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Table 4-3
Summary of unstandardized regression weights (3) and P-values (P) for the final model (Fig.
4-3). Subscripts correspond to the method used to derive the value: ‘ML’ for ‘maximum
likelihood’, ‘BS’ for ‘bootstrapping’, and ‘B’ for Bayesian. For Bayesian estimates, effects
are significantly different from zero when 95% credible intervals (CI) exclude zero. Bold
values indicate significance tests that are discrepant in their interpretation based on an o = 0.05
rejection level. Note: “***° = ‘< (.001”
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95% Bayesian CI

Dependent variable Independent variable B Be  Pw Pgs  Lower  Upper

Caudex diameter «— Location -0.361 -0363  *** 0.008 -0.544 -0.185
CID «— Location 1.054 1.050  *** 0.005 0.638 1.465
Buds initiated «— Caudex diameter 0975 0985 *** 0.005 0.611 1.366
Aborted buds «— Buds initiated 2726  2.730 *** 0.007 2.197 3.262
Aborted buds «— CID -0.399 -0.397 0.023 0.030 -0.757  -0.029
Nectar Production «— CID 0.162  0.161 0.098 0.079 -0.045 0.363
Open flowers «— Aborted buds -0.064 -0.064 0.047 0.075 -0.130 0.003
Nectar Production « Caudex diameter 0.491  0.489 0.047 0.049 -0.041 1.017
Open flowers «— Buds initiated 0.789  0.786  *** 0.005 0.557 1.013
No. foraging bees «— Nectar Production 0.271  0.271 0.009 0.016 0.053 0.490
% pollen foraging bees<— Open flowers 1.494 1499 *** 0.003 0.949 2.042
No. foraging bees < Open flowers 2.514  2.519  *** 0.005 2.192 2.848
% pollen foraging bees<— Location 0.593 0.603 0.014 0.025 0.104 1.118
Aborted fruits « Buds initiated 1.312  1.324  *** 0.004 0.814 1.831
Consumed Fruits < Buds initiated 2336 2327  ***0.006 1.229 3.415
Consumed Fruits «— Aborted buds -0.334 -0.334 0.026 0.039 -0.642 -0.017
No. pollen forages «— No. foraging bees 0.509 0.510 *** 0.004 0.429 0.589
No. pollen forages «— % pollen foraging bees 0.408 0.406 *** 0.004 0.316 0.495
Aborted flowers < Buds initiated 3.171  3.181  *** 0.004 2.763 3.600
Mature fruits «— Aborted fruits -0.545 -0.540 *** 0.004 -0.810 -0.259
Mature fruits «— Consumed Fruits -0.544 -0.559 *** 0.005 -0.800 -0.305
Avg. neighbor dist. < Location -0.178 -0.180 0.058 0.091 -0.377 0.012
Mature fruits «— Buds initiated 8111 8150 *** 0.004 6.247 10.139
Mature fruits «— Aborted flowers -0.582 -0.585  *** 0.003 -0.948 -0.239
Mature fruits «— Aborted buds -0.348 -0.354 0.008 0.023 -0.660 -0.059
Mature fruits «— No. pollen forages 0418 0.410 0.014 0.023 0.037 0.784
Mature seeds «— Aborted flowers -2.571  -2.502 0.002 0.005 -4.289  -0.789
Mature seeds «— Mature fruits 7.029  6.955 *** 0.005 5.636 8.347
Local flower density <« Avg. neighbor dist. -2.958 -2.945 #* 0.005 -3.784 -2.110
eld — e5 -0.190 -0.223 0.024 0.017 -0.478 -0.023
e20 — el6 -3.690 -4.256 0.015 0.006 -8.744  -0.829
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Sub-model 1: plant-plant interactions

The assumption of multivariate normality was met for this sub-model (M = -3.28; c.r. = -1.74).
However, to maintain consistency with other sub-models, bootstrapped standard error estimates
and P-values are still reported (Table 4-2). Initially the model fit the data perfectly (A% = 0.00,
Pvi = 1.000, Pgs = 0.978), indicating over fitting. Three pathways were removed (Fig. 4-1;
Paths: 3 (CID «— Avg. neighbor dist.) 5 (Caudex diameter «— Avg. neighbor dist.) and 6 (Caudex
diameter «— CID)) since they did not contribute significantly to overall model fit and had
insignificant regression coefficients (Table 4-2). Two pathways were not thinned (Fig. 4-1, Paths
2 (Caudex diameter «— Location) and 4 (CID < Location)) since they greatly improved model fit
and their effects were significant (Table 4-2). One path (Fig. 4-1, Path 1; Avg. neighbor dist. <
Location) had insignificant effects (Ay*; = 3.48, Py = 0.070, Pgs = 0.070), but was retained since
it is empirically supported by other studies (Chapter 2). The resulting thinned sub-model fit the
data (y%s = 4.01, Py = 0.548, Pps= 0.401). There were negligible differences between standard
and bootstrapped estimates (Table 4-2). No modification indices were reported by AMOS at any

thinning step.

