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Abstract

Biotic interactions, such as competition and herbivory, can limit plant speciesrangesto a
subset of edaphically suitable habitats, termed the redized niche. Here we explore the role that
herbivores play in redtricting the niche of the native Cdiforniaannua Collinsia sparsiflora. We
trangplanted seeds from 4 populations, representing 2 distinct ecotypes, into arange of
environments both within and outside the observed didtribution of C. sparsiflora and used path
andysisto investigate the direct and herbivore-mediated indirect effects of ervironmenta
variableson C. sparsiflora surviva. Wefind that C. sparsiflora receives more herbivory outsde
itstypica distribution and that increased herbivory is associated with decreased survivd,
suggesting that herbivores may limit the digtribution of C. sparsiflora. Additiondly, we show
that edaphic environmentd variables impact C. sparsiflora surviva both directly and indirectly,
by dtering interactions with herbivores. While the magnitude of direct effects exceeded the
meagnitude of indirect effects, many strong herbivore-mediated indirect effects were detected,
and severd habitat attributes (e.g. dope and aspect) only impacted surviva through indirect
pathways. Our results dso highlight the importance of an evolutionary perspective of the niche,
since we detected substantia differences between ecotypes. Both direct and herbivore-mediated
indirect effects explained variation in the serpentine ecotype' s surviva; however, only direct
effects contributed to variation in the survival of the non-serpentine ecotype. Thus, we show that
herbivores limit the digtribution of a common native plant and contribute to differencesin niche

use between ecotypes.

Keywords. ecologica niche modeing; ecotypes; edaphic variation; indirect effect; herbivory;

path andyss, plant-insect interaction; redized niche, serpentine soils.
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Introduction

Plant populations are patchily distributed across the landscape. No speciesis equaly
abundant across the whole spectrum of environmental conditions (Walter 1964), and what
factors limit species didtributionsis a central question of ecology. The niche concept is a useful
framework for considering both the loca distribution and ecologicd tolerance of agpecies. The
fundamenta niche describes the range of environments an organism can inhabit based on
physiologica tolerances (Hutchinson 1959, Holt 2003). Biotic interactions with other species
may further dter the actua area occupied, termed the redlized niche (Hutchinson 1959). Species
interactions often vary across environmenta gradients (e.g., Bertness and Ellison 1987, Louda
and Rodman 1996). As aresult, interspecific interactions that decrease species abundances or
population growth rates such as competition (Bertness and Ellison 1987, Davis et d. 1998,
Choler et d. 2001), predation (Davis et d. 1998), and herbivory (Parker and Root 1981, Smith
1987, Louda and Rodman 1996, Harley 2003, DeWalt et a. 2004) can restrict the observed
distributions of focal speciesto asubset of available habitats. Smilarly, the presence of
mutuaists can expand species digtributions to otherwise unsuitable habitats (i.e. facilitation,
Choler et a. 2001).

While herbivory often decreases individua plant fithess and can influence the perastence
and growth of plant populations (Parker and Root 1981, Smith 1987, Louda and Rodman 1996,
Harley 2003, DeWdlt et d. 2004), the generd role of insect herbivory in limiting plant
population growth rates and restricting plant distributions is debatable (Harper 1969, Crawley
19893, b, Louda 1989). In severd systems, herbivores limit the abundance (Smith 1987, Rand

