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ABSTRACT

FACTORS AFFECTING EUPHORBIA TERRACINA RECRUITMENT AND
ESTABLISHMENT IN COASTAL SAGE SCRUB

By
Erin Aviña
Master of Science in Biology
Euphorbia terracina is an aggressive and invasive non-native plant that has
recently become abundant in some parts of southern California. Its distribution has
dramatically increased over the last eight years, with large populations scattered
throughout Ventura and Los Angeles Counties, including the Santa Monica Mountains
National Recreation Area. Management efforts have focused on controlling expanding
populations and restoring invaded parkland. Nevertheless, the species continues to
establish in intact native plant communities, including coastal sage scrub.
Successful invasion and spread of a non-native species relies on the physical
attributes of microhabitats within the recipient plant community that are conducive to
seedling recruitment and establishment of the pest species. In Mediterranean plant
communities, including coastal sage scrub, the factors that have been shown to impact the
establishment of other non-native species include the amounts of seed predation,
overhead canopy, and understory litter. How these factors affect seedling germination,
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growth, and survivorship of a non-native species can determine whether or not it will
successfully pass through the recruitment and establishment phases of invasion.
In this study I sought to identify features of the native plant community (coastal
sage scrub) that could be manipulated in order to reduce the establishment and
reproductive success of E. terracina, and possibly even favor establishment of native
plant species. I experimentally manipulated seed predation, leaf litter, and shrub canopy
and evaluated the impacts on E. terracina as well as Salvia leucophylla, the most
common co-occuring native shrub in invaded coastal sage scrub. I found that although
predation significantly reduced emergence in both species to less than 1%, E. terrracina
and S. leucophylla responded somewhat differently to the experimental treatments.
Predation combined with the presence of leaf litter significantly increased seedling
emergence and survivorship in E. terracina whereas S. leucophylla was most affected by
the combined effects of predation and lack of canopy. These findings indicate that
additions of leaf litter mulch would not be an effective means of suppressing E. terracina.
In addition, they suggest that canopy gaps should be prioritized for weed treatment
because these microhabitats are favorable for S. leucophylla regeneration and probably
other native species.
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INTRODUCTION
Invasive species have successfully invaded numerous natural ecosystems
worldwide. Once established these species can dramatically change community
composition, interspecific interactions, and ecosystem processes (Mack et al. 2000,
Ehhrenfeld 2003, Theoharides and Dukes 2007, Gomez-Aparicio and Canham 2008, Sax
and Gaines 2008). The degree of success and the ecological damage caused by an
invasion is reliant upon rapid growth and resource uptake of introduced species. These
abilities allow invaders to dramatically alter local abiotic and biotic environments
(Witkowski 1991,Bossard et al 2000, Ehrenfeld 2003, Lenz et al. 2003, Truscott et al.
2008, Vila et al. 2011, Tsheulin and Petanidou 2013). For example, the rapid growth of
invasive species can deplete the availability of resources for the local native species
(Ehrenfeld 2003) and alter the soil biota such that native species are less able to compete
for resources (Callaway and Aschehoug 2000, Callaway et al. 2004). Local
environmental changes such as these negatively impact the neighboring native species
(Bossard et al. 2000, Callaway and Aschehoug 2000) and enable invasive species
abundances within the recipient community to increase rapidly (van der Putten 1997,
Ehrenfeld 2003, Vogelsang and Bever 2009).
The ability for an invasive species to successfully invade and alter community
attributes is contingent on possessing traits that enable survivorship within the recipient
community from the time of introduction to the time when a population is actively
spreading (Theoharides and Dukes 2007). Identifying the attributes within the recipient
community that act as environmental filters, actively influencing germination and
establishment, is an important challenge in restoration ecology. These filters range from
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the physical attributes present within the recipient community (Ehrenfeld 2003, Holzel
2005, Talluto et al. 2006, Marshall and Buckley 2008, Mazia 2010, Paquette et al. 2012)
to the invertebrate and vertebrate species that inhabit the community (Louda 1982,
Schiffman 1994, Hulme 1997, VanderWall 2005, Honek et al. 2009, Strauss et al. 2009).
The effect that these filters have on invasive species establishment has variable results.