Sub-model 2: plant-pollinator interactions

Slight deviation from multivariate normality was detected in this sub-model (M = 5.36; c.1. =
2.01). The unthinned sub-model fit the data (y°s = 8.00, Py = 0.156, Pgs = 0.325). However, five
paths were removed (Fig. 4-1, Paths 7 (% pollen foraging bees < Local flower density), 8 (%
pollen foraging bees < Nectar production), 10 (Nectar production < Open flowers), 12
(%opollen foraging bees < No. foraging bees), and 13 (No. foraging bees < Local flower
density)) since their regression weights were statistically indistinguishable from zero and they did

not contribute significantly to overall model fit (Table 4-2). The remaining five paths (Fig. 4-1,
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Paths 9 (% pollen foraging bees < Open flowers), 11 (No. pollen forages «— % pollen foraging
bees), 14 (No. foraging bees «— Nectar Production),15 (No. foraging bees < Open flowers), and
16 (No. pollen forages < No. foraging bees)) were highly significant and contributed
significantly to overall model-fit (Table 4-2). After thinning, the sub-model still fit the data (3’10 =
10.892, Pmr = 0.390, Pgs = 0.513). Despite slight deviation from multivariate normality, using
bootstrapped estimates to make thinning decisions produces the same reduced model. No MI’s

were reported at any stage of thinning.

Sub-model 3: reproductive ecology

Despite transformations, the assumption of multivariate normality was still violated (M =
14.97; c.r. = 4.899). The unthinned model fit the data (y>» = 5.39; P = 0.072), but lacked
parsimony (df = 2). Seven paths (Fig. 4-1, Paths 22 (4borted flowers < Aborted buds), 23
(Aborted fruits < Aborted flowers), 25 (Aborted fruits < Aborted buds), 28 (Consumed fruits «—
Aborted flowers), 31 (Mature seeds «— Aborted fruits), 32 (Mature seeds < Aborted buds), and
35 (Mature seeds < Consumed fruits)) were thinned since their effects were not significantly
different from zero (i.e. P > 0.05) and they did not contribute to overall model fit (i.e. Ay’ < 3.84)
(Table 4-1). The remaining paths (Fig. 4-1, Paths 17 (4borted buds «— Buds initiated), 18
(Aborted fruits < Buds initiated), 19 (Aborted flowers < Buds initiated), 20 (Mature fruits <
Buds initiated), 21 (Consumed fruits «— Buds initiated), 24 (Consumed fruits < Aborted buds),
26, (Mature fruits < Aborted buds) 27 (Mature fruits «<— Aborted flowers), 30 (Mature fruits «—
Consumed fruits), 33 (Mature seeds «— Mature fruits), 34 (Mature seeds < Aborted flowers))
were retained since their effects differed significantly from zero and contributed significantly to
overall model fit (Table 4-2). After thinning the model still fit the data (% = 12.89, Py = 0.168,

Pgs = 0.263).
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There were no MI’s produced by AMOS until the pathway from aborted buds to mature
seeds (Fig 1. Path 32 (Mature seeds «— Aborted buds)) was eliminated; removal of this pathway
produced an MI recommending negatively correlated error terms between mature seeds and
mature fruits (Table 4-2, MI1: Mature fruits <> Mature seeds). Correlated error terms indicate a
joint, unmeasured causal factor (Grace 2006), and it is not unreasonable to expect that some
unmeasured factor increases fruit maturation while decreasing seed maturation, or vice-versa; e.g.
resource competition between fruits and seeds. This MI could be resolved when the sub-models
are linked together if a factor in sub-model 1 or 2 causes a joint effect on both seed and fruit
maturation; thus, MI’s were evaluated after the sub-models were linked together and thinned (see
below). Using bootstrapped estimates of standard errors and their associated P-values did not

change any thinning decisions (Table 4-1).

Full model with linked sub-models

Using thinned sub-models, but prior to thinning links between sub-models, the model did
not fit the data using ML significance (Pmr = 0.040), but did using Bollen-Stine bootstrapped
significance (Pps= 0.597) (Table 4-2). Six pathways were eliminated (Fig. 4-2, Paths 2 (No.
foraging bees < Location), 4 (Aborted fruits < CID), 6 (Aborted flowers < CID), 7 (Open
flowers < CID), 9 (Buds initiated < CID), and 14(Mature seeds < No. pollen forages)) due to
insignificant effects and contribution to overall model fit (Table 4-2). The effect of CID on mean
per-flower nectar production (Fig. 4-2, Path 8 (Nectar production < CID)) was not significant
(Ps = 0.126) but was retained to allow water stress to have a slightly negative effect on nectar
production as demonstrated in numerous studies (reviewed in Galen 2005; e.g. Carroll et al.
2001). The remaining pathways (Fig. 4-2, black pathways) were retained since their effects were
significant (Pps < 0.05) and they contributed significantly to overall model fit (Ay?, > 3.84). It

should be noted that one pathway (Fig. 4-2, Path 13 (Open flowers < Aborted buds)) had a
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statistically significant effect using maximum likelihood (Pmr = 0.047) but pathway removal led
to no significant change in model fit (Ay*; = 3.82), bootstrapped estimates were not significant
(Pss = 0.075) and Bayesian credible intervals included zero (Lower = -0.130; Upper = 0.003)
(Table 4-3). Despite these inconsistencies, this pathway was retained due to its logical foundation
(all else being equal, plants with more aborted buds should have fewer open flowers simply
because they have fewer flowers surviving to anthesis). Another pathway (Fig. 4-2, Path 10
(Nectar production «— Caudex diameter)) showed inconsistency between significance tests;
maximum likelihood and bootstrapped tests indicated significance (Pmr. = 0.047; Pgs = 0.049)
and the pathway contributed significantly to model fit (Ay* = 5.23), but Bayesian credible
intervals included zero (Lower = -0.041; Upper = 1.017) (Table 4-3). This pathway was retained
due to strong empirical support; plant size is tightly related to the resources available for
reproduction (Stephenson 1981; reviewed in Weiner et al. 2009), and nectar production can
require substantial investment of resources (e.g. Southwick et al. 1981).