2002) or population growth rates of their host plants (Ehrlen 1995, Louda and Potvin 1995,
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Fagan and Bishop 2000, Bishop 2002). Severa other studies provide evidence that the
combination of patid variation in herbivory and strong demographic effects of herbivores
restrict plant distributions to a subset of available habitats (Parker and Root 1981, Louda and
Rodman 1996, Harley 2003, DeWalt et al. 2004). However, other sudies have failed to detect
herbivore impacts on abundance or population growth even when plants experience extremely
high levels of damage (Parker 2000, Pacheco 2001). Furthermore, most studies demonstrating
strong impacts of herbivores on plant distributions and population dynamics come from the
biologicd contral literature (reviewed in Crawley 1989a), the effects of herbivores on plants
outsde their typicd digtribution (e.g., DeWalt et . 2004), and other perturbed environments
(e.g., Bishop 2002, Fagan et a. 2004). Few studies have convincingly documented strong
demographic impacts of herbivores on undisturbed native plant populations (but see Louda and
Potvin 1995, Loudaand Rodman 1996). In part, this may be due to the “ghost of herbivory”
past: plant populations under intense herbivory have aready been excluded and/or have evolved
anti- herbivore defenses to minimize strong herbivore impacts (Harper 1969, Connell 1980,
Dewalt et d. 2004). Thus, the strongest herbivore effects on population dynamics can often
only be detected when the plant population has been perturbed from its natura state.
Accordingly, trangplant experiments into patches that are unoccupied but meet the physiologica
needs of the plant species may be vauable for investigating the effects of herbivory on plant
population dynamics and plant distributions (Crawley 1990).

In a previous study, we constructed a niche modd describing the distribution of the
native Cdiforniaannud Collinsia sparsiflora and then experimentally tested the niche modd by
trangplanting C. sparsiflora seedsinto plots where environmenta variables associated with the

C. sparsiflora distribution had been described (e.g., C. sparsiflora presence/absence,
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cacium:magnesium ratio, phosphorus, dope, aspect, and biomass, see Wright et d., in press).
We found that the niche mode based on descriptive data successfully predicted C. sparsiflora
surviva, but only for one of two ecotypestested. Here, we expand upon that work to investigate
potential underlying mechanisms responsible for the patterns documented by the niche moded. In
particular, we investigate how habitat attributes and herbivory interact to influence C. sparsiflora
aurviva. We employ path andysesto link variation in habitat characters with variaion in
herbivory and variation in surviva to determine how habitat characterigtics both directly and
indirectly (by influencing herbivory) impact C. sparsiflora population dynamics. Findly,

because seeds from 4 source populations representing 2 distinct ecotypes were used in the
previous transplant experiment, we can contrast path models for each ecotype to investigate
whether smilar mechaniams (i.e. direct and indirect effects) influence plant surviva across
substantia intraspecific variation. We address three questions: (1) Does herbivory differ anong
trangplants within versus outsde the observed naturd digtribution of C. sparsiflora? (2) Do
habitat variables known to predict C. sparsiflora occurrence affect surviva directly or indirectly
via herbivory? (3) Do the relative roles of direct and herbivore-mediated indirect effects differ

between C. sparsiflora ecotypes?

Materials and Methods
Sudy system

The native, annua plant Collinsia sparsiflora Fischer and C. Meyer (Scrophulariaceae
s.l.) ispachily digtributed across the McLaughlin Universty of Cdifornia Naturd Reserve in the
Cdifornia Coast Range (http://nrs.ucdavis.edwmclaughlin.html). It occurs on both serpentine

and non-serpentine soils in grasdands and open oak woodlands. Serpentine soils are
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characterized by high concentrations of heavy metals and are stressful environments for many
plant species (Brady et d. 2005). Previous work has shown that genotypes growing in serpentine
versus non-serpentine environments have differentiated into distinct ecotypes (Wright et d.

2006). We found that various generdist herbivores attack C. sparsiflora, including lepidopteran
larvae and flea beetles (Coleoptera). Flea beetles imposed the vast mgjority of damage observed

in this study.

Mapping the natural distribution of C. sparsfloraand using environmental data to create the
realized niche model

In 2001, a600 x 550 m grid (hereafter referred to as “the grid”) was established across
both serpentine and non-serpentine grasdands a the M cLaughlin Reserve, with gridpoints every
50 m. Within the grid, 6 smaller grids (100 x 50 m, with gridpoints every 10 m), were established
to more intensively sample highly variable locations. At each gridpoint (n=528), data were
collected on soil chemica composition and texture (22 variables, see Wright et d. 2006 for afull
description of these variables), soil depth, dope, aspect, biomass, and C. sparsiflora occurrence
(sampled in the late spring) (see Wright et dl., in pressfor details on environmentd attribute
measures). The environmenta variables were then used to construct a niche modd describing
the observed digtribution of C. sparsiflora (see Wright et d., in press). Thefind niche modd
included 5 environmentd variables: dope, aspect, CaMg ratio, organic matter, and phosphorus,
and a previous study, using the same transplant experiment described here, has shown that the

niche modd successfully predicted C. sparsiflora survivd (Wright et d., in press).

