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ABSTRACT—This study utilized a GIS to investigate the influence of terrestrial and submarine
topography on the light regime and distribution of giant kelp (Macrocystis pyrifera) in the waters around
Santa Catalina Island. The island's northwest-to-southeast orientation, rugged topography and highly
dissected coastline offer a wide range of micro-habitats with respect to the nearshore light regime. GIS
data layers included a kelp distribution map, a digital terrain model, digital bathymetric model, submarine
slope, submarine aspect, and two solar insolation models. A model of the relative light levels at the ocean
surface incorporated the diurnal path of the sun, and the effect of hillshading on nearshore waters due to
the adjacent island topography. Insolation on the sea floor estimated light extinction through the water
column utilizing the bathymetric data. Kelp bed distribution was evaluated statistically relative to both
insolation models. Definite patterns in kelp distribution were observed relative to surface and bottom
insolation, and were especially pronounced during the peak growing season. On the leeward side, shaded
from afternoon sun by the island's 450-640 m main ridge, kelp favored the higher light environments
around coastal features such as points, offshore reefs, and regions with greater bottom relief. Kelp on the
more exposed, windward side of the island favored locations sheltered from the prevailing winter storms
despite lower light levels in these sites. Using such methods, light as a limiting factor for giant kelp can
now be incorporated with other variables into habitat suitability models and used to consider appropriate
regions for designation as marine reserves.
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INTRODUCTION

Giant kelp (Macrocystis pyrifera) is a marine
alga found along the Pacific coast of North
America from central California to Baja California
(Abbott and Hollenberg 1976). Although it begins
life as a microscopic spore at the ocean floor, this
species may grow to lengths of 60 m with its upper
fronds forming a dense canopy at the surface.
Giant kelp prefers depths less than 40 m,
temperatures less than 20°C, hard substrate, and
bottom light intensities above 1% that of the
surface (North 1971, Foster and Schiel 1985).
Dean and Jacobsen (1984) felt irradiance was
likely a critical factor influencing growth in
Macrocystis, especially during winter. Low light
levels at specific locations or times may restrict
giant kelp distribution by inhibiting growth or
sporophyte production (Dean and Deysher 1983).
Canopy-forming kelps like Macrocystis may also
be light-limited during periods of fog or overcast
(North et al. 1986, Jackson 1987).

The ecological effects of varying daylength on
marine plants due to season or latitude are well-
known (see North 1971, Kirk 1983, Jackson 1987,
Lining and Kadel 1993). Site-specific slope-aspect
values and hillshading also alter the effective
photosynthetic daylength, creating marked spatial
heterogeneity in the nearshore marine environment
adjacent to high relief landmasses. The seasonal
(Kirkpatrick et al. 1988) or diurnal (Miklos et al.
1991) timing of peak insolation in such regions
may influence physiological or reproductive
functions in a species. Santa Catalina Island offers
an excellent opportunity for investigation of such
influences. The island is oriented in a
northwest-to-southeast direction, has an irregular
87-km coastline, a high (450-600-m) central ridge,
rugged topography and varying water depths.
These factors result in a wide range of
microhabitats with respect to light between the
southwest-facing  windward side and the
northeast-facing leeward side. Afternoon sunlight
intercepted by the island's main ridge reduces
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irradiance in the nearshore waters on the leeward
side, reducing the effective photosynthetic
daylength. The island's steep offshore slope and
narrow shelf force kelp closer to shore where it
may be affected more by these variations in the
light regime.

Solar radiation is an important ecological
parameter for organisms (Brock 1981), especially
those that photosynthesize. Terrestrial studies
indicate the spatial patterns of net surface radiation
and its variability are important in understanding
the growth and distribution of individual species
(Pearcy 1983), the distribution of plant and animal
species within a community (Weiss et al. 1988,
Murphy and Weiss 1988), or ecosystem processes
such as energy fixation and water balances
(Hetrick et al. 1993a, 1993b). Significant variation
in the light regime exists in terrestrial regions with
high topographic relief due to variations in
illumination angle and shading (Dozier and Frew
1990). The importance of slope, aspect and
elevation to terrestrial plant distributions has been
noted by researchers (Hicks and Franks 1984). The
effect of topographic shading is less well known
(Hetrick et al. 1993b), but investigations of this
factor are becoming more common (Weiss et al.
1988, Murphy and Weiss 1988, Davis and Dozier
1990).

