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Abstract

Linking experimentally tested local processes to natural patterns in intertidal ecosystems requires data-acquisition
techniques that provide spatiotemporal data from the scale of local processes to the scale of patterns. We developed
a low-cost, high-resolution remote-sensing technique based on the use of a 6-m helium-inflated blimp, a standard
35-mm camera, and photogrammetric numerical tools in order to acquire high-resolution data of environmental (i.e.,
topographic) and biological (i.e., algal biomass) variables over intertidal landscapes. The camera was calibrated for
photogrammetric analysis, and overlapping color aerial photographs were taken at an altitude of 80 and 50 m. We
performed stereo analysis of digitized images and numeric topographic restitution over an 18 3 18 m area with an
error of 0.02 m along the Z axis. A normalized vegetation index (NDVI) from color-infrared images at 0.02-m
resolution over the same area was computed. Algal biomass sampled within the photographed area allowed us to
calibrate NDVI with algal biomass (R2 5 0.73, p , 0.01). Aggregation analysis performed on a height above zero
level, local topographic heterogeneity, and algal biomass confirmed, at the landscape level, previous local experi-
mental evidence of a relationship between topographic heterogeneity and algal biomass increasing from scales of
0.5 to 2 m. Our method permits multiscale testing of local scale-dependent processes over a natural landscape.

Theoretical and empirical studies show that the analysis
of large (i.e., regional) scale patterns must integrate pro-
cesses occurring at the small (i.e., local) scale (Levin 1992).
Theoretical and modeling efforts coupled to field measure-
ments are now addressing questions about scaling rules from
individual processes to regional patterns (Pacala et al. 1996).
However, one major technical problem that remains is the
lack of biological and physical data at spatial scales ame-
nable to experimental studies (,0.5 m) and compatible with
remote sensing. Although authors have stressed the useful-
ness of remote sensing as a tool for regional scale studies in
ecology (Roughgarden et al. 1991), few efforts have been
made to cover spatial scale gaps between remote sensing,
which provides low-resolution data over large areas, and ex-
perimental approaches that give information about local pro-
cesses but that are unable to provide continuous, spatially
explicit data over large areas. Remote-sensing techniques
that allow for high-resolution data acquisition remain too
costly to be widely used, particularly in ecological studies
requiring temporal monitoring.

Topography, and more precisely topographic variability, is
known to influence abiotic and biotic properties in ecosys-
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tems over a wide range of spatial scales, from km (Wolanski
and Hammer 1988; Boose et al. 1994; Johnson and Hanson
1995) to ,mm (Le Tourneux and Bourget 1988; Carpenter
and Williams 1993). In intertidal marine habitats, topograph-
ic heterogeneity under the meter scale has been shown to
influence hydrodynamics and benthic community structure
(Cusson and Bourget 1997; Guichard and Bourget 1998).
Intertidal macroalgae are influenced by topographic com-
plexity through settlement at the millimeter scale (Johnson
et al. 1994), through protection from ice scouring (Archam-
bault and Bourget 1996), and from grazing pressure (John-
son et al. 1997) at the centimeter scale. At the meter scale,
topographic heterogeneity was shown to decrease Fucus sp.
biomass through its influence on hydrodynamic patterns.

Standard remote-sensing techniques like satellite imagery
and airborne photography can be used to derive digital ele-
vation model (DEM; Lillesand and Kiefer 1994) and terres-
trial plant community classification at coarse resolutions
(Bijlsma 1993; Jackson and Gaston 1994). In intertidal hab-
itats, radiometric studies have established the relationship
between macroalgae and near-infrared reflectance (Coulson
et al. 1980; Ben Moussa et al. 1989); and aerial photography
(Meulstee et al. 1988), multispectral sensor (Deysher 1993;
Bajjouk et al. 1998), and satellite imagery (Guillaumont et
al. 1993) have been used to map macroalgae in the intertidal
at scales from 2 to 20 m. To our knowledge, there is still no
civil remote-sensing technique available at reasonable costs
to acquire topographic data at the cm scale. This is reflected
by the very few studies that have used remote sensing as a
tool in ecology to examine small scales (but see Goward et
al. 1991 and Lobo et al. 1998).

We describe here a low-cost high-resolution remote-sens-
ing technique that contributes to solve the problems alluded
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to above. Our technique uses a helium-inflated blimp and a
standard remotely controlled 35-mm camera. The technique
was tested on an intertidal rocky shore and algal community.
We present examples of results and the development of nu-
merical treatments of images in order to obtain exhaustive
spatially explicit data about topography and algal biomass.
We then explore the multiscale relationship between topo-
graphic heterogeneity and macroalgae distribution. Our re-
sults show that topographic restitution from photographic
images can be performed with satisfactory resolution and
precision. Infrared photographs can provide very good spa-
tially explicit data on algal biomass, even using simple, pix-
el-based analysis techniques. Spatial statistics performed on
our data set revealed patterns that would have been difficult
to observe from field or standard remote-sensing data. Other
applications of the method for the study of intertidal eco-
systems are suggested.