Experimental design of transplant experiment



138 We planted C. sparsiflora seedsinto 100 plots across the grid on the McLaughlin reserve.
139  The 100 plots were chosen from among the 528 gridpoints to maximize variaion inthe 5

140 vaiablesincluded in the niche modd described above. At each plot, we planted 40 seedsin

141  August 2003; 2 seeds were planted at each cdll inthe plot in a5 x 4 array with 5cm between

142 cdls Seedlings were thinned to one individua per cdl. Thus, there were a maximum of 20

143  plantsin each plot, with 5 plants from each of 4 source populations. NS1, NS2, S1, and S3, see
144  Wright et d. (2006) for afull description of these source populations. Source populations were
145 randomly assgned to locations within each plot. Because of differencesin germination, the

146  number of plants per plot ranged from 0 to 19 (mean = 11.52 plants per plot). The planted seeds
147  werethe sefed progeny of field-collected seeds grown for one generation in acommon

148  greenhouse environment in order to reduce materna effects resulting from differencesin the

149  source population habitat. Plants were scored for germination (weekly observations from

150  December 14, 2003 to January 19, 2004) and surviva to flowering (censused weekly from

151 March4to April 21, 2004). Herbivory was measured quditatively (damaged or undamaged) and
152  quantitatively (visud estimates of the proportion of leaf materiad removed) weekly between

153  December 21 and January 20, 2004. By January 20, a substantial amount of herbivory had been
154  received but little mortality had occurred, thus maximizing sample sizes. At the end of the

155  experiment dl experimentd plants were harvested and then dl biomass (excluding the

156  experimenta plants) was dried and weighed to determine plot biomass.

157

158 Dataanalysis

159 Herbivory across the C. sparsiflora distribution—We used a smple one-way ANOVA to

160 test whether transplants outside the natura distribution receive more herbivory than transplants
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within the naturd digtribution of C. sparsiflora. The proportion of plants at each plot that
received herbivory was our response variable, and the presence or absence of naturally-occurring
C. sparsiflora wasincluded as a predictor variable. We aso performed smilar andyses using
mean proportion of leaf area damaged (arcsine-transformed) as our response varigble. To more
thoroughly investigate this pattern, we also regressed predicted surviva (from the niche modd
described in Wright et d., in press) on herbivory.

Fitness effects of herbivory across the C. sparsflora distribution--To determine if the
fitness effects of herbivory (i.e, tolerance) varies across the distribution of C. sparsiflora, we
performed alogidtic regression with surviva to flowering as a categorica response variable, and
C. sparsiflora natura presence/absence, herbivory (proportion of leaf area damaged), and the
interaction as predictor variables. If herbivory interacts with environmenta varigblesto limit the
digribution of C. sparsiflora, we expect to detect an interaction between C. sparsiflora presence
and herbivory, where herbivory decreases fitness more where C. sparsifiora is naturdly absent.

Direct and herbivore-mediated indirect effects of edaphic variables on C. sparsiflora
survival--We usad path anadlyss to examine the causd effects of the edaphic variables found to
be important in the initid niche mode and herbivory on C. sparsiflora surviva. These path
andysesincluded the 5 variablesin the initid niche mode (dope, aspect, CaMg rétio, organic
meatter, and phosphorus. see Wright et d., in press) as exogenous predictor variables.
Aboveground biomass of dl surrounding competitors was aso included as an exogenous
variable because of the strong impacts vegetation heterogeneity has on herbivory in other
systems (Karban 1997). Herbivory (proportion of plants damaged per plot) and surviva

(proportion of seeds surviving to flower) were included as endogenous response variables. Each
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plot was 1 replicate (n=100); however, at 4 plots, dl plants died before herbivory was censused,
yidding afind sample sze of Nn=96.