Three MI’s were produced by AMOS. One MI (Table 4-2, MI1: Mature fruits <> Mature
seeds) suggested negatively correlated error between mature seeds and fruits; this correlated error
pathway was justified by its statistically significant effect (Pmr = 0.019; Pgs = 0.006), significant
contribution to overall model fit (Ay?, = 7.52), and the possibility that it represents a resource
trade-off between seeds and fruits, a frequent observation (reviewed in Stephenson 1981). It
should be noted that both a correlated error term and a unidirectional arrow produce identical
model fit, but if a unidirectional arrow can be theoretically justified, it is preferred. Another MI
(Table 4-2, M12: Aborted flowers < Nectar production) suggested a negatively correlated error
term between flower abortion and nectar production. This correlated error pathway was added
due to its significance (Pvi = 0.024; Pps = 0.033) and contribution to overall model fit (Ay? =
5.96); further, it is not inconceivable that flower abortion may be reduced and nectar production

increased jointly by an unmeasured factor (e.g. favorable climatic conditions may have increased
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nectar production and reduced flower abortion). The last MI suggested a positive correlated error
term between local flower density and mean per-flower nectar production (Table 4-2, MI3: Local
flower density <> Nectar production); despite its statistical significance (P = 0.011, Pgs =
0.004), empirical and theoretical support is lacking for this specific relationship and it was
removed. After thinning sub-models and links between sub- models the final model (Fig. 4-3) fit

the data (X21o7 = 119.88; PML = 0.186, PBS = 0.637).

Assessment of spurious correlations

Estimated coefficients of determination from regressions of the original data (R’sgm) were
all well above the upper 95" percentile of estimated expected spurious coefficients (R%sp) (Table
4-4), indicating that the majority of the coefficients of determination (R*sgm) for these pathways

are not due to mathematical dependency.

Synthesis of results for the final model

It should be recognized that any suggestion of causality (e.g. X reduced Y) simply refers
to the effects that were modeled, rather than true causality. Ultimately, seed production was
significantly influenced by every variable in the final model except average neighbor distance,
local flower density, CID, and the number of aborted buds (Table 4-5, TE’s); though CID and the
number of aborted flowers have multiple pathways to seed production (Fig. 4-3), these multiple
pathways counter each other such that they balance to have no total effect. Plant size (caudex
diameter) was a key correlate of seed production; its modeled direct positive effect on bud
initiation was related to an array of cascading effects on pollination and reproduction (Fig. 4-3;
Table 4-5, TE’s). Larger plants also produced more nectar per flower, increasing visitation
intensity (‘No. foraging bees’) (Fig. 4-3). Higher pollen foraging intensity (‘No. pollen forages’)

significantly increased seed production by increasing the number of mature fruits, but bud
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Table 4-4
Comparison of the coefficient of variation from the data used for the SEM (R’sgm) and that of
the estimated spurious correlation (R?sp) due to the mathematical dependency due to ‘buds
initiated’ being derived as a sum of all five possible bud fates. Values of R? sgm are significantly
larger than Rsp at the o. = 0.05 level when R? spy is greater than the upper 5% of the percentile
confidence interval (CI).

Pathway description Percentile CI
(Fig.-Path: Dependent var. < Independent var.) R?op RZsp Lower 5% Upper 5%
1-17: Aborted buds < Buds initiated 0.70 0.14 0.03 0.28
1-19: Aborted flowers < Buds initiated 0.82 0.24 0.10 0.41
1-18: Aborted fruits «— Buds initiated 0.36 0.01 <0.01 0.11
1-20: Mature fruits < Buds initiated 0.73 0.36 0.20 0.52
1-21: Consumed fruits < Buds initiated 0.28 0.04 <0.01 0.14

initiation was much more important (Fig. 4-3; Table 4-5, TE’s). All three stages of abortion (bud,
flower, and fruit) resulted in direct reductions in the number of mature fruits, but bud abortion
also indirectly reduced fruit consumption, which indirectly increased fruit maturation; thus, bud
abortion had a neutral effect on the number of mature fruits and seeds (Table 4-5, TE’s). In
addition to reducing the number of mature fruits, flower abortion also had a significant direct
negative effect on the number of mature seeds (Fig. 4-3; Table 4-5, DE’s). Growing location was
much more important than average neighbor distance for seed production (Table 4-5, TE’s).
Average neighbor distance only influenced local flower density, a measure that had no significant
effect on any other variables (Fig. 4-3; Table 4-5). The model explained a significant proportion
of variation in each measured variable, but only a small amount of variation was explained for
nectar production and average neighbor distance; the remaining variables had at least 25% of
their variation explained (Table 4-5).