Methods

Blimp—We used a 6-m helium-inflated blimp (319 cubic
feet; Tern Style). The blimp can lift 6 kg and has been tested
by the manufacturer under wind conditions up to 55 km h21.
The blimp was controlled from the ground using a tether
line attached underneath and onto the front of the blimp.
The blimp’s altitude was controlled by a storage reel attached
to a hand truck, so it could be easily carried along the shore.
Two parallel 3-m long nylon lines were fixed under the
blimp onto which the camera (see below), mounted on a
small supporting frame, was attached. This setting allowed
the camera to remain horizontal and to stabilize quickly after
wind perturbations. At 100-m altitude, camera stability could
easily be evaluated from ground by looking at movement of
the two parallel nylon lines. The camera was controlled from
the ground using a infrared remote control (see below for
details). The blimp was inflated once, then carried to sam-
pling sites in a 6-m covered van. Inflating the blimp on site
for each photography session would have been neither cost
nor time efficient due to helium cost and often unsuitable
conditions on sampling sites.

Camera—We used a Canon EOS-A2 motorized camera
(Canon) for this study. This is a standard reflex 35-mm cam-
era, equipped with a Canon 50-mm lens. An infrared receiv-
er attached to the camera (LC-3 Receiver, Canon) allowed
triggering from the ground, using an infrared emitter (LC-3
emitter, Canon). The range of the emitter was 100 m, but it
could be expanded by attaching an intermediate receiver/
emitter module along the tether line. Since 35-mm cameras
are not designed for photogrammetric measurements, we cal-
ibrated our camera in order to obtain the following param-
eters: (1) the lens true focal length, which usually differs
from the manufacturer setting (i.e., 50 mm), and (2) the pre-
cise coordinates of the photo’s corner, which do not always
form a perfect rectangle. These parameters are necessary for
photogrammetric corrections and precise measurements on
photos. The focal length was obtained by taking overlapping
pictures of a three-dimensional indoor arrangement of sur-
veyed points (Laboratoire de métrologie, Département des
sciences géomatiques, Université Laval, Québec, Canada).

Frame coordinates were obtained using a precise stereocom-
parator (Wild STK1).

Study site—Aerial photographs were acquired over a 325
3 40 m long intertidal area, east of Sainte-Flavie, along the
South shore of the St. Lawrence estuary (Québec, Canada).
The study site was a rocky platform, characterized by a very
strong ice disturbance regime, which was dominated by the
mussel Mytilus edulis and the macroalgae Fucus sp. The area
photographed was delimited by 36 control points (30 3 30
cm white panels) anchored onto the bottom. Control points
were aligned along two parallel transects, 18 m apart, and
parallel to the shoreline. Along each transect, the points were
located 18 m apart. Thus, the control points on two transects
formed adjacent 18 3 18 m square areas in the midintertidal
zone (Fig. 1A). The center of each control point was sur-
veyed precisely using standard survey equipment and
mapped (X, Y, and Z coordinates) in the NAD27 reference
system with a precision of 1 cm, using three official geodesic
reference points located near the study site (Fig. 1).

Photography—Two aerial photography sessions were car-
ried out: one at the beginning (24 May) and the other at the
end (6 October) of the 1997 algal growth season. In the first
session we characterized topography while the substratum
was almost devoid of organisms. In the second session we
photographed the community while the biomass of its dom-
inant species was maximum. Photos were taken during clear
days, when low-tide period coincided with the sun near ze-
nith. Photographs were taken at an altitude of 80 m (1/1600
scale) in May and 50 m in October, every 6 m, along the
center line of control point transects. As the tether line re-
mained vertical, blimp position was controlled by using the
ground anchor as the approximate center of photographed
areas. Under windy conditions, however, the tether line made
an angle that could be measured to determine blimp’s alti-
tude and position. This procedure produced sufficient over-
lapping of photos for photogrammetric analysis and ensured
a minimum of four control points on each overlapping sec-
tion at 80-m altitude. At that altitude the area covered by
one photo was 60 3 40 m (2,400 m2). With 60% overlap
between photos of adjacent areas, each stereoscopic model
covered approximately 1,440 m2. We used Fuji Velvia 50
(Fuji Photo) and Kodak Ektachrome 64 (Eastman Kodak)
35-mm professional transparency film in May, and Kodak
Ektachrome professional infrared EIR film, with Wratten No.
12 filter in October. Film was kept at 2188C before photog-
raphy and later before processing. For all photos, the focus
was set to infinity. EIR film required an exposure index of
200, diaphragm opening of F16, and a speed of 1/30 s. For
color transparency film, diaphragm opening and speed were
automatically set by the camera.