Light has greater variability in aquatic
environments due to strong and selective
absorption by water (Kirk 1983), differences in
sediment loading and turbidity, bottom substrate
type (Dean 1985), suspensoids (Kirk 1985),
phytoplankton (Woods and Onken 1982, Pennock
1985), and by-products released from kelp (Luning
1981). Thom and Albright (1990) concluded that
solar energy was the principal factor controlling
seasonal physiological changes in benthic plants.
Yet, this important variable has seldom been
measured over extended periods and large spatial
scales in the nearshore marine environment (Kain
1982, Dean 1985). Johansson (1982) found
differences in the species composition of
freshwater algae between shaded and exposed
locations and Seapy and Littler (1993) anecdotally
mention the role of afternoon shading by steep sea
cliffs on neighboring Santa Barbara Island.

Previous island-wide GIS studies by this
author have revealed significant differences in kelp
distribution around the island due to differing wave
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Figure 1. lllustration showing the effect of terrestrial hillshad-
ing on the surface waters of Santa Catalina Island.

energy, turbidity,  submarine  topography,
disturbance regimes, and other factors (Bushing
1994, 1995, 1996a, 1996b, 1997). Field
measurements in these studies indicated terrestrial
hillshading may reduce surface light levels by
physiologically significant levels in the nearshore
marine environment on the shaded leeward side.
This study utilizes a computer-generated surface
and bottom insolation model to investigate the
influence of topographic shading (Fig. 1) on the
distribution of giant kelp around the island. The
extinction of light in the water column as a
function of depth and regional turbidity is
incorporated to model spatial variability in light on
the ocean floor, and its potential influence on the
young sporophytes and gametophytes. These
models allow regional variability in light to be
considered along with other spatial variables such
as wave exposure, bottom substrate, and nutrient
levels to better understand kelp distribution and
persistence.

METHODS

Creation of the Topographic GIS Data Layers and
Overlay Masks

Raster GIS data layers required to address the
hypotheses in this study included a kelp bed
distribution map dated about 1980 provided by
Southern California Edison, digital elevation
(DEM) and bathymetric (DBM) models, submarine
aspect, submarine slope, distance-from-shore, and
solar insolation at 20-m resolution. The creation of
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Figure 2. Insolation models of the West End of Santa Catalina
Island for the months of March, June, September, and Decem-
ber. Brighter image values indicate higher insolation.

these data layers has been described previously
(Bushing 1994, 1995, 1996a, 1997, 2000). The
DEM and DBM were integrated to create a
continuous topographic surface to model the
influence of island topography on light at the ocean
surface and floor. The distance-from-shore layer
was created by generating the Euclidean distance of
each cell from the nearest island coastline. Binary
masks representing kelp distribution from the 1980
SCE survey were created for both leeward and
windward coasts. The 20-fathom (~40-m)
bathymetric contour was chosen to define the
maximum expected depth limit for kelp. A second
set of binary masks was created between this
contour and the shoreline representing the potential
habitat of kelp, referred to here as the photic shelf.

TOPQUAD Solar Insolation Model

GIS layers that modeled terrestrial hillshading
and light extinction in the water column were
required. The TOPQUAD module, developed by
Dozier (1980) for integration into the IPW (Image
Processing Workbench) software toolkit (Frew
1990), was chosen to generate these. It has been
used extensively for modeling light environments
in regions of high relief (Dozier et al. 1981, Davis
and Dozier 1990).

For physiological or ecological studies only
certain regions of the electromagnetic spectrum
may be important (Brock 1981). For this study,
only photosynthetically active radiation or PAR
(400-700 nm) was used. Insolation was modeled

for the 215t day of each month to create monthly
intervals between solstices and equinoxes (Fig. 2).
Similar methods were used by Weiss et al. (1988),
Murphy and Weiss (1988) and Hetrick et al.
(1993a). Monthly values were averaged in three
month intervals to create seasonal images. For
example, October, November and December were
averaged to create a fall insolation composite. All
twelve monthly values were averaged to create an
annual model.