Weinitidly tested the full path modd which included both direct and herbivore- mediated
indirect effects of dl exogenous variables on surviva usng maximum likelihood techniques as
implemented by PROC CALIS (SAS Indtitute, 2001). Because early anayses revealed that
phosphorus had minima effects on herbivory and surviva (regresson of phosphorus on
herbivory t1 9 =-1.41, P =0.16; surviva t; 9g = -1.54, P = 0.13), it was dropped from the model
to ensure that the path model was not overidentified. We performed dl analyses on the variance-
covariance matrix, and al predictor variables were sandardized by their variance, so that each
varigble had amean of 0 and avariance of 1.

Path analysis assumes that the data are normaly distributed, that the correlations between
predictor variables are not excessively high (low multicollinearity), and that the reaionships
among variables are linear (Hatcher 1994). Visud ingpection of resdua plots reveded that all
predictor variables used in the andyses were normaly digtributed. We tested for collinearity
among predictor variables by examining variation inflation factors (VIFs) for each independent
variable, using the VIF option in PROC REG (SAS Indtitute 2001). All VIFs were <<10,
indicating that collinearity was negligible. Furthermore, dl correlations between predictor
variables were <0.60. We examined the data for nonlinearities by including quadratic termsin
smple regressions between each predictor variable and each response variable. While we
detected significant quadratic termsin 3 of 11 cases (in regressions of survival on aspect,
surviva on CaMg, and herbivory on dope), the quadratic terms were smal rdative to the linear
coefficients, suggesting that the relationship was linear over most of the distribution.

Furthermore, in the most extreme case (surviva on aspect), linearity was obtained when aspect
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was log-transformed. Modd fits were not quditatively different when transformed versus non-
transformed data were used; therefore, we only present the output from the non-transformed
data.

The results of the CALIS procedure can be evaluated with several goodness- of-fit
indices. Theseinclude X? statistics that test the null hypothesis that the reproduced covariance
matrix has the modd tructure (i.e., tests that the path diagram fits the data), as well as, the
normed fit index (NFI, Bentler and Bonett 1980), the non-normed fit index (NNFI), and the
comparative fit index (CFI, Bentler 1989). NFI, NNFI, and CFl vaues that exceed 0.9 indicate
an acceptable fit between the proposed modd and the data (Hatcher 1994). Theinitid andyss
reveded that the full mode fit the datawell (Table 1); however, examination of the path
coefficients and the normalized resdua matrix of the full mode reveded that modd fit could be
improved by deleting severd paths. Thus, we deleted any paths where the path coefficients were
not sgnificantly different than zero (P > 0.1) and where ddetion would not influence the chi-
square satistic (Wad test obtained from PROC CALIS output). We aso examined the
normalized resduasto delete (or add) any paths with large resduds. To determine whether the
deletion of these paths significantly reduced model fit, we performed a X? difference tet by
comparing the X2 goodness- of-fit indices for the revised mode versus the full modd. If
removing paths does not sgnificantly affect modd fit, the reduced modd is preferred because it
contains fewer paths and is more parsimonious (Hatcher 1994). We caculated the relative
meagnitude of direct versus herbivore-mediated indirect effects of the edaphic soil variableson C.
gparsiflora surviva by using the path coefficients to caculate the rdative strengths of dl

potentia pathways (Mitchell 1992).
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Ecotypic differentiation in the mechanisms underlying the effects of edaphic variables on
survival-- To determine whether the relative roles of direct versus herbivore-mediated indirect
effects vary between ecotypes, we created and modified 2 path diagrams, one for each ecotype
(datafrom the 2 populations per ecotype were pooled). We then fit the data from each ecotype
to each path diagram. Thuswe could tdll if the serpentine data fit the non-serpentine modd and
vice-versa. If the X? satistics indicate lack of fit, this suggests that different path models are
appropriate for the 2 distinct ecotypes. As above, we aso caculated the magnitude of direct and
herbivore-mediated indirect effects of soil variables on surviva for each ecotype.