Biological calibration—The benthic community was sam-
pled using 25 3 25 cm quadrats within the photographed
area, just after photos were taken on 6 October. Pilot studies
showed that having the quadrats placed within the sampling
areas during aerial photography created unwanted shading
and interference on photos; therefore location of quadrats at
the four corners of six control points (n 5 22; Fig. 3C) are
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Fig. 1. Control point distribution over (A) the study area and
(B) one stereo model used for method validation. Darkened area on
(B) shows overlapping area that constitutes one stereomodel (see
text for detail ) and dashed area illustrates analyzed area where to-
pography was restituted and where Fucus biomass was mapped
from one red-infrared image. (C) Detail of one control point show-
ing position of biological calibration quadrats.

Table 1. Results for relative orientation of two independent ster-
eomodels. See text for parameter description.

bx
(mm)

by
(mm)

bz
(mm) V F Y SD(D)

Model 1
Model 2

5.64
5.21

3.45
1.1

20.16
20.2

20.98
0.15

1.79
0.42

6.07
22.94

0.006
0.001

not shown on photos. Percent cover of Fucus sp. was eval-
uated within each quadrat, and all organisms were removed.
Although the corners of six control points (24 points) were
identified for biological sampling, only 22 quadrats were ac-
tually sampled because of time restrictions. For each sample,
all organisms were identified in the laboratory. Each species
was freshly weighed after blotting excess water.

Analysis

Image scanning—Film was digitized in 24 bits (red greed
blue [RGB] colors), at an optical resolution of 2116 dpi, and
saved in TIFF format. For photographs taken from an 80-m

altitude, one pixel corresponds to 1.9 cm on the ground. At
50 m (color-infrared photos), one pixel corresponds to 1 cm
on the ground.

Camera calibration—Focal length of the camera was de-
termined using Bundle software (University of Calgary,
Canada). This software takes parameters from stereomodel
as determined by DVP (Digital Video Plotter) software (see
below) as input data to compute focal length.

Topography restitution—Photograph rectification for
three-dimensional modeling was performed using DVP soft-
ware (DVP; Gagnon et al. 1995). Photo rectification was
carried out using two pairs of photographs (two photos for
model 1 and two photos for model 2, Tables 1 and 2) in
order to look at success of rectification on two stereomodels.
Rectification was performed with and without camera cali-
bration, in order to evaluate the importance of 35-mm cam-
era calibration for high-resolution remote sensing. The soft-
ware went through three steps in order to produce the
stereomodel: interior, relative, and absolute orientations.
While performing interior orientation, the software took
some calibrated camera parameters (frame corners coordi-
nates) to compute orthogonal transformation. During relative
orientation, we identified six points (5 degrees of freedom
11 to calculate residuals) on both images to remove the y
parallax (py) on these points. The parallax x is the apparent
position change of an object between images due to differ-
ence of depth, and the parallax y is caused by the fact that
photographs were not on the same plane. This step allowed
us to determine the three components of the model base and
the three angles (Ã, f, k) defining the relative spatial po-
sition of the images. Finally, the software accepted surveyed
coordinates of control points to determine absolute orienta-
tion. Orientations were then completed, both images ap-
peared side by side on the screen and could be viewed in
stereo using a mirror stereoscope (Université Laval, Québec,
Canada) mounted on a computer screen. The DVP software
allowed users to move a three-dimensional cursor into the
model in X, Y, and Z giving the three coordinates of any
point in contact with the cursor. Topographic restitution was
performed using a mirror stereoscope and by moving the
cursor on the substratum’s surface seen in three-dimensional
recording. This procedure could be repeated at any location
over the overlapping portion of rectified photos.

Resolution and precision—Theoretically, resolution is
equal to half the pixel size 50.01 m in (x, y), and to 0.01f/b
(where f is the focal length of the camera and b the model
base bx if by and bz are negligible, or Ïbx2 1 by2 1 bz2 if
they are not) in z. However, actual resolution is limited by
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Table 2. Results for absolute orientation of two independent stereomodels. See text for parameter
description.

Reference
point X (m) DX (m) Y (m) DY (m) Z (m) DZ (m)Y

Model 1
1
2
3
4
SD

253 559.77
253 574.22
253 564.89
253 551.9

20.03
20.03

0.02
0.02
0.03

5 388 483.71
5 388 494.62
5 388 509.64
5 388 499.76

20.02
0.02
0.03

20.04
0.03

1.62
1.35
1.51
1.36

20.05
0.05

20.06
0.06
0.06

Model 2
1
2
3
4
5
SD

253 511.92
253 523.67
253 497.99
253 481.14
253 515.29

0
20.04

0.02
20.01

0.03
0.03

5 388 531.05
5 388 544.13
5 388 541.31
5 388 552.24
5 388 542.51

0
0.01

20.04
0.03
0.01
0.02

1.31
1.3
1.67
1.93
—

20.02
0
0.04

20.02
—

0.02

errors on all other measurements (ground truthing, image
pointing during rectification, film deformation, etc.). We
used the standard deviation of differences between pointed
and surveyed control point coordinates as an estimate of
topographic error along each axis. This parameter was com-
puted by the DVP software for each stereomodel during
computation of absolute orientation.

