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Abstract. We examined patterns of shrub species diversity
relativetolandscape-scalevariability in environmental factors
within two watersheds on the coastal flank of the Santa Y nez
Mountains, California. Shrub species richness and dominance
was sampled at a hierarchy of spatial units using a high-
powered telescope from remote vantage points. Explanatory
variables included field estimates of total canopy cover and
percentage rock cover, and modeled distributions of slope,
elevation, photosynthetically active radiation, topographic
moisture index, and local topographic variability. Correla-
tion, multipleregression, and regression tree analyses showed
consistent relationships between field-based measurements
of species richness and dominance, and topographically-
mediated environmental variables. In general, higher rich-
ness and lower dominance occurred where environmental
conditions indicated greater levels of resource limitation
with respect to soil moisture and substrate availability. Maxi-
mum richnessin shrub speciesoccurred on high elevation sites
with low topographic moisture index, rocky substrate, and
steep slopes. Maximum dominance occurred at low elevation
sites with low topographic variability, high potential solar
insolation, and high total shrub canopy cover. The observed
patterns are evaluated with respect to studies on species-
environment rel ations, resource use, and regeneration of shrubs
in chaparral and coastal sage scrub. The results are discussed
in the context of existing species-diversity hypotheses that
hinge on reduced competitive dominance and increased re-
source heterogeneity under conditions of resource limitation.

Keywords: Coastal sage scrub; Digital terrain model; Envi-
ronmental gradient; Regression tree; Resource limitation;
Species diversity.

Abbreviations: DEM = Digital Elevation Model; FOV =
Field of View; PAR = Photosynthetically Active Radiation;
PC = standard deviation of Profile Curvature; PSI = Potential
Solar insolation; TMI = Topographic Moisture Index.

Nomenclature: Hickman (1993).

Introduction

In many communities maximum diversity occurs
under conditions of moderate resource limitation
(Rosenzweig 1971; Tilman 1982; Margules et al. 1988;
Braakhekke & Hooftman 1999). This scenario may be
viewed with reference to the competition hypothesis
(Menge & Sutherland 1976), or the spatial competition
hypothesis (Tilman 1994), in which niche diversity is
maintained by inter- and intraspecific competition for
limited resources. These hypotheses presume that
resource limitation reduces competitive dominance by
individual species, and creates increased local habitat
diversity, thusfacilitating recruitment of different species
with variable resource constraints (Grime 1979).

In chaparral and coastal sage scrub, several studies
have shown that certai n speciesand species-assemblages
are distributed in accordance with gradientsin environ-
mental conditions (Shreve 1927; Mooney & Harrison
1972; Kirkpatrick & Hutchinson 1980; Steward &
Webber 1981; Westman 1981a; Franklin 1998). How-
ever, variability in chaparra diversity along environ-
mental gradients has received little attention. Excep-
tions either approach the issue of diversity in a post-
disturbance scenario (Daviset a. 1988; O’ Leary 1990),
focus on coastal sage scrub communities (Westman
1981b; O'Leary 1990), focus primarily on microsite
effects (Shmida & Whittaker 1981), or treat specific
cases, such as diversity on serpentine soils (Harrison
1997).

In general, water and light appear to be the primary
resources for which plants compete in chaparral and
other Mediterranean-typevegetation communities (Vila
& Sardans 1999). Soil moisture permitting, sites with
high photosynthetically active radiation (PAR) often
support nearly monospecific, closed canopy stands of
large-stature shrub species (Schlesinger et a. 1982).
However, on exposed sites where moisture is limiting,
percentage shrub cover is often reduced in chaparral
(Bauer 1936; Miller & Poole 1979; Ng & Miller 1980).
The resulting open vegetation structure permits greater
spatial heterogeneity of light, temperature, nutrientsand
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moi sture conditions. According to some perspectives on
environment-diversity relationships (Pielou 1975; Grime
1979; Tilman 1982, 1994; Stone & Roberts1991), aswell
as observed patterns in chaparra (Shmida & Whittaker
1981), these conditionsfacilitate greater speciesrichness.
In particular, where chaparral canopy closure is prohib-
ited due to insufficient soil moisture, coastal sage scrub
speciesexploit canopy openingsduetotheir superior drought
tolerance (Kirkpatrick & Hutchinson 1980; Shmida &
Whittaker 1981; Schlesinger et a. 1982). Conversdly,
where light islimited by closed canopy chaparra, coastal
sage scrub and herbaceous species are amost entirdly
precluded from the subcanopy environment (McPherson
& Muller 1967; Swank & Oechel 1991).

We present alandscape-scale study of relationships
between spatial patterns in the diversity of common
chaparral shrub speciesand abiotic environmental factors
in the Santa Ynez Mountains, California. Our general
hypothesis is that shrub diversity is increased under
conditions of moderate resource limitation. This hy-
pothesis is based on two presumptions. First, there
are certain combinations of environmenta conditions
that —through their control onlight regime, soil moisture,
percent shrub cover, and recruitment opportunities—will
control habitat heterogeneity, and thus govern spatial
patterns of species diversity. Second, resource limita-
tion leads to reduced competitive dominance, and pro-
ducesgreater habitat heterogeneity by prohibiting canopy
closure. We ignore herbaceous species and natural dis-
turbance in our analysis of this ecosystem, but will
return to these pointsin the discussion.