Three key differences were associated with growing location, each important for seed
production. Plants associated with shrubs (1) had smaller caudex diameters but (2) suffered less
water stress (i.e. greater CID) and (3) had a greater percentage of bees that actively foraged for

pollen; neighbors appeared to be somewhat closer on average for plants under shrubs, but the
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Foraging behavior (both the number foraging and the percentage that foraged for pollen)
of bees was most strongly driven by floral display size (no. of open flowers), a pattern that has
been demonstrated repeatedly (see Galen 1999), suggesting that plants with more open flowers
are more desirable sources of forage to bees. Nectar production and growing location were
important as well. That nectar production influenced the number of foraging bees supports studies
arguing that bees can remember to return to rewarding plants (see Cartar 2004) and/or can
evaluate rewards without visiting to forage (Howell and Alarcén 2007), possibilities that have
previously been argued against (Zimmermann 1988). Both behaviors could optimize foraging
(sensu MacArthur and Pianka 1966). The observed increase in pollen foraging behavior among
shrub-associated plants may be due to altered floral micro-habitat (e.g. shade or shelter from
wind). Thus, pollinators may spend less time collecting nectar for their own metabolic
maintenance and more time collecting pollen to provision their offspring if they are foraging on
flowers shaded by shrubs. Flowers exposed to full sun are expected to have lower relative
humidity and higher temperatures, potentially altering nectar evaporation (Petanidou 2007) which
could indirectly alter the foraging decisions of bees. Similarly, bees exposed to higher
temperatures associated with open microhabitats may choose to forage for nectar rather than
pollen since nectar can act to cool bees (Heinrich 1980a, b). Visitation rates and behavior of bees
on plants were unaffected by neighborhood flowering density, suggesting that near neighbors
neither compete with nor facilitate pollination services. However, because of the substantial
amount of work that has shown that patch density can influence visitation rates (Rathcke 1983;
Moeller 2004; Ghazoul 2006), its effects on seed production and particularly offspring fitness
should continue to be considered in future studies, especially given the nearly significant effects
that shrubs had on seed production.

Significant correlated error terms indicate the presence of an unmeasured joint effect on

the two variables considered (Grace 2006). Negatively correlated error between the number of
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mature seeds and fruits suggest that a common factor increases one measure while reducing the
other. Such a pattern could result from trade-offs between seed and fruit production (see
Stephenson 1981). In addition, the significant negatively correlated error term between nectar
production and flower abortion suggests that some unmeasured factor simultaneously increases
nectar production while enhancing flower retention. This effect may be due to limitation of some
unmeasured climatic or soil resource that limits nectar production and flower maturation.
Regardless of the cause, the model accounts for these relationships rather than assuming their
independence, resulting in stronger inference among measured factors.

Studies examining the intercorrelated effects of competition and facilitation on
reproduction are lacking. By using SEM, this study demonstrates how the simultaneous direct and
indirect effects of facilitation and competition on plant reproduction can be explored. This study
demonstrates the potential for exploring simultaneous direct and indirect interactions between
organisms within the same trophic level (plant-plant interactions) and between trophic levels
(plant-pollinator interactions) using SEM. Further, SEM can be used in a multi-stage fashion,
starting with an exploratory mode and shifting to a more powerful confirmatory mode as
hypotheses are generated (Grace 2006). Lastly, exploratory SEM can be a useful tool for
generating hypotheses that can later be subjected to experimental manipulations and for
identifying which variables should be measured and controlled for.

Estimated effects of spurious correlations related to the ‘buds initiated’ variable were
significantly less than the correlation detected in the unmodified data. This suggests that although
spurious correlations arose due to mathematical dependency, the effects were small. The
combined effects of the five spurious correlations on seed production are unclear; however, what
is clear is that a large portion of the correlations are due to real variation in bud initiation. Such
results highlight the importance of ensuring that observed effects are not completely driven by

mathematical dependency. Methods for accounting for mathematical dependencies are lacking,
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but the ability to estimate their effects indicates the possibility of adjusting regression coefficients
and model fit measures in SEM to remove their effects.

Care must be taken when interpreting the results of the final model. First, the exploratory
approach taken does not demonstrate causality. Second, it must be recognized that the results are
contingent on the model selected to interpret from and the sampling methods; there may also be
many competing alternative models with equal or greater fit to the data (Grace 2006). For
example, the correlated error between mature seeds and mature fruits could be replaced with a
directional arrow from mature seeds to mature fruits with no consequence to model fit; doing so
would imply a feedback between the number of seeds and fruits in which plants that produce
many seeds could not produce as many fruits.

Outliers and violations of the assumption of multivariate normality were present, but
transformations linearized most relationships, leading to substantial improvements. Small sample
sizes are also of great concern, further limiting the generality of these results. Since the use of
bootstrapped estimates significance and Bayesian estimates of parameters did not alter the
conclusions reached, except for conflicting statistical inference regarding two pathways (Open
flowers «— Aborted buds and Nectar production < Caudex diameter; Table 4-3), it can be
concluded that the model was fairly robust despite deviation from normality and the presence of
outliers. The remaining unexplained variation in fruit and seed production could be partially
explained by measurement error, seed consumption, genetics, unmeasured climatic variability,
and parasites, among many more factors.