Because plant populations often differ in tolerance to herbivory (i.e., the ability to sustain
herbivore damage with minima reductionsin fitness) and because tolerance will influence the
magnitude of herbivore-mediated indirect effects, we used logigtic regression to calculate
tolerance estimates for each source population (2 source populations of each of 2 ecotypes).
Surviva was included as a dichotomous response variable; herbivory (proportion of leaf area
removed) was included as a continuous predictor variable, and source population was included as

afixed factor.

Results
Does herbivory differ among transplants within ver sus outside the observed natural distribution
of C. sparsiflora?

We predicted that if herbivoreslimit thelocal digribution of C. sparsiflora, individuas
trangplanted outside the naturd distribution would receive more herbivory than individuals
trangplanted within the naturd digtribution of C. sparsifiora. As predicted, a greater proportion

of C. sparsiflora plantsin plots outside the natura distribution received herbivore damage
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compared to transplants within the loca digtribution (F1 93 = 6.77, P =0.01, Fig. 18). The
percentage of leaf arearemoved aso tended to be higher outside the natural distribution
(MeantSE proportion of leaf materid damaged: outside distribution 0.46 £ 0.04; within
digtribution 0.36 + 0.06), though this difference was not significant (F1 93 = 2.12, P = 0.15).
Furthermore, predicted C. sparsiflora surviva (based on the niche mode described in Wright et
d., in press) was negatively correlated with the proportion of trangplants that experienced
herbivory (r =-0.35, P =0.0005, Fig. 1b). Thisreationship occurred in spite of the fact that
herbivory was not included in the congtruction of theinitial niche mode and suggests that many
of the edaphic variablesincluded in the niche model may have strong indirect effects by dtering
herbivory. Herbivory was negatively associated with C. sparsiflora surviva (X = 51.49, P <
0.0001), and these negative effects tended to be greater at plots outsde the natural distribution
than at plots within the digtribution (i.e., logistic ANCOV As indicate a margindly-sgnificant
interaction between C. sparsiflora presence and herbivory on surviva, X? = 3.69, P = 0.055).
These results indicate that herbivory is both more intense and has greater impacts on fitness
outside the naturd digtribution, suggesting that herbivory may be an important biotic factor

limiting the redlized niche of C. sparsiflora.

Do habitat variables known to predict C. sparsiflora occurrence affect survival directly or
indirectly via herbivory?

Path andysis reveded that habitat variables influenced the surviva of experimenta C.
gparsiflora plants directly, as wdl asindirectly, via effects on herbivory (Fig. 2, Table 2). The
find mode, which included a subset of direct and indirect effects of the habitat variables,

explained 49% of thevariation in C. sparsiflora surviva and 24% of variaion in herbivory. As
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expected, herbivory decreased the proportion of C. sparsiflora seeds that survived to flower
(standardized path coefficient = -0.22) and resulted in severd indirect effects on surviva.
Including these herbivore-mediated indirect effects in the path modd predicting C. sparsiflora
survival dramatically improved modd fit (X?= 31.39, df = 5, P < 0.0001).

Slope and aspect influenced C. sparsiflora surviva indirectly by dtering herbivory. For
example, C. sparsiflora growing in plots with steeper dopes experienced greater herbivory,
resulting in decreased surviva. In contragt, CaaMg influenced C. sparsiflora surviva directly,
but had no sgnificant effect on herbivory. Biomass and organic matter influenced C. sparsiflora
surviva through both direct and indirect pathways, but, in some casesindirect and direct effects
were in opposing directions. For example, organic matter was negatively associated with
herbivory, resulting in apositive indirect effect. This opposed the negative direct effect of
organic matter on C. sparsiflora surviva. In generd, the direct effects of the habitat variables on

C. sparsiflora survivd were much greater than the herbivore-mediated indirect effects (Table 2).

Do theréelative roles of direct and herbivore-mediated indirect effects differ between C.
gparsiflora ecotypes?