Study sites

The coastal zone of southern California has a
mediterranean climate with variable precipitation from
mid-fall to mid-spring and a drought period from late
spring through early fall. Soils are very dry in summer
with obvious impacts on plant productivity (Thomas &
Davis 1989). Summer fog is common, occurring when
the moist marine layer, trapped between the mountains
and the frequent summertime temperature inversion,
coolsin the early morning (Bailey 1966).

The Santa Ynez Range runs east-west along the
coast between Point Conception and Ventura (Fig. 1),
and occupies portions of Santa Barbara and Ventura
Counties, Cdlifornia. It forms the western end of the
Transverse Ranges. The range is composed of marine
sediment, alluvial deposits and accretionary materials
sequentially added into the coastal margin during
interactions between the Pacific and North American
plates (Page et a. 1955). The mountains are highly
dissected into steep slopes and deeply cut canyons.
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Fig. 1. Study area. The dashed line represents the main ridge
of the Santa Ynez Mountain Range. The abbreviations MC
and RC indicate the approximate | ocations of Mission Canyon
and Romero Canyon.

Chaparral vegetation is dominated by drought-toler-
ant or drought-adapted, evergreen sclerophyllous trees
and shrubs (Hanes 1977). Chaparrd is extensively dis-
tributed in California, dominating the flanks of the
southern coastal mountain ranges deep into Baja, and
extending north into southern Oregon. It can occupy
sitesfrom coastal bluffsto high montane environments,
and it is a common lower elevation community in the
mountains surrounding the California central valley
(Hanes 1977).

On the south flank of the Santa Ynez Range, as
elsewhere in the southern California chaparral, lower
elevationsand dry mid-elevation sites support aromatic,
drought-deciduous, herbaceous perennial scharacteristic
of the coastal sage scrub community (e.g. Salvia spp.,
Eriogonum fasciculatum, Artemisia californica) (Smith
1998). Withincreasing elevation, lower chaparral shrubs
such as Ceanothus megacar pus, C. spinosusand Adeno-
stema fasciculatum begin to dominate (Schlesinger et
al. 1982). An upper chaparral community istypified by
the emergence of Arctostaphylos spp., Ceanothus
crassifolius, and shrub forms of Quercus spp. (Smith
1998). Occasional conifer stands (e.g. Pinus coulteri
and Pseudotsuga macrocar pa), often with an understory
shrub layer, are found at uppermost elevations in the
Santa Y nez (Smith 1998).

The geology of the Santa Ynez expresses strong
elevational zonation with distinct contacts between
formations. Within our two study sites, these zones
form a sequence of alternating sandstones and shales,
primarily of marine origin (Dibblee 19864, b).

The study sites are two small watersheds on the
coastal flank of the Santa Ynez Mountains directly
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north of Santa Barbara, California (Fig. 1). Mission
Canyonisan 8.2km2watershed that includesLaCumbre
Peak which, at 1215 m, isthe highest point in the Santa
Y nez. The foot and upper ridge of Mission Canyon are
located 6.6 and 9.4 km from the coast, respectively.
Samplingin Mission Canyon began abovetheresidential
zone (within the boundary of the Los Padres National
Forest) at an elevation of 274 m. Mission Canyon was
last burned in 1964.

Romero Canyonisa7.1-km?watershed located 12.5
km east of Mission Canyon, with an upper elevation of
1067 m. The foot and upper ridge are 4.0 and 6.5 km
fromthe coast, respectively. Sampling in Romero Can-
yon began abovetheresidential zone at an el evation of
244 m. Romero Canyon was last burned in 1971.
While no fog climatology exists for the Santa Y nez,
our observations suggest that Romero Canyonisinflu-
enced by a more persistent summer fog regime than
Mission Canyon.

M ethods

Field sampling

Chaparral commonly forms a closed canopy and
develops a heavy thicket of understory biomass on
steep, and often unconsolidated terrain. These condi-
tions have prevented most researchers from collecting
large numbersof well-distributed field samples. In addi-
tion, most studies have used small plots (e.g. 100 m?)
withinter- andintraplot variability that may bestochastic,
or respond to processes that operate at afiner scale than
our focus. To resolve these issues, we sampled shrub
composition at ahierarchy of spatial units using ahigh-
powered telescope from remote vantage points. This
approach reduced the cost of datacollection and permitted
acquisition of alarge number of field samplesdistributed
throughout the study sites. An evaluation of the method
by Meentemeyer & Moody (2000) indicates that the
sampling approach provided vegetation data at an ap-
propriate scale for modeling landscape-level patterns of
shrub composition as driven by topographically-medi-
ated environmental conditions.