Generalized statements about the observed patterns are not advised as these data are
limited to a single site, species pair, and year. Longer term studies are recommended since the
balance between facilitation and competition fluctuates temporally (Casper 1996; Greenlee and
Callaway 1996; Tielborger and Kadmon 2000; Maestre et al. 2003; Abdallah and Chaieb 2010;

Soliveres et al. 2010) and varies over multiple spatial scales (Rayburn and Monaco 2011).
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Nonetheless, incorporating facilitation into more well-studied theoretical constructs has been
called for by others (Bruno et al. 2003) and the application of SEM to for this purpose is
promising.

Examining plant-plant interactions, plant-pollinator interactions, and reproductive
ecology in unison led to a greater understanding of the potential drivers of seed output in P.
palmeri. The use of SEM simplified the challenge of interpreting the effects of highly correlated
variables on seed production. Evaluation of direct, indirect, and total effects illuminated the
relative contribution of facilitation and competition for seed production. Using an exploratory
mode of SEM, theoretical constructs that have historically been treated separately were studied in
unison; however, a confirmatory approach is required to validate the generality of these
correlative patterns in other locations, times, and species pairs. These results should spur other
researchers interested in the role of facilitation on reproduction to consider the influence of
altered microhabitat on the behavior of pollinators. Understanding the role of plant-plant
interactions, especially positive interactions, in the reproductive fitness of plants deserves further

attention.
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CHAPTER 5

CONCLUSION

In the Wildland Urban Interface (WUI) (sensu Radeloff et al. 2005) of the Spring
Mountains National Recreation Area (SMNRA) land managers face the challenge of managing
hazardous fire fuel loads near human populations, infrastructure, and wildfire escape corridors
while simultaneously preserving the habitat of species covered under the Clark County Multiple
Species Habitat Conservation Plan (MSHCP) covered species (RECON 2000). A variety of
mechanical methods are to be used to manage fuel loads, including thinning of woody species
(see Ostoja et al. 2010) that are likely to facilitate other species (Gémez-Aparicio 2009).
Facilitation can be an important component of species habitat since it can geographically expand
the beneficiaries realized niche space by ameliorating extreme conditions at niche boundaries
(Bruno et al. 2003). Thus, if woody species facilitate MSHCP covered plant species, or plant
species that are larval or nectar host plants for MSHCP covered butterflies, their removal could
constitute a loss of habitat. In general, fuel load reduction within the WUI is increasingly
accomplished mechanically (e.g. whole tree/shrub removal) that attempt to mimic prescribed fire
(Kalabokidisl and Philip 1998). However, there is little understanding of how MSCHP covered
species might respond to these treatments (Ostoja et al. 2010).

Here, | synthesize the empirical findings of chapters 2-4 and discusses their implications
for ecological theory and land management policy; specifically, I argue that an understanding of
plant-plant interactions in the WUI can help land managers balance the objectives of reducing
fuel loads to protect human populations and infrastructure while minimizing loss of habitat for
desirable species. The general focus is to describe the effects of shrubs on Penstemon palmeri
performance over many life-stages. While P. palmeri is not directly covered under the MSHCP, it

is of interest since it is a nectar host plant for adults of the endemic Spring Mountains checkerspot
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butterfly (Chlosyne acastas robusta) (reviewed in: Ostoja et al. 2010; Pinyon Environmental
Engineering Resources Inc. 2011). However, since C. acastus use a diversity of species for
nectar, any findings of positive or negative impacts of shrubs on P. pa/meri do not demonstrate
significant impacts on C. acastus populations. Additionally, most of this research is at the scale of
individual P. palmeri, rather than their populations, making it ill advised to extrapolate these
finding to the population level. Further, these study sites may be below the habitable elevation of
C. acastus (Pinyon Environmental Engineering Resources Inc. 2011). Nonetheless, these results
provide valuable insight into the influence of shrubs throughout the life-cycle of P. palmeri and
add to our theoretical understanding of the importance of shrubs in this arid ecosystem.

The major objectives of this thesis were to: (1) describe interspecific spatial associations
over several years between shrubs and P. pal/meri (Chapter 2); (2) evaluate the effects of shrub
association on the performance of individual P. palmeri plants (Chapters 2-4); (3) use a factorial
experiment to disentangle the above ground effects of Artemisia tridentata canopies on seedling
emergence and seedling survival from the effects of the soils that accumulate beneath canopies
(Chapter 2); and (4) use SEM to examine the direct and indirect effects of the shrub Eriodictyon
angustifolium on P. palmeri seed and fruit production (Chapter 4). The final objective, addressed
in this chapter, is to discuss the theoretical and policy implications of these results for the
management of species covered under the Clark County MSHCP in the areas of the Spring

Mountains National Recreation Area that have been mechanically thinned.

Theoretical implications

Ecologists are increasingly recognizing that both positive and negative plant-plant
interactions can be important driving forces for structure and function of plant communities
(reviewed in Brooker et al. 2008; Brooker and Callaway 2009). Facilitation can increase

productivity and diversity across entire regions (Pugnaire and Lazaro 2000) and allows species to
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expand their realized niches into environments that would otherwise be considered inhospitable
(Bruno et al. 2003).