The niche modd tested in Wright et d. (in press) described the niche of serpentine
ecotypes of C. sparsiflora, but did not accurately predict surviva of nonserpentine ecotypes.
The lack of fit to the non serpentine data likely resulted because the environmentad variables
included in the modd had very different direct effects on the surviva of non-serpentine
ecotypes. However, the relationships between herbivory and surviva or between the
environmenta variables and herbivory may have dso differed for this ecotype. To investigate

this possbility, we fit separate path models for each ecotype (Fig. 3A, B, Table 3). The non
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serpentine path model explained less variation in both herbivory and surviva than the serpentine

path model (non-serpentine ecotype Resyiva = 0.13, Renerbivory = 0.19; serpentine ecotype Resurviva
=0.50, therbivory =0.24). All path coefficients, with the exception of biomass, were much

weaker in the nonserpentine model (Table 3). Asaresult, the net direct and net indirect effects
were weaker in the non-serpentine mode (norserpentine net direct effects = 0.60, net indirect
effects = 0.04; serpentine direct effects = 1.02, indirect effects = 0.22). In fact, the path

coefficient between herbivory and surviva was smal in magnitude and not significant for the
non-serpentine ecotype (t = -0.68, P = 0.25), thus herbivore-mediated indirect effects were

minima or non-existent for the non-serpentine ecotype.

Thelack of an herbivore effect on surviva potentialy occurred because the non
serpentine populations tended to be more tolerant of herbivory than the serpentine popul ations
(i.e,, herbivore damage reduced fitness of the non-serpentine genotypes less than the serpentine
genotypes). Logigtic regresson reveded a Sgnificant interaction between source population and
herbivory on surviva probahility (X* = 11.05, df = 3, P = 0.01), and analysis of each source
population independently indicated that herbivory tended to reduce the survival probability of the
2 serpentine populations (S1 and S3) more than the 2 non-serpentine populations (NS1 and NS2)
(logistic regression coefficients: S1: -0.035, X* = 54.86, P < 0.0001; S3: -0.020, X? = 16.94, P <
0.0001; NS1: -0.009, X? = 2.13, P = 0.14; NS2: -0.019, X?> = 11.58, P = 0.0007). Direct effects
were aso weak for non-serpentine ecotypes, with only biomass sgnificantly reducing survivd.

The optima path modd for the serpentine populations was very different from the non-
serpentine populations. While the direction of effects remained consstent between the 2
ecotypes, both direct and indirect effects were much stronger for the serpentine ecotype.

Cdcium:magnesium ratio and aspect both directly impacted surviva of the serpentine ecotypes
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(higher Ca:Mg decreased survival, and northerly aspects increased survival). Slope decreased
surviva indirectly, because transplants growing on steeper dopes experienced greater rates of
herbivory. Biomass and organic matter influenced surviva through both direct and indirect
pathways. For biomass, the negative indirect effect exacerbated the negative relationship
between biomass and survivd; while for organic matter, the indirect effect was in the opposite
direction of the direct effect (organic matter had a negative direct effect on survivad, but a
positive indirect effect because plots with more organic matter received less herbivory). In

contragt, only the direct effect of biomass sgnificantly impacted the surviva of the non

serpentine ecotype.