The field sampling was organized around a spatial
unitreferredto asapatch (Fig. 2). A patchisacontinuous
stand of vegetation that is homogeneous in terms of
shrub composition and total cover. Candidate patches,
delineated in the field from remote vantage points, were
distributed in order to represent the range of elevations,
dope positions, and aspects available within the two
watersheds. The delineation of patch boundaries was
based onaset of thresholdsrel ating to shrub composition,
the relative abundance of dominant species, and total
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Fig. 2. Field sampling strategy illustrated for the Romero
Canyon Watershed. The right panel is an expanded view of a
single patch. Three random sites are chosen from the regular,
20-m grid of points. Around each point, four telescope fields
of view (FOV) are sampled for shrub species composition.
The contour linesrepresent 10-m elevationintervals. Thebase
map, used for illustrative purposes, is the Potentia Solar
Insolation data layer, modeled using the Atmospheric and
Topographic Model (Dozier & Frew 1990; Dubayah 1992)
described in thetext. Thefield-sampled vegetation patchesfor
Romero Canyon are overlayed on this data layer.

cover. These characteristics, estimated by surveying
candidate patches from remote vantage points, were
used asguiding parametersto help maintain consistency
in patch definition. For candidate patches where the
relative canopy cover of a single species was greater
than 60%, patch boundarieswas mapped whereachange
in the dominant species occurred, or where atransition
to amixed species composition occurred. For candidate
patches with mixed species composition, boundaries
were determined where the abundance of any shrub
species changed by 20 % or more. Patch boundaries
were also defined where absolute cover changed by 20
% or more.

A candidate patch was selected for sampling if it
could be reliably mapped on the high resolution terrain
model, and if it met the following additional criteria.
First, aminimum patch size of 0.25 hawas used to filter
out fine scale floristic variability and to avoid sampling
in the range of patch sizes over which richness and area
are fundamentally related (Greig-Smith 1983). Second,
apatch had to be completely visible from an accessible
remote viewing location at an angle greater than 45°
between the terrain facet and the line of site. Finaly, a
patch had to be within 300 m of the vantage point, and
greater than 10 m from a dirt road or trail.

Within each patch, two to a maximum of five sites
were randomly located from a regular array of grid
points distributed at 20 m intervals (Fig. 2). Sites that
were either less than 10 m from a patch boundary, or
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adjacent to an already selected sitewithinthe patchwere
rejected. Thisguidelinewasrelaxed in the case of small
patches where adjacent sites were used to ensure that at
least two sites were sampled within the patch. A zoom
telescope (15x to 45x) was used to sample shrub and
tree composition for each site from a remote viewing
location. Composition for each site was determined by
aggregating species composition within four non-
overlapping tel escopefieldsof view (FOV) surrounding
the site (Fig. 2). If one of the four FOV's surrounding a
site was excessively close to the patch boundary the
FOV was dropped and only three FOV's were used to
characterize the site. The location and sizing of FOV's
was achieved by navigation on ahigh resolution (10 m)
terrain model overlayed with a20 m grid, and supported
with clinometer and compass measurements. Each FOV
was restricted to ca. 100 m? using the navigation infor-
mation and the zoom capability of the telescope.

For each FOV we determined the shrub species
present, the percentage of each species, percentage of
exposed bedrock, and total canopy cover. Species
identification was based on leaf and bark color; shrub
formand stature; bud, flower, and new growth charac-
teristics; and leaf shape, size, and orientation. The
FOV data were aggregated from the FOVsto the site
level, and the site data were aggregated to produce
shrub composition data for each patch. For each site,
species richness was determined by tabulating all
species found within the three to four surrounding
FOV's. Species abundance was determined by averaging
the percent cover of each species within the surrounding
FOVs. Total cover was also determined by averaging.
Aggregation from the site level to the patch level was
accomplished analogoudly.

The patches were mapped onto the digital elevation
model (DEM) used to deriveterrain-based environmental
characteristics. After excluding samples from riparian
areas and upper elevation conifer woodland, a total of
175 patch samples remained for Mission Canyon (106)
and Romero Canyon (69). The patches ranged in size
from 0.25 hato nearly 7.5 ha. 36 chaparral and coastal
sage scrub species were identified in this set of samples
(Table 1). Non-woody species, vines, fungi, lichens,
and parasitic plants were omitted from the analysis
because of concernsregarding thereliability withwhich
we could detect, identify, and estimate percentages for
these types.

From the remaining data set, we derived within-
patch shrub speciesrichnessand dominanceas measures
of shrub species diversity. Richness is the number of
shrub species present within the patch. To characterize
species dominance, each patch was ranked from 1to 16
depending on the relative percentage of the most
abundant species. A value of 1 was given if the most

abundant species composed |ess than 24 % of the patch.
A value of 2 was given if the most abundant species
composed between 25 % and 29 %. A 3 was given if the
most abundant species composed between 30 % and 35 %,
and so on. If the most abundant species composed 95 % or
greater a dominance value of 16 was assigned.

The sampling method involved sacrificing a degree
of site-level dataaccuracy in order to achieve sufficient
sampling frequency and distribution. As aresult, there
were several potential sources of error. First, plant
species were occasionally misidentified within a given
FOV. Second, within an FOV some species may have
been missed, particularly if individual plants were
masked by others. Either of these cases could result in

Tablel. Richnessand Dominanceindicator statusand general
elevation strata for shrub and tree species in this study. Rich-
ness and Dominanceindicator status (X) correspondsto T-test
resultswheresignificant at P<0.01. Only speciesmarked with
an asterisk were tested for association with Richness and
Dominance. Genera elevation zones are low to moderate (L/
M), moderate to high (M/H), high (H), and low to high (L/H).
The symbol § indicates species found in the field sampling
validation plots.