A Dbottom insolation model incorporating
regional turbidity and light extinction was created.
It assumes the deepest depth for Macrocystis
occurs at a value of 1% of surface irradiance
(PAR), the generally accepted limit of the photic
zone (Lining and Dring 1979, Liining 1981, Kirk
1983). Relative turbidity was estimated by
determining the maximum depth (dya) at which
kelp was found on the windward and leeward
coasts. Insolation at the ocean floor was generated
by multiplying the surface insolation value (lIg) in
each cell by a light extinction equation based on
Beer's Law (Gates 1980, Kirk 1983, Jackson
1987):

lg = Ig* en (-4.61%0/d,)

where bottom insolation (ly) is the percent of
surface insolation (l¢) at that cell's depth (d), and
dimay 1S the maximum depth kelp was found in that
region. Monthly, seasonal and annual bottom
insolation models were created from the
corresponding surface insolation models. Both the
I and 14 indices assume clear skies.

Insolation as a Function of Aspect and Distance-
from-shore

Insolation is strongly dependent on aspect
(Holland and Steyn 1975). Bushing (1994, 1995)
created kelp frequency distributions for 10°
intervals of aspect. Aspects with kelp frequency
values greater than 5% were designated typical
aspects (0-60° and 330-360° on the leeward coast;
180-270° on the windward side) and are consistent
with the island’s geographic orientation. Aspects
with frequency less than 5% were designated
atypical. These atypical aspects represent values
different from the prevailing coastal orientation on
each side, and have been shown to have higher
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percent cover of kelp (Bushing 1994, 1996a). Polar
graphs of mean surface and bottom insolation
relative to aspect were prepared. The frequency
distribution, percent cover, and mean values for
both kelp and the photic shelf were also plotted as a
function of 30° aspect intervals for each of the four
seasonal, and the annual, surface and bottom
insolation models.

To test the hypothesis that greater observed
distances from shore for kelp along the leeward
coast were a response to terrestrial hillshading,
mean winter surface and bottom insolation values
were graphed as a function of distance from shore
in 25-m intervals. In a separate analysis, distance
was treated as the dependent variable, and mean
distance from shore was calculated for 10-unit
intervals of annual surface insolation.

DATA ANALYSIS

Coincident data was extracted from the GIS
layers for submarine aspect, depth, slope,
distance-from-shore, and surface and bottom
insolation using the kelp and photic shelf binary
masks. These data were imported into Foxpro
databases. Each record represented a single
geographic location (raster cell) incorporating the
associated data in separate fields allowing analysis
on a cell-by-cell basis. Two important statistics
were evaluated for each data layer. Kelp frequency
refers to the percentage of total kelp raster cells
along each coastline with a given data value or
range (e.g., 5% of all kelp cells had surface
insolation values of 150-160). Percent cover refers
to the percent of the corresponding photic shelf
raster cells covered by kelp for a given value of an
environmental variable (e.g., 20% of all 8 m depths
were covered by kelp).

Observed kelp distributions were compared
against the expected wvalues using the
corresponding photic shelf distribution as a
probability model (Johnson et al. 1988). Expected
probabilities were calculated from the frequencies
for the corresponding photic shelf region. Residual
values were obtained by subtracting the observed
values for kelp from these expected values,
indicating parameter values which are preferred (+)
or avoided (-). The null hypothesis is that the two
distributions do not differ in a statistically

significant way. If significant differences exist,
topographic influences on light may play a role in
effecting Macrocystis distribution.  Additional
statistical methods were based on those of Bishop
(1983).

RESULTS

On the leeward coast, raster cells where kelp
was present had significantly (P < 0.050) higher
mean insolation values for the annual and four
seasonal models than regions where kelp was not
found. However, light levels on the windward side
were significantly lower (P < 0.001) in all but the
fall and winter models for cells with kelp. Kelp
frequency relative to spring surface insolation
index peaked at the upper end of the insolation
range on both coasts (Fig. 3). On the leeward side,
kelp frequency exceeded expected values towards
the high end of the range while residual values
peak at the lower end on the windward side. Kelp
percent cover relative to spring surface insolation
on the leeward side showed a peak at the upper end
of its range, but windward kelp peaked at the lower
end.