For instance, the closed canopy and intact leaf litter layer decrease light availability,
increase seedling predation, and hinder seedling emergence in some species (DeSimone
and Zedler 1999, Xiong and Nilsson 1999, Holzel 2005, Talluto et al. 2006). Conversely,
these same factors have been shown to promote invasive species establishment by
increasing soil moisture, decreasing soil temperature, and providing protection from
predation (Valiente-Banuet et al. 1991, Marshall 2008, Buckley 2008). Recognizing how
specific factors, such as these, allow for incursions is a critical aspect of the development
of management solutions that limit or reverse the spread of invasive species.
Euphorbia terracina L. (Euphorbiaceae) is a noxious weed with a limited
distribution in the United States, occurring only in Southern California and Pennsylvania
(DiTomaso and Healy 2006). In California, it is a relatively recent invader and its
distribution includes several scattered isolated populations on public and private lands
within Ventura and Los Angeles Counties. This includes significant populations in the
Santa Monica Mountains National Recreation Area. In 1987 the species was known to
occur only in theEl Segundo Dunes near the Los Angeles International Airport (Hrusa et
al. 2002). Since then its range has expanded north to the Santa Barbara County line as
well as south to the White Point Nature Preserve in San Pedro and east as the Garvey
Reservoir in Monterey Park (National Park Service unpublished data). Factors that have
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probably facilitated this rapid geographic expansion include high seed production,
explosive seed dispersal, inadvertent long distance seed dispersal on construction
equipment, and an ability to exploit a wide range of microenvironments (Riordan et al.
2008, National Park Service unpublished data). Recent surveys indicate that this
aggressive species is encroaching upon coastal sage scrub (National Park Service
unpublished data). Coastal sage scrub presently encompasses only 10 - 30% of the
community’s historic range. It is one of the most endangered habitat types in Southern
California (Talluto 2006). In southern California’s Santa Monica Mountains National
Recreation Area, the National Park Service has spent in excess of $700,000 over the past
8 years on measures to control or eradicate E. terracina from within these plant
communities (NPS unpublished data). At some sites these efforts have shown success
such as in Solstice Canyon where the cover of the invasive perennial, E. terracina, was
reduced by 72% and native species cover increased by 25% (NPS unpublished data).
However, combating further spread of E. terracina and managing the areas that it has
already invaded will depend upon determining the factors that promote germination and
establishment.
Physical attributes of coastal sage scrub that are known to affect seedling
recruitment and establishment include predation, overhead canopy, and understory leaf
litter (DeSimone and Zedler 1999, Marshall 2008). Field observations over a span of 5
years showed these factors might also influence E. terracina establishment. For example,
following rain events E. terracina seedlings were observed emerging in quantities of over
100 individuals from what appeared to be caches (personal observation). Field
observations also showed that E. terracina seedlings were abundant beneath closed
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canopies and amongst mats of leaf litter. This study was designed to test the hypotheses
that (1) predation, canopy, and leaf litter limits the recruitment and establishment of E.
terracina specifically and (2) seedlings of invasive E. terracina and the dominant native
coastal sage scrub species, S. leucophylla, respond similarly.
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METHODS
Study Sites
Experimental plots were established at two sites in the Santa Monica Mountains
National Recreation Area: (1) Solstice Canyon 34° 02’16.51” N, 118° 44’51.28” W,
elevation 38 meters, and (2) Zuma Canyon (34° 02’19.57” N, 118° 48’58.08” W,
elevation 93 meters; Figures 1 and 2, respectively). Both locations are managed by the
National Park Service and were chosen because they had supported E. terracina
populations for several years, and were in close proximity to the species’ invasion wave
front in Southern California (CalWeedMapper 2013).