Image processing for biological calibration—Photosyn-
thetic plants are known to reflect near-infrared light and to
absorb red light (see Lillesand and Kiefer 1994 for a review).
Ben Moussa et al. (1989) further showed that reflectance
intensity could be related to macroalgae in the intertidal.
Lavoie et al. (1990) showed, using a multispectral radiom-
eter, that intertidal Fucus biomass in the St. Lawrence Es-
tuary had a maximum correlation with spectral intensity at
wavelength centered around 840 nm. The infrared film used
has a near-infrared sensitivity between 700 and 900 nm
(Eastman Kodak), thus allowing it to detect Fucus biomass
variations. More precisely, the RGB channels of digitized
color-infrared photographs taken in October were used to
compute a normalized vegetation index (NDVI; Goward et
al. 1991; Lillesand and Kiefer 1994) as NDVI 5 (red 2
green)/(red 1 green). The NDVI index varies between 21
and 11. On color-infrared film digitized in RGB channels,
the red channel corresponds to near-infrared signal (700–900
nm), and the green channel corresponds to red signal (500–
700 nm; Eastman Kodak). We also used the simple ratio
(SR) index (Law and Waring 1994) as an index of algal
biomass: SR 5 red/green. This index varies between 0 and
1. Both indices take advantage of the absorbance of red and
reflectance of near-infrared wavelengths by vegetation, but
reflectance per se was not measured since no radiometrical
calibration was carried out and values are thus not intended
for comparison with other studies. Index values for each
quadrat were computed as the mean of individual pixel index
values within image areas corresponding to sampled quad-
rats in the field. Sampled areas were located and extracted
from digitized photographs using Corelt PhotoPaintTM 7.0
software (Corel), converted to color channel specific matrix

format, and analyzed using Mathematicat 3.0 software (Wol-
fram Research). Each sampled area contained from 529 to
729 pixels. We performed nonlinear regression analysis with
the NDVI and SR indices as independent variables and Fu-
cus sp. biomass in quadrats as the dependent variable, using
the SAS statistical package (SAS Institute). As each quadrat
was visible on more than one photo, we averaged each index
across all images for each quadrat (1–3) before analysis. We
also performed analysis using one photo per quadrat (total
of three photos), selecting them to minimize the number of
photos needed to cover the whole sampling area.

Spatial analysis—Topography restitution was carried out
over a regular grid within an area delimited by the four con-
trol points visible on stereomodel 2 (18 3 18 m; Fig. 1B,
dashed area). Data were recorded at 0.2-m intervals on the
ground. We computed the NDVI index and applied the cal-
ibration equation (see Results) on each 20 3 20 pixel section
over one color-infrared photo covering the same area (Fig.
1B and Fig. 1). Negative NDVI values were set to 0 prior
to biomass computation. We thus obtained two raster layers,
one for topography, the other for algal biomass, both with
0.2-m pixels on the ground. Spatial offset between topo-
graphic and NDVI grids was corrected by linear interpola-
tion on topographic data using Surfer software (Golden Soft-
ware) in order to obtain one elevation point in the center of
each NDVI cell. We produced 10 spatially averaged data sets
for each variable by progressively increasing pixel size to 2
3 2 m, by 0.2 m step size. We also generated a raster map
of local topographic heterogeneity at each resolution by
computing the standard deviation of Z among the eight
neighbors of each cell (Moore neighborhood; Durret and
Levin 1994). Substratum type can be linked with elevation
as fine sediments are more often found in lower, protected
area than on higher and exposed surfaces. In order to quan-
tify the relationship between elevation (Z) and the cover of
soft substratum, we divided the analyzed area onto three el-
evation categories (Z , 1.3 m, 1.3 , Z . 1.6 m, Z . 1.6
m) using the least-square fit to draw the elevation contour
on the digitized image. We then overlay a 1-m mesh size
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Fig. 2. Power regression model fitted to the relationship be-
tween NDVI and algal biomass in quadrats (biomass 5 7.57 3 104

3 NDVI3.78, R2 5 0.73, n 5 22, p , 0.01).

grid over the digitized image and determined the number of
cells covered by soft substratum for each elevation category.
Soft substratum was identified by visual photo interpretation
and defined as 60% of a 1-m cell being covered by sediment
particle ,0.2 m.

We determined the spatial structure of topography and al-
gal biomass by computing semivariograms (Rossi et al.
1992) on both variables individually. Cross-semivariograms
were computed between topography and Fucus sp. biomass
in order to determine scale of maximum correlation between
these variables. Geostatistical analysis was performed using
Variowin software (Pannatier 1996). For each variable, di-
rectional semivariance was computed along two directions:
(1) along the north-south axis corresponding to elevation
gradient over the analyzed area and (2) along the east-west
axis, parallel to the shore (see Fig. 5). In order to determine
how spatial averaging affects our interpretation of patterns,
we computed squared semipartial correlation coefficients
from nonlinear multivariate regression models with algal
biomass as the dependent variable and Z and local topo-
graphic heterogeneity [SD(Z)] as independent variables, at
each resolution level.