Kelp Distribution as a Function of Insolation and
Aspect

Kelp frequency relative to aspect is dominated
by the prevailing orientation on the windward
(south-to-west) and leeward (north-northwest
-to-northeast) coasts (Bushing 1996a). Only 17.8%
of total kelp on the leeward side was found at
atypical aspects differing from the prevailing
coastal orientation while the value was substantially
higher (27.3%) for the windward coast. Mean
annual surface insolation (Fig. 4) on the leeward
coast was greater at atypical than typical aspects,
but lower on the windward side.

Kelp on both sides favored atypical aspects but
for different reasons. On both coasts, atypical
aspects often represent locations around coastal
points, offshore reefs or other features where the
irregularity of the coastline provides a wider range
of exposures. For the shaded leeward coast
protected from severe storm disturbance, surface
and bottom insolation was significantly higher (P <
0.050 or greater) at atypical aspects representing
sunnier sites for the year, and most seasons except
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Figure 3. Kelp frequency (A and B) and percent cover (C) relative to spring surface insolation. Graphs illustrate areas where kelp
frequency is highest relative to insolation on the leeward (A) and windward (B) sides, and where percent cover is highest relative

to insolation for both coasts (C).

spring. On the leeward side, bottom light levels for
kelp cells at atypical aspects always exceed those
for typical aspects regardless of sun exposure and
distribution is optimized for bottom insolation
there. On the exposed but well-lit windward side,
surface and bottom insolation values were lower at
atypical aspects for all seasons, suggesting
protection from storms may dominate on a
coastline where light levels are generally high, but

winter storm disturbance more significant
(Bushing 1995). This is consistent with light being
a controlling factor on the leeward, and storm
exposure on the windward sides.

The difference between typical and atypical
aspects defined previously is further explained by
plotting mean depth as a function of aspect for the
two coasts. On both, kelp is found at deeper depths
at atypical aspects (15-35 m vs. 12-15 m on the
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Figure 4. Mean annual surface (a) and bottom (b) insolation a:
function of aspect, the direction the coastline faces, on both ¢
ward and windward coasts of Santa Catalina Island.

leeward and 12-25 m vs. <10-15 m on the
windward). The difference is not statistically
significant (P > 0.050) on the leeward side, but is
(P < 0.001) on the windward side.

Kelp Distribution as a Function of Light and
Distance-from-shore

Previous work (Bushing 1994) indicated the
mean distance-from-shore for kelp was signifi-
cantly greater on the leeward (91.0 m) than the
windward side (66.7 m), but the maximum
distances were comparable at 331 m and 340 m
respectively. This is noteworthy since the
submarine slope on the leeward side is greater than
on the windward side. Horizontal displacement of
kelp away from shore on the leeward side due to
hillshading by the island's main ridge, the focus of
this study, may be responsible.

On the leeward side, there is a pronounced
increase in insolation out to a distance of about 220
m (Fig. 5). Within this distance, the horizontal
displacement of kelp away from the coast may be
due to hillshading. Beyond that, the pattern is

irregular, suggesting offshore reefs play a role at
these distances. On the windward side there is a
slight decrease in average surface insolation with
increasing distance from shore. Bottom insolation
values support this interpretation. Windward side
insolation drops exponentially as distance
increases, reflecting increasing depth. On the
leeward side the drop is less precipitous, especially
at distances from about 100-200 m from shore.
The unexpected peak in bottom insolation values at
distances of 200-300 m appears to confirm the
influence of offshore reefs on the light
environment at greater distances.

DISCUSSION

This study offers the first evidence of the
influence of terrestrial hillshading on the
distribution of Macrocystis pyrifera on a regional
scale. Instantaneous light levels and effective
photosynthetic daylength in Catalina’s nearshore
marine environment exhibit a high degree of
spatial variability which appears to influence the
distribution of giant kelp. Mature kelp canopies
absorb sunlight at its highest intensity near the
surface, providing the adult sporophytes with
relative immunity from changes in light due to
factors like hillshading or absorption in the water
column. Kelp's greater average distance from the
coast on the steeper leeward side reinforces the
interpretation that hillshading plays a factor in
influencing  distribution. ~ Such  horizontal
displacement may allow the interception of more
light for photosynthesis by the adult sporophyte
canopy at the surface.