Richness Dominance
Species High High Low Elevation
Chaparral:
Adenostoma fasciculatum* § X L/H
Arbutus menziesii H
Arctostaphylos glandulosa*§ X X M/H
A. glauca*§ M/H
Cercocarpus betuloides* § X L/H
Ceanothus crassifolius® X X H
Ceanothus megacarpus* § X L/M
Ceanothus oliganthus* X X M/H
Ceanothus spinosus* § X L/H
Dendromecon rigida M/H
Fraxinus dipetala § M/H
Garrya veatchii H
Heteromeles arbutifolia* § L/H
Lithocarpus densiflora H
Malosma laurina* § X L/H
Pickeringia montana M/H
Prunusilicifolia*§ X L/H
Quercus agrifolia* L/M
Quercus berberidifolia M/H
Quercus chrysolepis* X X M/H
Quercus wislizenii M/H
Rhamnus californica M/H
R.ilicifolia H
Rhus ovata* X X H
Sambucus mexicana L/M
Toxicodendron diversilobum § L/H
Umbellularia californica § L/H
Yucca whipplei* X M/H
Coastal Sage Scrub:
Artemisia californica L/M
Erodictyon crassifolium* X X M/H
Eriogonum fasciculatum L/H
Eriophyllum confertiflorum L/H
Mimulus longiflora* X X L/H
Ribes californicum L/M
Salvia apiana L/H
Salvia mellifera* § X L/H
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errorsin richness values. The accuracy of shrub species
identification and catal oguing was evaluated for a set of
15 FOV's by comparing in situ identification with smul-
taneous remote identification. Based on the in situ sam-
pling, atotal of 13 shrub specieswere present within this
set of FOV's (species are identified in Table 1), with an
average of five speciesin each FOV. Individual shrubs
within the FOV's were correctly identified from the re-
mote vantage point 91 % of the time (Meentemeyer &
Moody 2000).

We attempted to minimize the effect of detection
and identification error by repeat sampling and data
aggregation from the FOV up to the level of the patch.
Becausepatch-level datawere aggregated from numerous
FOV's, most shrub speciesthat were present in the patch
should have been tabulated as present. In the complete
set of 15 FOV's used for validation of the field data, all
13 shrub species that were found in situ were aso
identified as present by the remote interpreter. Moreo-
ver, only those species that were actually present were
included in the remote interpreter’s list for each FOV.
Nevertheless, there were undoubtedly some errors of
commission and omission in the patch-level shrub com-
position data. We do not know therelative rates of these
two types of error, nor whether errors were biased
toward certain species. However, our field validation
results suggest that patch-level speciesrichnessdataare
within one or two species of the correct values
(Meentemeyer & Moody 2000).

Finally, the variability in patch sizes and, more im-
portantly, the variability in the number of fields of
view within each patch, wasapotential sourceof biasin
patch-level richness estimates. However, there was no
relationship between shrub species richness and patch
area(r =0.13; P >r =0.09) nor between richness and the
number of FOV s sampled within patches(r =0.11; P>r
=0.32). Thissuggestsfirst that, within the range of patch
sizes, richnesswasindependent of theareaover whichthe
FOV's were distributed, and second, that richness was
independent of theactual areasampled withinthepatches,
i.e. the number of FOVswithin a patch.

Environmental variables

High resolution (10 m) digital elevation models
(DEMs) were derived for each watershed by digitizing
and rasterizing el evation contoursfrom 1: 24000 USGS
topographic quadrangles. Five explanatory environ-
mental variables were derived from the DEMs. These
include elevation (m); topographic moisture index
(TMI; m2); potential average clear-sky wintertime sur-
faceirradiance (PS; 0.4- 0.7 um; W/m2); slope gradient
(degrees); and the standard deviation of profile curva
ture (PC; 1/1), a measure of within-patch topographic

Table 2. List of variables and associated summary statistics.

Variable Abbr. Units Min Max Mean
Potential Solar Insolation PSI wW/m?2 8 266 163
Elevation ELEV m 92 1155 722
Slope SLP  unitless 19 74 59
Topographic Moisture Index ~ TMI m?2 00 68 12
Standard dev. Profile curvature PC m1 06 170 59
Rock presence RCK  unitless 0 80 3
Total % cover TTL % 20 100 69
Richness R species 2 14 75
Dominance D rank 1 16 8.1

roughness (Table 2). Exposed rock percentage and total
canopy cover, which were also used as explanatory
variables, were determined in the field. Preliminary
analysis suggested that it was the presence or absence,
rather than the amount of exposed bedrock that was
important for shrub species richness. The regression
trees presented here were thus produced using presence/
absence of exposed bedrock to represent rockiness.

Potential surface solar irradiance (PS) was esti-
mated for each grid cell in the DEM using the Atmos-
pheric and Topographic Model of distributed solar ra-
diation (Dozier & Frew 1990; Dubayah 1992). This
model calculates both direct and diffuse radiation com-
ponents for photosynthetically active radiation (PAR;
0.4 to 0.7 um). It has been validated for calculating
surface energy budgets (Dubayah 1992) and has been
applied in other vegetation models (Davis & Goetz
1990; Franklin 1998). For our purposes, relative energy
inputs were calculated assuming clear-sky conditions
and spatialy uniform surface albedo to produce spatial
fields of average, clear-sky, wintertime surface irradi-
ance. Other chaparral studies have shown strongest cor-
relations between vegetation patterns and winter insola-
tion (Davis & Goetz 1990; Franklin 1998). This is
probably due to increased illumination differences be-
tween north- and south-facing slopes during the winter
(Franklin 1998).

