at a coarse (e.g., 1.0 m) resolution which
does not capture fine-scale (sub-meter) topographic variability
that is likely important in an ecosystem that is typically
bounded by < 3 m vertical and 20 m horizontal extents
(Fig. 9; comparison of TLS and NCMP). Coarse-scale data
have the potential to substantially smooth out topography and
under/overestimate topographic measures of the rocky inter-
tidal ecosystem. It follows that other measures would be
similarly affected.

Recent advances in unmanned aerial vehicle (UAV) de-
signs make them attractive alternatives for remote sensing
applications in ecological studies (DiGruttolo and Mohamed
2010). However, implementing UAV-based data collection
along the Pacific Northwest coast (i.e., covering the intertidal
zone) may be difficult. Persistent strong coastal winds require
aircraft with adequate specifications (power) and configura-
tion. Moreover, strong windy conditions increase the risk of
losing aircraft in the water should there be a need for an
“emergency landing”. Because of the current high cost of
UAV equipment, this may discourage many acquisition at-
tempts. Furthermore, because acquisition of the entire inter-
tidal zone must be timed for extreme low tide events, which
occur infrequently, there is little flexibility to wait for suitable
calm-wind conditions. Additionally, Federal Aviation Admin-
istration (FAA) regulation of airspace in the U.S. may severely
limit where UAVs can be deployed. Current FAA policy
typically precludes authorization to deployUAVs in proximity
to airports/airstrips, incorporated areas, and within military
airspace, all of which are factors that limit where flights may
occur along the Pacific Northwest coast. We were unable to
gain approval to fly UAVs over our study area (Rabbit Rock)
as well as 5 alternate sites along the Oregon coast. Conse-
quently, TLS may often be the only viable method for

Table 1 Model parameters for large (≥1 cm length) limpet density at
Rabbit Rock, OR 2000–2009

Covariate Coefficient SE p

Year:2000 1.103 0.175 <0.001

Year:2001 −0.915 0.149 <0.001

Year:2002 −0.407 0.135 <0.001

Year:2003 −0.844 0.138 <0.001

Year:2004 −0.829 0.133 <0.001

Year:2005 −0.722 0.133 <0.001

Year:2006 −0.919 0.134 <0.001

Year:2007 −0.802 0.132 <0.001

Year:2008 −0.866 0.132 <0.001

Year:2009 −0.521 0.131 <0.001

t_elev 3.972 0.190 <0.001

t_elev2 −1.648 0.061 <0.001

t_elev tidal elevation (m) above MLLW
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Fig. 7 Relationship between tidal elevation (above MLLW) and poten-
tial limpet density at Rabbit Rock, OR. Dotted lines represent 95 %
confidence limits about the fitted model
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acquisition of fine-scale topographic data within the intertidal
zone in the Pacific Northwest region.

In general, the rocky intertidal zone is rugose, with
substantial topography at the scale of most ecological
research. For TLS, this has implications for the number
and location of scanning stations necessary to adequately
capture and describe the rugosity of the rocky intertidal
zone. This concern is concurrent with the technical con-
siderations of occlusions and standing water (tidepools).
Clearly, more scan stations, appropriately spaced and stra-
tegically located to reduce occlusions will improve the

quality of the resulting data for ecological research
purposes.

Our limpet density distribution model performed well,
despite the many and complex processes that make model
development difficult. It is important to remember that the
model presented here may not be adequate for a comprehen-
sive assessment of Black Oystercatcher foraging habitat, but
provides a firm basis for continued effort. Furthermore, our
limpet density distribution model is one of potential density.
Actual density may be different than model prediction due to
competition, predation, and environmental variability.

Fig. 8 Mapped current (2013)
potential Black Oystercatcher
foraging habitat at Rabbit Rock,
OR
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Fine-scale digital terrain models of the rocky intertidal
have considerable utility for modeling effects of climate-
change related effects. As we have shown, the effect of
sea-level rise on rocky intertidal sites along the outer
coast may be evaluated via application of the “bathtub
model”. Further complications associated with climate
change, such as long-term changes in upwelling, wind
patterns and geologic processes, such as subsidence or
uplift, may need to be addressed in a comprehensive
study, however, the fine-scale digital terrain model
(e.g., TLS-derived) remains a critical foundational data
need for any such assessment. Similarly, modeling or
simulation of biotic (ecological) changes associated with
climate change effects also rely on adequate foundational
data for reliable analyses. TLS-derived digital terrain
models fit this need admirably.