Discussion
Whiletherole of herbivory in limiting plant distributions and rediricting niches has been

debated, severd studies have convincingly demonstrated that herbivores restrict plant

digtributions to a narrower region than that alowed by their physiologica tolerances (Parker and

Root 1981, L ouda and Rodman 1996, Harley 2003, DeWalt et al. 2004). For thisto occur, the

effects of herbivory must be spatidly variable (either because herbivory intendties vary or
because the fitness effects of herbivory vary), and herbivory must impact plant population
growth rates (Louda and Rodman 1996). Spatia variation in edgphic factors is one mechanism
that could produce the necessary variation in herbivory. A prior study documented that fine
scae variation in edaphic variables produced the observed patchy distribution of the native
annud plant Collinsia sparsiflora (Wright et d., in press). These habitat variables influence
plant population persstence directly, but can dso dter herbivory, and therefore, may influence

C. sparsiflora survivd through indirect pathways. Here we employed path andysisto

15
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investigate the mechanisms underlying the mode described in Wright et d. (in press) and to
disentangle the direct effects of habitat attributes from indirect effects that occur when habitat
properties dter interactions with other species. We find that many habitat attributes affect C.
gparsiflora surviva indirectly, because the abiotic environment influences herbivory.

We used transplant experiments, combined with path anayss to investigate the
mechaniams underlying the impact of amultitude of habitat variables known to restrict the
digribution of C. sparsiflora. While experimental manipulations of environmentd varigbles
(such as employed by Louda and Rodman 1996) are particularly convincing, this manipulative
approach becomes unfeasible when severd environmentd variables are known to influence plant
digtributions, i.e, the “n-dimensiond niche’ (Hutchinson 1959, Pulliam 2000). The path analyss
gpproach was especialy ussful in this study because it dlowed usto link variation in severd
continuous habitat characteristics with variation in herbivory rates and in turn, to explore how
these factors both directly and indirectly impact C. sparsiflora surviva. While path andysswas
extremdy useful for obtaining amechanistic understanding of how multiple abicotic
environmental characters interact with biotic selective agents to determine the redlized niche,
additiona experiments are needed to determine whether the observed impact of herbivores
actudly redrictsthe locd digribution of C. sparsiflora. In particular, experiments
demongrating that C. sparsiflora population growth rates increase outsde the natural
distribution when plants are protected from herbivores would provide especidly convincing
evidence that herbivores restrict the distribution of this species.

Herbivores may aso contribute to the ecotypic differentiation in niche use documented in
Wright et d. (in press). Given that the origind niche mode successfully predicts the survivd of

Serpentine genotypes, but does not predict the surviva of non-serpentine genotypes (Wright et

16



366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

d., in press), differences in the path diagrams between the two ecotypes are not unexpected.
Indeed, the optimal mode constructed from the serpentine dataset failed to fit the nonserpentine
data (X?= 11.25, df = 5, P = 0.047), and similarly, the optima path model constructed from the
non- serpentine dataset failed to it the serpentine data (X?= 25.61, df = 8, P = 0.0012). Because
the serpentine path model includes severd strong herbivore-mediated indirect effects, while the
non-serpentine genotypes are not influenced by herbivory, variation in the ecotypes responsesto
herbivory (i.e., tolerance) appear to be respongble for the differencesin the path models.
Furthermore, the higher tolerance of the non-serpentine ecotypes may be responsible for the lack
of fit of the origina niche model to this ecotype, described by Wright et d. (in press). Severd

soil variables (e.g., dope and biomass) had strong impacts on herbivory on the nonserpentine
ecotypes, however, because non-serpentine genotypes were tolerant of herbivory, the herbivore-
mediated indirect effects were negligible, thus limiting the impacts of these habitat variables on

C. sparsiflora survivd.

In conclusion, our data suggest that herbivores play an important role in restricting the
reized niche of C. sparsiflora. Severd of the habitat attributes associated with the naturd
digribution of C. sparsiflora dter herbivory, resulting in srong indirect effectson C. sparsiflora
survival. However, the importance of herbivore-mediated indirect effects varied between
serpentine and non-serpentine ecotypes, likely because of intraspecific variation in tolerance to
herbivore damage. While herbivory decreased the surviva of the serpentine ecotype, it had no
impact on the surviva of the non-serpentine ecotype. Because indirect effects were negligible
for the non-serpentine ecotype, severa soil attributes did not impact surviva of this ecotype.