The studies in this thesis suggest that at these sites, shrubs facilitate the survival of
smaller and younger P.palmeri and improve bud-to-fruit maturation success, but shrubs also
appear to suppress P. palmeri emergence, delay their reproductive initiation, and reduce their
growth rates (Chapter 2). Further, experimental evidence suggests that it is the soils beneath shrub
canopies that reduce emergence rates and increase survival, while the shrub canopy effects appear
to be much less important (Chapter 3). The results of chapters 2 and 3 add to the growing number
of studies demonstrating life-stage conflicts (Schupp 2007) and ontogenetic shifts of plant
interactions from facilitative at earlier life stages (e.g. survival) to competitive at later life stages
(e.g. growth and reproduction) (Miriti 2006; Schiffers and Tielborger 2006; Goémez-Aparicio
2009; Soliveres et al. 2010). These two chapters provide observational and experimental evidence
that shrubs, primarily their associated soils, alter the nature of seed-seedling conflicts in a ways
that may promote persistence of P. palmeri in the seed bank, as well as the resistance and
resilience of their populations to environmental perturbations (discussed in Chapter 3).
Additionally, by describing spatial associations between P. palmeri populations and shrubs across
multiple censuses, Chapter 2 provided suggestive evidence that facilitation of seedling survival
shifts spatial patterns from associative to dissociative; highlighting the importance of including a
temporal component when studying spatial patterns (reviewed in Leps 1990).

While the effects of competition on plant reproduction are well documented (Weiner
1988), studies reported in Chapters 2 and 4 add to the relatively few number of studies examining
the potential facilitation of reproduction (e.g. Casper 1996; Shumway 2000; Tielborger and
Kadmon 2000; Choler et al. 2001; Kikvidze et al. 2001; Tirado and Pugnaire 2003; Griffith 2010;
Soliveres et al. 2010; Cranston et al. 2012); however, few of these studies accounted for plant size

in their models (reviewed in Chapter 2) and none examined the potential for shrubs to alter the
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behavior of pollinators visiting the plants in their understory (see Chapter 4). More importantly,
Chapter 4 demonstrates how SEM can be used to identify the factors that limit reproduction in
plants and incorporate facilitation into theoretical frameworks that have historically focused only

on competition.

Land Management Policy Implications

Understanding plant interactions can improve our ability to posit new ways to conserve and
restore the habitat of MSHCP covered species. Successful conservation and restoration requires
an understanding of desirable species habitat availability and suitability. An understanding of
interactions between plants can greatly improve our ability to manage vegetation in a way that
maximizes the habitat area for a desirable species. Restoration ecologists have traditionally relied
on removal of undesirable species in order to eliminate competition with desirable species, but
they are increasingly using woody plants as facilitators in order to promote establishment of
desirable species (Gomez-Aparicio 2009). However, the existence of facilitation does not always
mean it will be useful for restoration activities; the utility of the facilitator for restoration depends
on the beneficiary life-stage, which performance metrics are improved, and the environmental
context of plant interactions (King and Stanton 2008).

Balancing the objectives of fuel load management near human populations with the
objectives of conservation plans can be aided by an understanding of how plants interact in their
community. Specific to the SMNRA, MSHCP covered plant species and plants used by MSHCP
covered butterflies as larval and nectar hosts (desirable species) may aggregate with the woody
fuels being removed. Aggregated patterns sometimes indicate a history of facilitative interactions
(Fowler 1986; Callaway 2007; Brooker et al. 2008) so if desirable species demonstrate this
pattern, land managers should be wary of removing their neighbors. Experiments should be

conducted to assess the effect of removal on the performance of desirable species; ideally, these
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should include assessments of interactions at every life stage for a complete understanding of the
demographic impact of removal. In areas where desirable species benefit from removal,
management of fuels may serve a double benefit; removal reduced fuel loads and increases the
habitable space of desirable species. Caution must be taken, however, since invasive species may
also benefit from the removal (e.g. Griffith 2010), especially if conditions allow for rapid uptake
of nutrients that may remain in the soil long after removal (see Bechtold and Inouye 2007). If
removal improves desirable species emergence, but not their survival (a seed-seedling conflict;
sensu Schupp 1995), then removal may deplete the seed-bank as many seedlings emerge, but
most die before contributing to the next generation. If removal has the opposite effect, seedling
emergence is improved by shrubs but seedling survival is hindered, then removal should be
selectively used only after emerged seedlings are well established, and only if removal has lasting

positive effects on reproduction.

Future directions for further research

Many MSHCP plant species were not covered in these investigations. Similar associative
patterns have been observed between shrubs and a population of Eriogonum umbellatum, the sole
larval host plant for the MSHCP covered Spring Mountains dark blue butterfly (Euphilotes
ancilla purpurea) (reviewed in Ostoja et al. 2010; Pinyon Environmental Engineering Resources
Inc. 2011). Patterns of association were detected between E. umbellatum at the lower elevations
of Lee Canyon, but no further investigations were made (Poulos, unpublished data); based on
these associative patterns, considering interactions between shrubs and this important larval host
plant may allow land managers to assess the effect of removal on this critical larval host plant.