The results of our simulations with sea-level rise gener-
ally showed trends toward smaller intertidal and potential
foraging habitat areas with substantially higher sea level.
The surprising exception was an increase in potential

foraging habitat with ≤1.2 m sea-level rise (Fig. 8). How-
ever, this is a function of the topography at our study site.
As sea level increases, the intertidal zone migrates up onto
the rocky tongue that is prominent at our site. This results
in a greater intertidal area on the gentle and flat topped
region of this tongue, increasing the area of favorable
topographic conditions for limpets. This “advantage” de-
clines quickly as simulated sea level is increases above
1.2 m, where the rocky tongue is fully submerged and
intertidal habitat more severely restricted along the steep
coastal interface (Fig. 8). The substantial reduction in
intertidal area and potential foraging habitat at 2 m sea-
level rise was not surprising. However, a 2 m sea-level rise
is an extreme value that represents either greater than
expected rates of rise for short-term planning horizons
(e.g., 2050), or a very long-term horizon (e.g., 2100 or
later). This highlights the interplay of scale and site vari-
ability common to ecological studies. In the example pre-
sented here, we consider processes ranging from fine spa-
tial scale (limpet distribution; sub-meter scale) through

Fig. 9 Mapped potential Black Oystercatcher foraging habitat with 1 m (a) and 2 m (b) sea-level rise at Rabbit Rock, OR
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intermediate scales (e.g., site-level characteristics of rocky
substrate; ≤ 1 km scale), but have difficulty inferring to the
very coarse spatial scale (sea-level rise; > 100 km).

The ecological implications suggested by our results
for the Pacific Northwest coast are mixed. Upscaling our
models to coastline extents would be a useful exercise to
gain better understanding of climate changes response at
these scales. Clearly, site-level characteristics will com-
plicate this effort. It is interesting to find a positive effect
of climate change on a measure of ecosystem health
(potential foraging habitat) associated with substrate con-
figuration. Without a comprehensive inventory of site-
level rocky intertidal characteristics, it is difficult to say
if our study area is typical for the Pacific Northwest coast.
Regardless, upscaling models and simulations developed
with TLS-derived topographic models is potentially ben-
eficial for researchers and land managers attempting to
plan for changing climates.

Conclusions

Ultimately, data from a wide range of sources are required for
ecological analyses of coastal ecosystems. Terrestrial laser
scanning can be one such source of timely, efficient, and
scale-appropriate topographic information. Advantages of
TLS implementation include: timely acquisition, flexibility
of data resolution and extent, flexibility in use and presenta-
tion of data (e.g., 3D point clouds with oblique perspective or
planimetric raster-based “maps”), ability to schedule acquisi-
tion with infrequent events (e.g., very low tides), and the
ability to be deployed where alternate methods are restricted
(e.g., unmanned aerial vehicles). Disadvantages include: the
need for substantial post-processing computing power, small-
er extents of coverage (compared with aerial data sources),
and careful handling of tidepools in post-processing. Despite
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Fig 10 Predicted potential Black Oystercatcher foraging habitat area
over sea-level rise at Rabbit Rock, OR. Fitted curve is the best approx-
imating quadratic relationship between potential foraging habitat and sea-
level rise showing a maximum area at 0.57 m sea-level rise

Fig. 11 Comparison of topographic models of an approximately
1,500 m2 portion of Rabbit Rock, OR derived from TLS (a) and
airborne-collected (b) data. Airborne data are publicly available National

Coastal Mapping Project (NCMP) with 1.0 m horizontal resolution. TLS
data are 10 cm horizontal resolution
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these shortcomings, TLS will likely become a useful tool that
will support the need for reliable knowledge about coastal
ecosystems and effective planning for a changing climate.
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