Results

Time and cost efficiency of the method—Installing and
positioning control points required two low-tide periods (8
h). Photography acquisition sessions were performed by one
person along the 325-m long transect and required one low-
tide period in May. The October session was also carried
out within one low-tide period but covered only a portion
of the transect (120 m) since quadrat sampling for biological
calibration had to be carried out during the same low tide.
Among image-processing steps (see Analysis) only topog-
raphy restitution was time consuming, requiring 3 s per
point. It took 3 d to complete topography restitution pre-
sented here.

The total cost of material (blimp, camera and lens, emitter-
receiver system) was about the same as the cost for one
photo transect carried out using traditional aerial photogra-
phy techniques (i.e., airborne aerial photography). Each pho-
tography session (color and red-infrared photo acquisition
over the 325-m long transect) involved costs for helium, film
and film processing, and truck rental, which represented
about 15% of total equipment cost.

Camera calibration and stereorectification—The calibrat-
ed focal length was 51.2 mm (60.2). Tables 1 and 2 show
results for relative and absolute orientations for each ster-
eomodel. Standard deviation of the difference between sur-
veyed and pointed positions of control points varied from 2
to 6 cm. Using the averaged difference as an estimate of
topographic measurement error, we obtained an error of
60.03 m along the X axis, 60.03 and 60.02 m along the Y
axis, and 60.06 and 60.02 m along the Z axis, for the ster-
eomodels 1 and 2, respectively. By comparison, the stereo-
model without calibration data for the camera was obtained
with a error of 60.25 m along the Z axis.

Biological calibration—A large proportion of algal bio-
mass variability (73%) among quadrats was explained by
NDVI computed on aerial photos. NDVI estimated over the
same quadrat from different photos had a mean variability
of 7% (Coefficient of variation). This relationship between
NDVI and algal biomass was best described by a power (i.e.,
log-log linear) function (Biomass 5 121.176NDVI3.778, n 5
22, p , 0.001; Fig. 2). The power function fitted to NDVI
computed from a single image per quadrat (see Analysis)
gave a similar coefficient of determination of 74.4%. The
same regression model with the SR index explained 70% of
algal biomass variability. The NDVI index in sampled quad-
rats varied from 0.10 to 0.26 and produced a biomass cali-
bration range of 0 to 1.12 g cm22.

Topographic and algal biomass restitution—Figure 3
shows an example of the digitized grayscale images used for
photogrammetric analysis. Figure 4 shows topography
(60.02 m) in May 1997 and algal biomass (g cm22) in Sep-
tember 1997 of the area over which topography restitution
was carried out using DVP software. Elevation above zero
level varied from 0.77 to 2.27 m and the NDVI index varied
from 0 to 0.61, with algal biomass derived from the NDVI
index using the calibration equation varying from 0 to 15.1
g cm22. Elevation contour lines highlighted major topo-
graphic features over the area (Fig. 4), like a 0.5 3 0.5 m
concrete experimental cylinder on the left part of the image
(see Fig. 3), boulder area along the X 5 512 m axis, and
the sharp elevation gradient along the X 5 507 m axis.
Moreover, by comparing the topographic map (Fig. 4) with
the grayscale digitized image (Fig. 3), we observed an as-
sociation between low elevation areas at the scale of the
image with soft substratum, whereas higher areas were com-
posed of hard substratum. This association is also highlight-
ed by soft substratum cover as a function of elevation cat-
egories. Soft substratum covered 5% of high portion of
analyzed area (Z . 1.6 m), 29% of intermediate elevation
area (1.3 , Z . 1.6 m), and 32% of low area (Z , 1.3 m).
Fucus algae are rockweed, absent from soft substratum areas
(Norton 1984) and unable to settle and colonize unstable



333High-resolution remote sensing

Fig. 3. Digitized image showing the 18 3 18 m analyzed area delimited by control points.

substrata likely to be overturned by wave action (Sousa
1979). After removal of soft substratum areas from the im-
age, we observed a positive relationship between algal bio-
mass and elevation mostly limited to the low intertidal area
(Z , 1.4 m; Fig. 5A).