Field Experiment
Experimental plots (0.5 x 0.5 m) were installed in each location (122 at Solstice
Canyon and 238 at Zuma Canyon). To insure that experimental conditions were similar
across sites, all plots were installed within coastal sage scrub beneath established shrubs
with ≥ 80% overhead canopy cover and no understory present. All were cleared of leaf
litter prior to the establishment of experimental treatments. During plot installations, the
identities of all overhead canopy species and the depths of leaf litter (prior to removal)
were recorded. The main plot treatments were factorial combinations of cage type (closed
top +T or open top -T; Figure 3 and 4) and canopy cover (Solstice: present +C or absent C; Zuma: Light Canopy LC = 10 - 39%, Moderate Canopy MC = 40 – 64%, or Dense
Canopy DC = 65 – 80%). To test the effect of varying degrees of canopy three canopy
treatments were set up at Zuma as opposed to Solstice due to the increased size of the
Zuma study site, 0.46 acre versus the 0.13 acre Solstice site. These treatments, cage type
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and canopy cover, were assigned randomly to the plots. Each plot was then split into two
subplots of equal size, one receiving litter addition and the other not (+ L or – L). Tables
1 and 2 include the numbers of replicates/treatment/site. All experimental treatments
were applied over a two-week period in January 2011 at Solstice Canyon and over a
three-week period in March 2011 at Zuma Canyon. The cages were made of 45 x 30 x 12
cm pieces of 0.64 cm mesh (1/4 inch) hardware cloth. To deter small mammals from
burrowing beneath the cages, 5 cm lips on the edges of the cages were fastened to the
ground with nails and concealed by leaf litter. This design was meant to inhibit the
shallow digging of mice (Peromyscus spp.) but was insufficient to keep out fossorial
species, such as pocket gophers (Thomomys bottae). Closed top cages were intended to
prevent birds and small mammals from accessing seeds and seedlings, while open top
cages allowed access. Manipulations to the canopy cover simulated naturally occurring
gaps in coastal sage scrub. Each canopy cover treatment was produced by carefully
clipping back branches and foliage that was directly above the plots. All of the canopy
treatments were maintained for the duration of the experiment.
To encourage levels of germination of E. terracina and S. leucophylla that where
comparable to what occurs naturally in the area, 28 E. terracina seeds (totaling 0.14 g)
and 85 S. leucophylla seeds (totaling 0.11 g.) were evenly distributed onto the bare soil in
each subplot in early February 2011 (Solstice) and late March 2011 (Zuma). The
difference in the number of seeds sown was based on trials that had been conducted prior
to the 2011 field season. It was found that 89% (S.E. = 0.11) of the E. terracina seeds
and 30% (S.E. = 0.44) S. leucophylla seeds germinate. Seeds of each species were sown
into a randomly determined half of each experimental subplot. The identities of the
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seeded species were marked with tags attached to the cages. Following the seed
additions, each subplot was randomly assigned to a litter treatment so that plots contained
both a litter addition and a no litter addition treatment. The mean depths of litter collected
prior to the placement of the cages (Solstice = 1.3 cm and Zuma = 2.6 cm) were averaged
between the two sites and that amount (2.0 cm) was added to each of the litter addition
subplots.
All measurements taken were intended to assess the responses of both species to
1) the presence or absence of seed and/or seedling predation, 2) the amount of canopy
cover, and 3) the presence or absence of leaf litter. Upon emergence, all seedlings were
assigned an identification number and marked with a tag so that they could be
individually monitored throughout the duration of the experiment. The data collected
from each subplot (every 3 weeks throughout the February – May 2011 growing season)
included the number of seedlings, seedling height, evidence of herbivory (number of
seedlings clipped and presence of feces), and number of seedlings alive or dead. The plot
treatments were maintained until March 2012. At that time all plants in the plots were
counted, cut at ground level, placed in paper bags, air dried and weighed (plants growing
together within each treatment subplot were pooled to produce one E. terracina or S.
leucophylla biomass sample per subplot).
Three-way ANOVAs were used to test for treatment effects on the number of
seedlings emerged, the height of all seedlings in each plot, and total plot biomass. When
the number of seedlings present was substantially low or absent in a particular treatment
that treatment was dropped from the analysis resulting in either two-way or one-way
ANOVAs. ANOVAs were followed by Tukey multiple comparisons. Sequential
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eliminations of the highest order interaction were done when p-values were found to be
greater than 0.05.