Chapter 2 was limited in its ability to determine the causes of spatial association between P.
palmeri populations and shrubs; however, factorial studies (e.g. Chapter 3) and structural

equation modeling (e.g. Chapter 4) were particularly useful in resolving those limitations.
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Understanding the causes of spatial dissociation between emerged seedlings and shrubs (Chapter
2) can be achieved by using seed sowing experiments (e.g. Chapter 3) and investigating the
distribution of P. palmeri populations in the seed bank using greenhouse studies of soil samples
(e.g. Carrillo-Garcia et al. 2000). Further, caging experiments may prove useful in understanding
the role of seed and seedling predators and herbivores in altering the spatial distribution of P.
palmeri populations. Finally, these observations occurred over a relatively short duration and
focus on post-emergence life-stages which limits our ability to understand the complete role of
shrubs in P. palmeri life-history, especially the seed dispersal, survival, and germination stages;
future studies could benefit greatly by contrasting the entire fate of P. palmeri individuals in
shrub and interspace microhabitats, from seed to reproductive adult. Future studies should
compare the soil characteristics of interspaces to those accumulated under A. tridentata to help
understand why this shrub’s soil was associated with reduced seedling emergence, but improved
survival relative to interspace soils (Chapter 3). Further attention needs to be given to testing
whether the stages of the seed-seedling conflicts that are improved or worsened are different
between interspace and shrub microhabitats; long term studies and simulations could be
particularly useful to assess how seed-seedling conflicts might influence seed bank persistence
and a plant population’s resistance and resilience to environmental perturbations. Demographic
models (e.g. Griffith 2010) would be particularly useful for translating individual-level shrub
effects to the scale of populations and confirmatory SEM’s could test the generality of the SEM

developed in Chapter 4 (or similar SEM’s) in new areas and with new species.
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Appendix A. Size-Biomass curve
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Appendix A: Size (caudex diameter; mm) regressed on the logarithm of
biomass (dry aboveground mass; mg). Data arise from 220 destructively
sampled, greenhouse reared P. palmeri seedlings (taken from Poulos et al. in
manuscript).
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Appendix B. Pathway descriptions and the potential mechanisms and processes responsible for
their possible effects. Path numbers refer to the paths found in Figs. 4-1 and 4-2.

of foraging bees

Fig.- Description Possible mechanism(s)/process(es)
Path
1-1 Growing location > Avg.  Facilitation of seedling and adult survival leads to
neighbor dist. closer neighbors (Chapter 2).
1-2 Growing location - Competition with shrubs may reduce growth leading
Caudex diameter to smaller size (Miriti 2006).
2 1-3 Avg. neighbor dist.> CID  Plants with further neighbors may face lower
R intraspecific competition (Weiner 1982) for water or
N may have water facilitated by hydraulic
3 § redistribution (reviewed in Ryel 2004).
§ = 1-4 Growing location > CID  Shrubs can ameliorate water stress of plants growing
<8 beneath them (Maestre et al. 2003; Gémez-Aparicio
S & et al. 2004).
§ 1-5 Avg. neighbor dist.2> Intra-specific competition is partially a function of
= Plant size neighbor distance (Weiner 1982; Silander and Pacala
1985).
1-6 Water stress = Plant size ~ Growth is particularly sensitive to water-stress
(Hsiao et al 1976); thus water stress may result in
reduced plant size.
1-7 Local flower density 2 %  If surrounded by many flowers, pollinators may
“ pollen foraging bees choose to leave for flowers on more rewarding plants
§ since they may forage optimally (MacArthur and
g Pianka 1966).
& 9 1-8 Nectar production > % of Rewarding plants are often foraged upon more
§ S pollen foraging bees intensely (Zimmermann 1988) and nectar provides
§ § energy for other tasks, like foraging for pollen.
< £ 1-9 Number of open flowers Bees often focus foraging effort on plants with many
33 -> percentage of pollen flowers (Galen 1999).
g‘ foraging bees
S 1-10 Number of open flowers Flowers may compete for limited resources
= - nectar production (Stephenson 1981) leading to lower per flower nectar
production (reviewed in Zimmermann 1988).
1-11 Percentage of pollen A higher percentage of pollen foraging bees implies
foraging bees = No. that a plant will receive more pollen forages.
: pollen forages
§ 1-12 No. foraging bees > Pollen is a shared resource, so if more bees are
O percentage that forage for ~ foraging a smaller percentage may choose to forage
§ pollen for pollen (Thomson et al. 1987).
&5 1-13 Local flower density > Plants in dense flower patches may be visited more
§ § number of foraging bees or less due to facilitation and competition for
§ = pollinator services (Rathcke 1983; Moeller 2004;
< B8 Ghazoul 2006).
3 § 1-14 Nectar production > Bees may remember rewarding plants (Pyke 1978)
% number of foraging bees and/or detect nectar volatiles (Howell and Alarcon
% 2007) leading bees to focus foraging efforts on plants
§ with higher nectar production than their neighbors.
_ 1-15 open flowers = number Plants with many flowers draw in more bees leading

to an increase in the number of foraging bees
(reviewed in Galen 1999).
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mature seeds