Macrocystis must recruit and grow as a
gametophyte or young sporophyte on the ocean
floor, where nutrients are high but irradiance may be
limiting (Wheeler 1978, Dean and Jacobsen 1984,
Dean and Jacobsen 1990). Dense Macrocystis
canopies may reduce surface light up to 99% by the
time it reaches the bottom (Neushul 1971, Pearse
and Hines 1979), so the younger stages at the ocean
floor experience diminished, and widely fluctuating
bottom insolation values (North et al. 1986). The
light requirements of gametophytes may be more
critical for the ecological success and persistence of
kelp (Harger 1979, Reed and Foster 1984, Deysher
and Dean 1984). Values from the TOPQUAD
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Figure 5. Mean winter surface (a) and bottom (b) insolation as
a function of distance from shore around Santa Catalina Island.

model indicate surface insolation in winter varied
by nearly 20:1. When light extinction and turbidity
are incorporated, variation in bottom insolation
exceeds 1,000:1, resulting in real world light levels
below compensation range for kelp in this model
under clear skies.

The extinction of light in the water column
significantly influences the potential habitat for
marine vegetation. Light often determines the
maximum survival depth at a given site (Llning
1971, Liining and Dring 1979, Gerard 1988), and is
believed to limit the seaward extent of Macrocystis
pyrifera, especially in turbid coastal waters (North
1971). Submarine illumination and its extinction
through the water column have been discussed by
Jerlov (1976), Gates (1980), Kirk (1983), and
others. Based on Liining (1981) and the apparent
depth limits (dy.x), the waters off the West
windward coast would be Jerlov type 5 and those
off the leeward side Jerlov type 3, comparable to
the range observed by Dean (1985) off the
mainland coast.

Seasonal and diurnal fluctuations in surface
irradiance are generally not a major factor in the
variability of bottom irradiance levels compared to
changes in water clarity (Harger 1979, Dean and

Jacobsen 1984) in regions where hillshading is not
an issue. Dean (1985) found that variations in
sediment levels related to storm activity, rather
than seasonal surface irradiance, were responsible
for observed fluctuations in bottom insolation in
mainland southern California kelp beds. Seasonal
fluctuations in turbidity due to increased winter
storm activity, higher rainfall and sediment loading
from runoff may be especially important if surface
insolation is simultaneously reduced by low sun
angles and increased hillshading or higher levels of
overcast. Regional differences in seasonal bottom
insolation between the windward and leeward
coasts off Catalina may be greater due to differing
seasonal storm regime and wave energy. The
windward side experiences sediment loading not
only from runoff, but also from resuspension of
sediments in the high energy environment
(Bushing 1994). Reduced winter surface light
levels on the leeward side due to topographic
hillshading may somewhat balance this.

A plant’s ability to adapt to a given light
regime depends on its genetic flexibility (Wheeler
1978). Plants found in lower light environments,
like shaded habitats or deeper depths, may have a
higher photosynthetic efficiency (Wheeler 1978,
Laning and Neushul 1978). Such light ecotypes
with greater nutrient uptake rates and higher
photosynthetic efficience are known from other
marine algae (Gerard 1988, 1990). Kopczak et al.
(1991) found Macrocystis off Catalina's shaded
leeward side also was more efficient in its nutrient
uptake and utilization.

If Macrocystis ecotypes that are adapted to
different light regimes exist around the island, this
could have consequences for the selection of a
marine reserve network around Catalina Island.
Gerard (1988) suggested the limited gene flow
between kelp populations due to short spore
dispersal distances might maintain the geographic
isolation of such ecotypes. Individuals adapted to
the higher turbidity environments of the windward
side would most likely incur a greater metabolic
cost involved in maintaining higher pigment
concentrations. This could be difficult under the
more oligotrophic conditions that prevail on the
leeward side of the island.

Reduced growth rates due to lower light levels
on the shaded leeward side, or at protected aspects
on the windward side, may result in higher
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mortality and diminished ability to resist the effects
of the prevailing disturbance regime on each coast
(Steinman et al. 1991). If so, regional persistence
in kelp may be affected by the observed spatial
variability in the light regime (Bushing 1995,
1996a, 1996b). Those individuals, populations and
ecotypes which are able to survive may respond
once the light regime increases due to removal of
adult canopy by storm, reduced turbidity or other
seasonal change. Resilience and persistence should
be higher in such populations. Such spatial
differentiation in local population characteristics
should be incorporated as a factor along with
others in the identification of potential new marine
reserves around the island (Bushing 1997).
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