Spatial analysis—Semivariogram of elevation revealed
anisotropic spatial structure. Figure 6A showed a near linear
semivariance curve, revealing an elevational gradient along
the axis perpendicular to the shore (north-south axis; see Fig.
3). Along the shore, a steeper spatial dependence structure
was observed for Z over the whole analyzed area, as shown
by the Gaussian semivariance pattern (Fig. 6B) with range
of 15 m, i.e., about 60% of maximum length of analyzed
area (see Fig. 4). Along both directions algal biomass
showed spatial dependence up to an initial value of 8 g2 (Fig.
6C,D), but this value was reached at a shorter lag in the
north-south variogram (4 m, Fig. 6C). However, algal bio-
mass had a more complex spatial structure along the axis
parallel to shoreline (east-west axis), showing periodical and
hierarchical spatial continuity. The larger scale of periodicity
was 8 m as two semivariance peaks were observed at 12 m
and a smaller one around 4 m lags. Another scale of peri-

odicity of 2 m could be detected with lower intensity and
nested within the 8-m periodicity (Fig. 6D). Comparison be-
tween spatial structure of algal biomass along both axes (Fig.
6C,D) also highlights an elongation of patches along the axis
parallel to the shore since spatial dependence is observed at
larger lags along the east-west than along the north-south
axis. Cross-semivariance between algal biomass and Z along
the elevation gradient revealed that algal distribution did not
respond to local gradient but were negatively correlated at
lags above 8 m. On the other hand, algal biomass and Z had
an increasing correlation between 8 and 14 m. This scale of
maximum spatial correlation between elevation and biomass
along the east-west axis corresponded to (1) a scale near the
range of topographic spatial dependence (Fig. 6B) and (2) a
scale at which maximum algal biomass variance was ob-
served (Fig. 6D).

Within a smaller range of scales (0.2–2 m), spatial aggre-
gation influenced the relationship between topography and
algal biomass. Figure 7 shows the mean R2 from a nonlinear
multivariate regression model between algal biomass, height
above zero level, and local topographic heterogeneity
[log(algal biomass) 5 aZ2 1 bZ 1 cSD 1 dSD(Z) 1 e].2

(Z)

For scales inferior to 1.4 m, we performed nine runs of the
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Fig. 4. Contour maps of (A) topography and (B) algal biomass
over the 18 3 18 m test area.

Fig. 5. Influence of (A) hard substratum elevation and (B) to-
pographic variability [CV(Z)] categories on mean algal biomass
(6SE) with quadratic regression models fitted to data (p , 0.001,
R2 5 0.99).

regression model, each time by randomly selecting 75 data
points in order to control for the change in sample size as a
function of spatial aggregation. For larger scales, sample size
was less than 75, and we thus performed one run with all
data points. Both topographic descriptors explained an in-
creasing proportion of algal biomass variability, from 10%
at 0.2 m to 42% at 1.8 m, and correlation strength reached
a maximum at 1.8 m, dropping to 17% at 2 m (Fig. 7). The
relative importance of each topographic descriptor was also
influenced by spatial aggregation. Height above zero level
was the most important parameter at scales #1.2 m but was
less important than local topographic heterogeneity at higher
scales (Fig. 7). Figure 8 shows the influence of topography
on algal biomass at 1.8-m resolution [log(algal biomass) 5
24.8Z2 1 16.6Z 1 2917.9SD 2 83.1SD(Z) 2 12.9; R2 52

(Z)

0.43, p 5 0.019, n 5 25]. Clustering data into coefficient of
variation of Z categories further revealed the general rela-
tionship between topography and algal biomass at 0.2-m res-
olution (Fig. 5B). Small variations of local topographic het-
erogeneity had a strong positive influence on algal biomass
up to C.V. 5 6%, then influenced negatively mean algal
biomass.

Discussion

We developed and calibrated a low-cost blimp-based re-
mote-sensing technique and applied this technique to an in-
tertidal ecosystem. From digitized photographs with 0.02-m
resolution we were able to derive (1) topographic data with
an average error of 0.03 m, and (2) algal biomass data from
color-infrared photographs at a resolution of 0.2 m. Seventy-
three percent of variability in algal biomass calibration data
was explained by the NDVI index computed on digitized
color-infrared photographs.

Topographic restitution—Topography, and many aspects
of topographic variability (slope, drainage, exposition, to-
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Fig. 6. Variograms along the north-south (A),(C) and the east-
west (B),(D) axes for topography (A),(B) and algal biomass (C),(D).
Cross-semivariance as a function of spatial lag between topography
and algal biomass along the north-south (D) and the east-west (F)
axes. Each data point is the average of semivariance values com-
puted from 10 random subsets (n 5 492) of the whole data set (n
5 7460). 6SE.

Fig. 7. Total percentage variability in algal biomass (R2) ex-
plained by regression models (see Results for details) using eleva-
tion and local topographic heterogeneity as independent variables,
as a function of aggregation level and expressed as the sum of
semipartial correlation coefficients between algal biomass and (1)
elevation (white areas) and (2) topographic heterogeneity (black ar-
eas). 6SE.