The topographic moisture index (TMI) (Beven &
Kirkby 1979) wascal cul ated to characterizetopographic
effectson potential soil moisturedistribution. TMI isthe
natural 1og of the ratio between upslope drainage area, a
(m?) and the slope gradient for a given grid cell, b
(Moore et al. 1991):

™I = In Eanibg )

The equation in this form assumes uniform soil
transmissivity across the watershed. Although TMI is
typically used as a relative index, it has units of m2.
L ocationswith small upslopedrainage areas(e.g. ridges)
havelower TMI valuesthan locationswith large upslope
areas(e.g. sopebottomsand drai nages). Given constant
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upslope area, steep slopes have lower TMI values than
gentle slopes.

Profile curvatureiscalculated on acell-by-cell basis
by iteratively fitting a quadratic polynomial toa 3 x 3
moving window across the DEM (Moore et al. 1991).
The second derivative of this surface represents the
convexity or concavity of the topographic surface at
each grid cell. A positive curvature value indicates that
the surface is upwardly convex at the cell, and a nega
tive curvature indicates concavity. Curvatureisin units
1/I (per length) and representstherate of change of slope
surrounding a cell. The standard deviation of curvature
(PC)wasusedin our analysisto represent thevariability
of profile curvature within a patch, or within-patch
topographic roughness.

Analysis

Box plots and t-tests were used to evaluate whether
presence of exposed bedrock, or the presence of particu-
lar species, were associated with shrub diversity. Cor-
relations and linear regressions were used to identify
relationships between the explanatory and dependent
variables. However, rel ationshi psbetween diversity and
environmental factors may be non-monotonic or in-
volve complex interactions. As an alternative to linear
models, regression tree models are useful for capturing
non-linear rel ationshi psand exposing i nteractionsamong
predictors (Chambers & Hastie 1992).

Regression trees are developed by recursively parti-
tioning a dependent variable into increasingly homoge-
neous subsets by splitting the data set on critical thresh-
olds in a set of categorical or continuous explanatory
variables. At eachiteration, the dataset is partitioned on
the explanatory variable which, upon splitting at some
break point, produces the greatest reduction in the error
sum of sguares for the dependent variable. Tree-based
models are graphicaly structured from the top node
(root), through a series of binary splits on the explana-
tory variables (branches), to an end node (leaf) (e.g. Fig.
4). The estimate for al observations that follow the
same path from theroot to agiven leaf isthemean value
of the dependent variable for that set of observations
(Chambers & Hastie 1992).

Inour analysis, tree sizes were determined using an
iterative cross-validation procedure that identifies an
optimal tree size beyond which validation performance
dropsasadditional branchesare producedinresponseto
nuancesin the development data, but fail to account for
variance in the test data. The point at which this occurs
suggests a conservative number of terminal nodes for
developing atree from the entire data set (Chambers &
Hastie 1992; Davis et a. 1990). Regression trees for
richness and dominance wererestricted to have no more

than five levels beyond the root node, and no greater
than 16 end nodes.

Results

There were no significant differencesin shrub rich-
ness or dominance either between the two watersheds,
or by basic geologic substrate type (i.e. sandstones vs.
shales) (Table 3). When exposed bedrock was present,
however, richness was significantly higher than when
bedrock was absent (t = 3.87; P>t = 0.00) (Table 3).
Dominance appeared to be lower when bedrock was
present, although this difference was of margina sig-
nificance (t = 1.90; P>t = 0.06) (Table 3).

Correlations between the explanatory variables and
shrub species richness (Table 4) suggest that richness
decreased with topographic moisture index, and in-
creased with slope, elevation, total canopy cover, and
local topographic roughness. Dominanceincreased with
total canopy cover and potential solar insolation, and
decreased with €elevation and topographic roughness.

Multiple regression models of shrub richness and
dominance based on the environmental variables ex-
hibit poor explanatory power, although the regression
coefficients, which indicate the marginal influence of
each independent variable on richness or dominance,
areall significant (Table5). Thesignsof the coefficients
correspond to the signs of the individual correlationsin
Table 4. Correlations between actual and predicted val-
ues of richness and dominance are 0.46 and 0.56, re-
spectively. The regression tree structures for richness
and dominance (Figs. 3 and 5) correspond with the
coefficients from the correlation and multiple regres-
sion results (Table 4 and Table 5). However, the tree
models provide a much greater strength of fit than the
multiple regression models. Correlations between ac-
tual and tree-predicted values of richness and domi-
nance are 0.68 and 0.76, respectively.

Changes in shrub richness along axes of environ-
mental characteristics are illustrated in a four-variable
partition plot (Fig. 4). The partitionsfor each variablein
Fig. 4 correspond to the split values in the associated
regressiontree (Fig. 3). Richnessincreasesonthehigher
side of each elevation partition (from Ieft to right), on the
lower side of each TMI partition (top to bottom), on the
rocky side of each rock partition (upper left to lower
right), and on the steeper side of each slope partition
(from lower left to upper right). That is, shrub richness
wasgreatest at high, dry, steep, rocky sites(Figs. 3and 4).