1-16 No. foraging bees > No.  Plants that have many foraging bees are more likely
pollen forages to have their pollen foraged upon.
1-17 Bud initiation - aborted Plants that initiate more buds are expected to abort
buds more buds, flowers, and fruits, have more mature and
1-18 Bud initiation = aborted consumed fruits simply because there are more bud
fruits fates being followed.
1-19 Bud initiation - aborted
& flowers
“ < 1-20 Bud initiation = mature
< S fruits
32
RS 1-21 Bud initiation =
< S consumed fruits
“ 5
X 1-22 Aborted buds - aborted Translocation of resources from aborted buds to
flowers developing flowers may reduce the flower abortion
(Stephenson 1981).
1-23 Aborted flowers > Translocation of resources from aborted flowers to
aborted fruits developing fruits may reduce fruit abortion
(Stephenson 1981).
1-24 Aborted buds > Plants that aborted fewer buds may have fewer fruits
consumed fruits consumed since buds did not survive long enough to
be eaten.
1-25 Aborted buds = aborted Translocated resources from aborted buds to
fruits developing fruits may reduce fruit abortion
(Stephenson 1981).
1-26 Aborted buds - mature Plants that abort more buds may mature fewer fruits
fruits since fewer buds survived.
1-27 Aborted flowers > Plants that abort more flowers may mature fewer
: mature fruits fruits since fewer flowers survived.
§ 1-28 Aborted flowers > Plants that aborted more flowers should implicitly
S consumed fruits have fewer fruits consumed since flowers died before
N g\o being eaten.
S Ng 1-29 Aborted fruits = mature Plants that aborted fewer fruits may have fewer fruits
S g . . . .
3N fruits matured since flowers died before maturation was
< g complete.
“ é 1-30 Consumed fruits > Plants with many consumed fruits may have fewer
N mature fruits fruits matured since fruits were consumed before
§* maturation.
1-31 Aborted fruits > mature Resources may be translocated from aborted fruits or
seeds buds to increase the number of mature seeds
1-32 Aborted buds > mature (Stephenson 1981).
seeds
1-33 Mature fruits - mature Plants with more mature fruits should implicitly have
seeds more mature seeds since fruits contain seeds.
1-34 Aborted flowers > Resources may be translocated from aborted flowers

to increase the number of mature seeds (Stephenson
1981).
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1-35 Consumed fruits > Plants with many consumed fruits may have fewer
mature seeds seeds matured since fruits were consumed before
maturation.
2-1 Growing location - Altered microhabitat by shrubs may modify
percentage of pollen pollinator behavior on plant; a higher or lower
foraging bees percentage of bees may collect pollen due to either a
shade effect on pollinator thermoregulation (Linsley
1978), or indirect alteration of nectar or pollen
production.
2-2 Growing location 2 Shrubs may visibly obscure flowers (novel
number of foraging bees hypothesis) or compete for shared pollinators,
reducing the number of foraging bees; shrubs may
also facilitate pollination through shared floral
display (Rathcke 1983; Gazhoul 2006).
2-3 Neighbor distance = local Plants with distant neighbors should intrinsically
flower density have lower local flower density.
2-4 Water stress = aborted Plants under water stress may have more aborted
fruits fruits (Saavedra et al. 2003; Wubs et al. 2009).
2-5 Water stress = aborted Plants under water stress may have more aborted
buds buds (e.g. Saavedra et al. 2003; reviewed in Galen
§ 2005).
§ 2-6 Water stress = aborted Plants under water stress may have more aborted
3 flowers flowers (Saavedra et al. 2003; Wubs et al. 2009).
= 2-7 Water stress = open Water limitation during flowering may lead to flower
Q flowers closure and reduced longevity (Galen 2005).
2-8 Water stress = nectar Water limitation may reduce nectar production
production (reviewed in Galen 2005; e.g. Carroll et al. 2001).
2-9 Water stress = buds Plants may allocate different amounts of resources to
initiated reproduction in response to water limitation (
Karlsson and Méndez 2005).
2-10 Caudex diameter - nectar Larger plants may have increased per-flower nectar
production production since plant size is closely related to the
resources available to reproduction (Stephenson
1981; reviewed in Weiner et al. 2009) and
provisioning nectar requires a substantial amount of
photosynthate (e.g. Southwick 1984).
2-11 Caudex diameter = buds  Larger plants may initiate more buds since the
initiated amount of resources available through translocation
as well as the ability to obtain more resources
through roots and leaves are tightly related to plant
size (Stephenson 1981).
< 2-12 Buds initiated = open Plants that initiate more buds should have more open
3 . flowers flowers simply because more had the chance to
g develop.
E § 2-13 Aborted buds = no. of Plants with many aborted buds may have fewer
E open flowers flowers open simply because less survived to

anthesis.
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2-14 No. pollen forages 2> Pollination intensity is often positively related to the
mature seeds number seeds developed per fruit (reviewed in Lee
1988), thus highly foraged plants may have produce
more seeds after controlling for fruit number.
2-15 No. pollen forages > Additional foragers may promote fruit growth and

mature fruits

development since pollen tube growth stimulates the
transition to fruiting (reviewed in Lee 1988).
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Appendix C. Derivation of mean and variance for the ‘growing location’ parameter.

The growing location parameter consists of twenty-seven 0’s representing ‘interspace’
associated plants and twenty-seven 1°s representing ‘shrub’ associated plants. Therefore sample

size (N) = 54. Given the data, we know that
LiXi= XL XP=27,
where X; = the i observed value.
And since
Mean = p = %Z?’:lXi , SO
w=27/54=0.5.
To calculate variance we know:
Variance = ¢2 = %Z%‘Ll Xl-2 - U2, s0

o’ =27/54 - (0.5)*=10.25