Fig. 8. Regression model (see Results for details) fitted to the
relationship between elevation, local topographic heterogeneity
[SD(Z )], and algal biomass for data aggregated at 1.8-m resolution.

pographic complexity) are recognized as major factors ex-
plaining spatial structure in marine (Wolanski and Hammer
1988), freshwater (Rasmussen 1988), and terrestrial ecosys-
tems (Takaoka and Sasa 1996). Digital elevation models
(DEM) are commonly used to explain ecological spatial pat-
terns from remotely sensed data (Qi and Woo 1996) but are
usually derived from field surveys using standard or global
positioning system survey equipment. Although the preci-
sion of these methods can be very high (,0.01 m), the sam-
pling cost and time associated with field methods usually
prevent their use to extensively describe topographic hetero-
geneity and to perform multiscale analysis below or near the
meter scale range over which experiments have tested the
local influence of topographic heterogeneity on the structure
of intertidal communities (Breitburg et al. 1995; Cusson and
Bourget 1997; Guichard and Bourget 1998). Photogrammet-
ric analysis allowing computer topographic restitution is usu-
ally performed using expensive calibrated cameras mounted
on aircrafts flying at relatively high altitudes (.500 m) (Lil-
lesand and Kiefer 1994). The cost of such techniques limits
their use in ecological studies over areas not covered for
other purposes. In intertidal ecosystems, the study of topo-
graphic heterogeneity relies mostly on coarse DEM (Dela-
fontaine and Flemming 1989) and on local measures of to-
pographic complexity indices in experimental plots
(McCormick 1994; Guichard and Bourget 1998). We suc-
cessfully calibrated a standard 35-mm camera and obtained
all parameters necessary to perform high-quality photogram-

metric analysis on overlapping photographs. Using a blimp
to carry the camera allowed us to control the altitude pre-
cisely from 5 to 100 m, difficult if not impossible to attain
with other airborne equipment. At 80-m altitude, digitized
photos had a ground resolution of about 0.02 m and topo-
graphic restitution was performed with an error of 0.02 m
along the Z (elevation) axis. This method required a mini-
mum effort in the field with four control points for each
stereomodel (40 3 40 m). We surveyed 36 control points
over a 400-m transect. It would be possible to limit the num-
ber of control points to four over a whole transect using
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aerotriangulation techniques, as long as photographs are con-
tinuous over the transect. Such techniques could affect spa-
tial precision due to additional image manipulation. The re-
sulting database matched the spatial resolution and extent of
algal biomass data.

Algal biomass estimation—The normalized difference
vegetation index (NDVI) has been used to estimate leaf area
index (Badhwar et al. 1986), biomass, and percent cover of
vegetation in terrestrial ecosystems, with satellite imagery,
airborne (Goward et al. 1991; Sader and Winne 1992), and
hand-held (Law and Waring 1994) spectral sensors. NDVI
has been used with digitized color-infrared aerial photo-
graphs to qualitatively classify and map vegetation cover in
terrestrial ecosystems (Jackson and Gaston 1994; Lobo et al.
1998). In coastal habitats, airborne multispectral sensors
have been used to assess subtidal seagrass and mangrove
cover and biomass at 1-m resolution from bottom (Mumby
et al. 1997) index and NDVI (Green et al. 1998). In intertidal
ecosystems, Lavoie et al. (1989) used a multispectral sensor
to estimate macroalgal biomass at 1-m resolution from near-
infrared spectral channels, and the NDVI index was com-
puted from satellite imagery to estimate intertidal macroal-
gae coverage (Ben Moussa et al. 1989). We computed the
NDVI index from digitized 35-mm color-infrared photos and
calibrated the index to quantitatively estimate macroalgal
biomass at 0.2-m resolution over a 18 3 18 m intertidal area.
We were able to estimate algal biomass with 73% accuracy
using a regression model. One cause of additional variability
for biomass estimation was uncertainty about biomass esti-
mation above the field calibration biomass range (.1.12 g
cm22). Although calibration data sampled on smooth areas
had maximum NDVI values of 0.26 and maximum predicted
biomass of 1.12 g cm22, estimated biomass over the study
site reached 15.1 g cm22. Algal biomass density (.3.3 g
m22) has previously been sampled on smooth substratum ar-
eas of the study site (Guichard & Bourget 1998), but these
values are still inferior to high biomass density found in
complex areas such as large crevices formed by large (.0.5
m) boulder aggregates or major substratum complexity,
where Fucus species formed very dense and thick mats pro-
tected from ice disturbance (Bergeron and Bourget 1984).
Although our results showed a strong relationship between
NDVI and algal biomass, future calibration should be ex-
tended to take maximum biomass densities into account. For
very high densities where algal canopy forms a thick three-
dimensional matrix, temporal topographic data could provide
canopy thickness data that could be included in the calibra-
tion regression model. Including topographic data during the
biomass estimation process could also allow us to control
for the influence of slope on reflectance (Colwell 1974). Oth-
er improvements of estimation accuracy include prior clas-
sification of digitized images using segmentation and dis-
criminant analysis (Lobo 1997), or principal component
analysis (Tomer et al. 1997). These methods could help dis-
criminate bare substratum area interfering with photosyn-
thetic reflectance signal (Colwell 1974) and be used to clas-
sify the spatial structure of dominant invertebrate species and
substratum types.