The initia split on TMI (at 1.2) generaly distin-
guishes lower from upper hill slopes in this environ-
ment, and indicatesthat richnesswasgreater onthedrier
upper slopes. The TMI split at 3.7 separates ephemeral
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drainages from hill slopes, and the split at 0.66 distin-
guishes dry ridges, where richness was dlightly lower
than on the upslope positions below the ridges.
Thedirection of theeffect of each variableonrichness
isthesame at dl levels of thetree (Fig. 3). For example,
higher richness was associated with higher elevation
regardlessof whether thesitehad ahigh or low topographic
moisture index. The only exception to this directional
consistency was for TMI at the end of the tree (indicated
by an asterisk in Figs. 3 and 4). This branch represents
sites with TMI < 1.2; elevation > 531 m; presence of
exposed rock; and dope > 66°. These sites had a high
average shrub species richness (10.5). This set of sites
wasthen splitintotwo groupsat aTMI valueof 0.66. Sites

SPECIES RICHNESS
1082

™I <1.2 ™I > 1.2

EL>891 SLP > 66 TM\. >37
4 4 @ -

192 121 1;3
su=<59 TTL 54 ™I < 055 EL< sos
SLP >59 rn. 54 *T™I > 0.66 E'- 906
[75] ﬁ 7 ﬁ (=]
58

Fig. 3. Regression tree structure for shrub species richness.
Ellipses and rectangles represent non-terminal and terminal
nodes, respectively. Within each oval or rectangle is the
estimate (mean richnessvalue) of al samplesthat flow through
the tree to that particular node. The ellipse at the root (top)
node contains the overall average richness. The values be-
neath each ellipse or rectangle are the root-mean-squared
errors associated with using the mean as the estimate for all
samples that flow through that node. Vaues along the inter-
node connections represent critical thresholds of given vari-
ables which provide the basis for the previous split. The
variable abbreviations are: TMI = Topographic Moisture In-
dex, EL = Elevation, RCK = Rock, SLP = Slope. The solid
arrow represents the pathway through the tree for greatest
richness (TMI < 1.2; EL > 531 m; RCK present; SLP > 66°;
TMI > 0.66). The dotted arrow representsthe pathway through
the tree for lowest richness (TMI > 1.2; EL < 1054 m; RCK
absent; TMI > 3.7).
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Fig. 4. Four-variable partition plot for the Richnessregression
tree. The variable abbreviations are: RCK = Rock (present or
absent); SLP = Slope. Each partition on the plot represents a
split threshold on the regression tree in Fig. 3. The large
numbers in each region represent the predicted values from
thetree. For example, avegetation patch at an elevation above
891 m, with a TMI below 1.2, with no exposed rock, and a
slope gradient below 59° is predicted to have arichness value
of 7.9.
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Thevariableabbreviationsare: EL = Elevation; PC = Standard
Deviation of Profile Curvature; TTL = Total Percentage Shrub
Cover; PS = Potential Solar Insolation. The solid arrow
representsthe pathway through thetreefor greatest dominance
(EL > 1013 m; PC < 4.6; TTL > 80%). The dotted arrow
represents the pathway through the tree for lowest dominance
(EL > 1013 m; PC > 2.3; PS > 105; PC < 4.0; PC > 3.2).
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Table 3. Mean and standard deviation values for richness (R) and dominance (D) by watershed, rock presence/absence, and basic

lithology.

Mission Cyn. Romero Cyn. Rock No rock Sandstone Shale

R D R D R R D R D R D
Mean 7.4 8.2 7.6 7.8 8.7 7.1 8.4 7.4 8.4 7.6 7.8
SD. 6.2 19.0 6.3 145 6.1 5.6 17.8 6.7 16.9 58 17.4
with TMI below thisvalue were extremely dry, and had a Discussion

lower mean shrub richness (9.6) than sites with TMI
abovethisvalue (11.7). This suggests athreshold on soil
moi sture below which richness declined.

Dominance was highest at low elevations sites with
low variance in profile curvature (PC), and high total
canopy cover (Fig. 5). Dominancewas also consistently
higher at siteswith high potential solar insolation. Domi-
nance was lowest at high elevations with moderate
potential solar insolation, low total cover, and high
topographicvariability. Aswith richness, few deviations
from the direction of these relationships appear in the
regression tree structure.

T-tests were used to determine whether several of
the most common shrub species were associated with
high and low shrub diversity (Table 1). All of the
coastal sage scrub species tested (Eriodictyon
crassifolium, Mimulus longiflora, and Salvia mellifera)
were indicative of high species richness. The upper
elevation species Q. chrysolepis, although frequently
dominant, was also associated with high richness.
Ceanothus megacarpus or C. spinosus were the only
two species that indicated high dominance. Salvia
melliferaand Yuccawhipplei, both of whichwerestrong
indicatorsof speciesrichness, had noindicator statusfor
dominance. Thisisin contrast to the coastal sage scrub
species Mimulus longiflora which indicated both high
richness and low dominance (Table 1).

Asrichnessincreased, dominancedecreased (r =—0.47).
However, significant variability around this relation-
ship suggests that the presence of many species did not
necessarily preclude one species from dominating.