Thus, herbivory has minima impacts on the ditribution of non-serpentine ecotypes of C.
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gparsiflora. However, spatid variation in herbivory influences the didtribution of the serpentine

ecotype, and may aso promote divergence in niche use between the serpentine and non-

serpentine ecotypes.
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Table 1. Goodness of fit indices for the full modd (dl direct and indirect effects included) versus
the reduced model shown in Fig. 1. The two models do not differ significantly (X = 1.64, df = 3,

P =0.65). NFI = Normed fit index; NNFI = non-normed fit index; CH = comparative fit index.

Mode Chi-square df P NFI NNFI  CFl

Full 0.092 2 0955 09995 115 1.00
Reduced 1.732 5 088 09914 110 1.00
Null 202.10 28
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Table 2: Magnitude of direct versus herbivore-mediated indirect effects for each exogenous

vaiable. Vaues shown are standardized path coefficients. Pathways and effects shown in bold

ae ddidicdly sgnificant (P < 0.05). Data from both serpentine and non-serpentine ecotypes

were pooled in thisanayss.

Effect Peathway Magnitude
Sope

Direct I anvival sope 0.1052

I ndirect I herbivory,slope X I survival herbivory -0.0815
Aspect

Direct [ avival, sepect -0.0483

Indirect I herbivory,aspect X I survival herbivory 0.0552
CaMg

Direct I' survival, CaMg -0.2229

Indirect I herbivory,Ca:Mg X I survival herbivory -0.0060
Biomass

Direct I' survival, biomass -0.3757

Indirect I herbivory,biomass X I survival,her bivory -0.0584
Organic matter

Direct I' survival, organic matter -0.1388

Indirect I herbivory,organic matter X I survival herbivory  0-0345
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Table 3: Magnitude of direct versus herbivore-mediated indirect effects for each exogenous

variable for the path modd fit to the serpentine ecotype data and for the path mode fit to the

non-serpentine ecotype data. Vaues shown are standardized path coefficients. Effects shown in

bold are satidticaly sgnificant (P < 0.05).

Effect Pathway Magnitude Magnitude
(non-serpentine)  (serpentine)

Slope

Direct I survival,slope -0.0682 0.1503

Indirect I herbivory,slope X T survival herbivory 0.0050 -0.0320
Aspect

Direct I survival, aspect -0.0744 -0.1435

Indirect I herbivory,aspect X T survival,herbivory 0.0054 -0.0306
CaMg

Direct I survival, CaMg -0.1084 -0.2017

Indirect I herbivory,CaMg X I survival,herbivory 0.0079 0.0430
Biomass

Direct I survival, biomass -0.3374 -0.3104

Indirect I herbivory,biomass X T survivalherbivory 0.0245 0.0662
Organic matter

Direct I survival, organic matter -0.012 -0.2098

Indirect 0.0009 0.0447

I' herbivory,organic matter X I survival,herbivory
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Figure legends:

Figure 1: Means + SE of the proportion of C. sparsiflora transplants damaged by herbivores,
within the naturd digtribution versus outsde the natural C. sparsiflora didribution (A) and linear
regression of herbivory asafunction of predicted habitat qudity (B). Predicted habitat quality
(i.e, probability of C. sparsiflora surviva) was estimated from the niche model described in

Wright et d., in press.

Figure 2: Reduced path diagram for the full dataset. Dashed linesindicate negetive path
coefficients; solid linesindicate positive path coefficients. Line thickness indicates the
magnitude of effect (i.e., magnitude of the standardized path coefficient). Only sgnificant
covariances between exogenous predictor variables are shown. “U” denotes the variation

explained by dl other causes, not included in the path mode!.

Figure 3: Revisad path diagrams for the non-serpentine ecotype dataset (A) and for the
Serpentine ecotype dataset (B). Dashed lines indicate negative path coefficients; solid lines
indicate positive path coefficients. Line thickness indicates the magnitude of effect (i.e,
magnitude of the standardized path coefficient). “U” denotes the variation explained by al other

causes. Significant covariances are not shown for figure clarity.
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