Scales of topographic heterogeneity and algal biomass—
The influence of spatial resolution on remotely sensed pat-
tern interpretation has been described (Qi and Woo 1996),
but scaling rules must be drawn from experimental studies
of processes involved in scale-dependent pattern formation.
In intertidal ecosystems, millimeter-scale topographic het-
erogeneity has been shown to influence algal settlement
(Johnson 1994). At the centimeter scale, crevices have been
shown to enhance algal biomass (Archambault and Bourget
1996) by offering protection against ice disturbance (Ar-
chambault and Bourget 1983). At the meter scale, limpet
grazing patterns were shown to create patchiness in macroal-
gal distribution at scales ,2 m (Johnson et al. 1997), and
topographic heterogeneity in the form of natural boulders
was shown to influence intertidal community structure (Cus-
son and Bourget 1997) and more particularly to reduce algal
biomass through their influence on local hydrodynamic pat-
terns (Guichard and Bourget 1998). In the latter study, algal
biomass was shown to increase with topographic scale from
0.6 to 2.2 m (Guichard and Bourget 1998). In the present
study, topography had an increasing influence on algal bio-
mass from scales varying from 0.2 to 2 m. Although theo-
retical studies showed the importance of determining aggre-
gation scales of nontrivial determinism in spatial population
dynamics models (Pascual and Levin 1999), our results sug-
gest that second moment (variance) topographic aggregation
at 2 m carries nontrivial information for algal population
dynamics. Our results also agree with experimental results
presented in Guichard and Bourget (1998), which show a
scale-dependent cascade between topographic heterogeneity
and algal biomass and suggest a process that can be gener-
alized to the whole intertidal landscape in the area examined.
Variograms showed that algal biomass spatial structure in-
volved patchiness independent from elevation gradient, at
scales around 2 and 8 m. Cross-variograms also revealed
spatial dependence between topography and algal biomass
at spatial scales above 8 m. Although algal biomass vario-
grams gave further evidence that important processes re-
sponsible for algal pattern formation occur below 4 m (see
aggregation analysis), the larger scale relationship between
elevation and algal biomass could be explained by alternance
between soft and hard substrata at the scale of the study site,
although further analyses are still required in order to estab-
lish this relationship.

Such generalization of experimental studies to natural
landscapes across scales required exhaustive spatial data
from the scale of experiments to the scale of natural pattern
formation that would have been very hard to obtain from
field measurements. As these results illustrate the relevance
of high-resolution data in order to link experimental and the-
oretical results in intertidal ecosystems, a more detailed anal-
ysis could allow one to describe spatial patterning of the
community on the study site.

Evaluation and future use of the method—Time and cost
efficiency of the method depends mostly on the tradeoff be-
tween resolution and the extent of photo acquisition scheme.
As one pair of overlapping photos could cover a 60 3 40
m area at 2-cm ground resolution, the use of higher altitude
photos or of a lens with smaller focal length could decrease
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manipulation time and expenses in cases where lower reso-
lution is satisfactory. On the other hand, monitoring individ-
ual behavior or microtopographic features would require the
user to restrict covered area. A hierchical photo acquisition
scheme can be adopted where some portions of a large area
are covered at higher resolution and the remaining portions
are covered using higher (.100 m) altitude photographs.

Limits of this method, as of any remote-sensing method,
are linked to three-dimensional properties of some commu-
nity matrices in marine and terrestrial ecosystems. Detection
of hidden biomass and topographic features is often impos-
sible using remote observation methods. However, stereo
analysis presented here would allow measurement of bar-
substratum elevation after a natural or artificial local distur-
bance and after recolonization of nearby undisturbed com-
munity. Applying this method to subtidal habitats is possible
but would be limited by water turbidity, and independent
field calibration would have to be performed. Other appli-
cations include monitoring of local hydrodynamic patterns
using tracers and small drifters. It was also applied to studies
of organismal behavior in complex environments through
low altitude (,10m) temporal monitoring (Guichard and
Bourget, unpubl. data). Low cost and flexibility of the meth-
od make it suitable for temporal monitoring of physical and
biological patterns.

Conclusion—The study of scale-dependent relationships
between environmental and biological variables in intertidal
ecosystems requires (1) experimental test of scale-dependent
processes and (2) multiscale analysis of natural patterns with
sufficient resolution to establish the link between patterns
and processes. We presented a remote-sensing method able
to provide high-quality and high-resolution spatiotemporal
data about a key environmental variable (i.e., topography)
and algal biomass. Spatial analysis performed on these data
revealed patterns that matched experimental evidence show-
ing a scale-dependent relationship between local topographic
variability and algal biomass. Although other remote-sensing
methods were available, no other approach was able to cover
the range of spatial scales of interest. The remote-sensing
method presented here will also permit spatial classification
of intertidal communities and low-cost temporal monitoring
of spatial patterns that could be coupled to spatially explicit
models of intertidal population dynamics in complex envi-
ronments.
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