In general, shrub species diversity, as characterized
by richness and dominance, increased at higher
elevations, on steep slopes, in rocky conditions, where
potential soil moisturewaslow, wherelocal topographic
variability was high, and where total canopy cover was
low. Theseresults support well-documented and/or well-
argued findings and hypotheses regarding relationships
between speciesdiversity and environmental conditions
(Menge& Sutherland 1976; Grime 1979; Tilman 1994).
Most notable among these are: (1) the tendency of some
communities to exhibit increased species diversity due
to reduced competitive dominance under conditions of
moderateresourcelimitation (Menge & Sutherland 1976;
Tilman 1994; Braakhekke & Hooftman 1999); and (2)
increased speciesdiversity inresponseto greater resource
heterogeneity in open versusclosed canopy environments
(Grime 1979).

Based on our results, and in the context of the above
paradigms, we hypothesizethat patternsof shrubrichness
in our study sites are controlled by three primary
mechanisms. These include: (1) reduced competitive
dominance under conditions of resource limitation; (2)
greater resource heterogeneity where canopy closureis
prohibited due to low soil moisture or poor substrate;
and (3) species overlap at high elevations, where shrub
community composition is altered by lower tempera-
tures, or other environmental factors that reduce com-
petitive dominance. We discuss each of these in turn
below.

Table 4. Correlations between explanatory variables, richness and dominance. PC = Standard Deviation in Profile Curvature; PSI
= Potential Solar Insolation; TMI = Topographic Moisture Index; TTL = Total Canopy Cover.

Variable Richness Dominance Elevation PC PSI Slope TM™MI TTL
Richness 1.00 -0.47 0.30 0.24 -0.03 0.24 -0.28 -0.29
Dominance 1.00 -0.35 -0.24 0.24 -0.05 0.14 0.39
Elevation 1.00 -0.02 -0.06 0.01 -0.17 -0.23
PC 1.00 -0.03 0.55 -0.33 -0.26
PSI 1.00 0.00 0.11 -0.08
Slope 1.00 -0.63 -0.04
T™MI 1.00 0.08
TTL 1.00
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Table 5. Linear regression summaries for richness and dominance. Richness model R2adj = 0.21. Dominance Model R2adj =0.3L
ELEV = Elevation; PC = Standard Deviation of Profile Curvature; PSI = Potential Solar Insolation; TMI = Topographic Moisture

Index; TTL = Total Canopy Cover.

Coefficient Standard error t-value P>|t|
Richness model:
Bo 7.78 144 5.39 0.00
ELEV 0.001 0.0003 3.213 0.002
T™I -0.3%4 0.162 -2434 0.02
TTL —0.036 0.014 —2573 0.01
Dominance model:
B, 454 2.2741 1.996 0.048
TTL 0.095 0.022 4.388 0.00
ELEV —0.002 0.0004 —4.055 0.00
PC -0.217 0.088 —2.457 0.015
PSI 0.013 0.003 3.742 0.00

One mechanism underlying the observed patterns
may be reduced competitive dominance by speciessuch
as Ceanothus megacar pusand C. spinosuson especially
xeric or rocky sites. Several other chaparral studies have
illustrated that, under closed canopy conditions, light
limitation excludes most coastal sage scrub and herba-
ceous species from the subcanopy environment (Mc-
Pherson & Muller 1967; Swank & Oechel 1991). These
species types, thus, cannot contribute to loca richness.
However, on xeric sites, where moisture limitation pro-
hibitscanopy closureby dominantssuchasC. megacarpus,
theincreased light in canopy openings enables establish-
ment by coastal sage scrub species whose adaptationsfor
drought tolerance alow survival in dry conditions
(Kirkpatrick & Hutchinson 1980; Steward & Webber
1981; Schlesinger et . 1982; Keeley 1986).

If competitive dominance is an important factor
governing shrub species richness in this environment,
then it ismost likely related to the dominance status of
C. megacarpus, the most typical dominant in our study
watersheds. We found that dominance increased with
PAR, and then decreased at locations with the highest
PAR vaues (over 213 W/m?), which correspond to
exposed ridges that are probably also moisture limited
(Fig. 5). The increase in dominance with PAR may
relate to theimportance of abundant light for supporting
C. megacarpus, which frequently grows in nearly
monospecific, closed-canopy stands on highly illumi-
nated slopes in the Santa Ynez Range (Mahall &
Schlesinger 1982; Schlesinger et al. 1982). The most
xeric sites, however, are probably too dry for C.
megacarpus to dominate and are thus likely to permit
colonization by coastal sage scrub species (Steward &
Webber 1981).

In addition to reduced competitive dominance, the
reductionintotal cover under resourcelimited conditions
may result in a more spatialy heterogeneous habitat
mosaic with respect to PAR, soil moisture, leaf litter,

and soil nutrients. The resulting microhabitat hetero-
geneity may, inturn, facilitate the recruitment of amore
diverse assemblage of species with variable resource
reguirements and stress tolerances (Grime 1979). This
corresponds to the suggestion by Shmida & Whittaker
(1981) that microsites differ in ways that give different
species different relative advantages. In the case of this
study, coastal sage scrub species are able to take advan-
tage of abundant light in the canopy openings on par-
ticularly xeric sites.

Greater shrub diversity may also occur as aresult of
species overlap at upper elevations where numerous
species emerge, but few species that are common at
lower elevations drop out. The most notabl e absences at
high elevations are C. megacarpus and C. spinosus,
which often dominate and areindicatorsof low diversity
at lower elevations (Table 1). These changes in com-
munity composition at high elevations may result from
factors such as lower winter temperatures, which pro-
vide cold-stratification periodsfor regeneration of some
shrubs (e.g. C. crassifolius) (Quick & Quick 1961), but
cause leaf damage and mortality in others (e.g. Malosma
laurina) (Boorse et al. 1998).

The absence of C. megacarpus and C. spinosus at
upper elevations may also relate to the reduced fog re-
gime or to historica fire and subsequent recruitment
patterns. At higher elevations in the Santa Ynez, C.
crassifolius, C. oliganthus and shrub forms of Quercus
spp. emerge in closed canopies, possibly outcompeting
C. megacarpus and C. spinosus for light (Schlesinger et
al. 1982; Kedley 1992). C. crassifoliusand C. oliganthus
do not typically dominate at upper €l evationsonthe south
flank of the Santa Y nez. Rather, Q. chrysolepisand/or Q.
widlizenii are the most likely dominants. However, these
species are associated with higher species richness than
the Ceanothus-dominated stands at lower elevations (Ta
ble ).

There are aternative, although not necessarily con-
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tradictory, perspectives on factors governing species
diversity. For example, both Connell (1978) and Huston
(1979) have proposed that diversity is a function of
frequent, small-scale disturbances that create a mosaic
of local habitats, each occupied by a different suc-
cessional stage of community development. Othershave
proposed that local diversity depends on the size of the
regional species pool (Grime 1979; Partel et al. 1996).
According to this hypothesis, species in the regional
pool are ‘filtered’ through dispersal, disturbance, and
the environmental conditions at the local scale. Al-
though these alternative mechanisms may be important
for structuring patterns of species diversity in our
watersheds, this study was not designed to quantify, or
test the strength of these effects. Nevertheless, future
work may show these to be more powerful explanations
of diversity patterns, or to combinewith themechanisms
that we hypothesize in critical ways.

Inthe work presented here, we have ignored several
components of thefloristic community, including vines,
herbs, and grasses. It is frequently suggested that the
subcanopy environment beneath dense chaparra is
largely devoid of vegetation (McPherson & Muller 1967;
Swank & Oechel 1991). Although not always the case,
we find this to be generaly true in our study area.
Nevertheless, there are some species that we observed
within our closed-canopy samples, but did not include
because of uncertainty that we could consistently spot
and identify them from remote vantage points. Most
notable among these were climbing vines and shrubs
such as Marah macrocarpus, Clematis lasiantha,
Lonicera subspicata, Toxicodendron diversiloba, and a
few others. In open locations, we often observed
numerous perennial or annual species such as Phacelia
spp., Lotus scoparius, Eriogonum spp., Eriophyllum
confertiflorum, Gnaphalium spp., and several others.

By ignoring these species, we clearly under-repre-
sent richness within our sample patches. Based on our
observationsand thefindingsreported in other chaparral
research (Kirkpatrick & Hutchinson 1980; Shmida &
Whittaker 1981), we believe that the degree of under-
representation ismuch greater in open siteswhere coastal
sage scrub occurs, than in closed canopy chaparral sites.
If so, the strength of the relationships found in our
analysis would increase if all shrubs, trees, vines, and
woody and herbaceous annuals and perennials were
included in our estimates of richness.

Wehavealsoignoredtheinfluenceof fire (aswell as
other disturbances) on shrub diversity. The time since
fireinour samplewatershedsissufficient sothat annuals
that only occur in the first few years after fire are no
longer present, and so that a fully mature chaparral
canopy structure has evolved. However, fire has not
been absent for |ong enough to permit major community

changes such as diminishing populations of refractory
seeders (e.g. Ceanothus spp.) in the long-term absence
of fire. Nevertheless, spatial patterns of fire and fire
characteristics may be important in structuring patterns
in shrub community composition. For example, Odion
& Davis (2000) found that spatial variability in the
physical and chemical propertiesof the chaparral canopy
creates variability in the heat and type of combustion
that occurs during fire. These patternsin fire character-
isticsin turn influence seed-bank survival and resprout
success. Such processes may have played a significant
rolein producing the patternsin speciesdistribution and
species diversity observed in our study area.

Much research on chaparral and coastal sage scrub
has focused on seed germination requirements (Keeley
1991); dispersa mechanisms (Bullock 1978); species
interactions (McPherson & Muller 1967; Davis 1989),
resourceuse (Miller 1981; Mahall & Schlesinger 1982);
drought adaptations (Ehleringer & Comstock 1989;
Davis et a. 1999); and post-disturbance recruitment
patterns (Hanes 1971; Zedler et a. 1983; Maanson &
O’ Leary 1985; Keeley 1987; Daviset al. 1989; O’ Leary
1990; Odion & Davis2000). Thesefactorsareof critical
importancefor driving spatio-tempora patternsof species
distributions and, hence, patterns of species diversity.
They operate in combination with the competition and
resource driven patterns that we suggest are at play in
the results presented here. Research that synthesizes
factors such as life-history syndromes, physiological
constraints, species interactions and disturbance pat-
terns, with empirical results such as those presented
here can provide further insight into the spatio-temporal
patterns of speciesdiversity in chaparral and other com-
munities.
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