Growth Rate Comparison Study
A growth rate comparison study was also done to compare growth characteristics
of E. terracina and S. leucophylla seedlings. In March 2012, 50 containers per species
were sown (5 cm diameter, 262 ml Stuewe & Sons D16 Deepot cone-tainers) with 10
seeds, watered, and monitored daily for evidence of seedling emergence. Once a seedling
was found in a container the date was recorded and any subsequent seedlings were
removed from the container. Because of seedling mortality, the final numbers of replicate
containers were n = 11 for E. terracina and n = 33 for S. leucophylla. To protect all seeds
and seedlings from predation during the duration of this experiment, the containers were
positioned on a table (height 1 m) with the perimeter coated with a Tree Tanglefoot Pest
Barrier (Contech Incorporated). In addition, a 0.64 cm mesh hardware cloth exclosure (91
x 117 x 30 cm) was installed above the pots. In July 2012 all plants were measured for
height, shortest and longest internode lengths, number of leaf nodes, length and width of
largest leaf. Two sample t-tests were conducted to compare these characteristics in E.
terracina and S. leucophylla.
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RESULTS
Field Experiment
Seedling emergence
The presence of the cage top substantially increased the emergence of both E.
terracina and S. leucophylla (Figure 6). However, it was not just one single factor
(closed/open cage top, amount of shrub canopy, or presence/ absence of leaf litter) that
had a significant effect on the emergence of Euphorbia terracina at Solstice and Zuma
Canyons. There was strong evidence that the effect of cage type on emergence of E.
terracina seedlings depended on leaf litter addition (three-way ANOVA, cage x litter
interaction, P<0.0001 for both sites; Tables 3 and 4). In the closed-top cage plots with
addition of leaf litter, there was a significantly higher percentage of seedlings to emerge
than in the plots in which no litter was added (Tukey HSD, P < 0.0001; Figures 7 and 8).
At the Solstice Canyon site, the litter addition treatments to the closed-top cage plots had
twelve times as many E. terracina seedlings emerge than in all other closed-top cage
treatment combinations (13 - 23% versus 1 - 2%; Figure 8). Zuma Canyon plots with this
same treatment combination showed the same pattern but with smaller differences. The
litter addition treatments at Zuma were associated with seedling emergence levels that
were three times greater than the other treatments (Figure 7). However, within all closedtop cages (independent of litter treatment) only 1 - 2% of the E. terracina seeds
germinated. Emergence within the open-top cage treatment combinations at both sites
was also extremely low (0.1 – 0.5%).
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Similar to E. terracina, no single factor had a significant effect on the emergence
of S. leucophylla. However, there was evidence that the lack of shrub canopy cover
enhanced S. leucophylla seedling emergence at the Solstice Canyon site. Significant cage
x canopy interactions affected the percentage of seedlings that emerged (three-way
ANOVA, P = 0.0078; Table 5). In the closed-top cage treatments, the plots lacking
overhead shrub canopy had almost twice as many seedlings as plots with overhead
canopy (Tukey HSD, P < 0.0001, Figure 9). In addition, as with E. terracina, the
proportion of S. leucophylla seeds that emerged in the closed-top cages was somewhat
higher than in the open-top cages (2 – 4% and 0.1 – 0.4%, respectively). At Zuma
Canyon a total of 16 S. Leucophylla seedlings emerged in the 238 plots. Due to this low
germination rate the data for this species at this site were not analyzed.
Both species had similar levels of seedling emergence at Solstice Canyon (1.4 –
2.6 %) in all treatment combinations except for one. In the plots with closed-top cages
and litter added, E. terracina had significantly greater levels of emergence than S.
leucophylla, as evidenced by seedling emergence in the two canopy treatments. In the
plots from which the canopy had been removed, 23% of the E. terracina seeds versus 4%
of the S. leucophylla seeds produced seedlings (two-sample t-test, t = 3.428, df = 54, P =
0.001; Figure 10). In the plots with intact canopies 13% of the E. terracina seeds versus
2% of the S. leucophylla seeds produced seedlings (two sample t-test, t = 4.289, df = 64,
P < 0.001; Figure 10). Because of the numbers of each seeds sown of these species
differed, approximately 3 times as many S. leucophylla seeds than E. terracina seeds, this
translated into twice the number of E. terracina seedlings than S. leucophylla seedlings
emerged under both the removed and intact canopies when litter was present (6.44 vs. 3.4
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and 3.64 vs. 1.7, respectively). There was no significant difference in the proportion of
seedlings when litter was absent from the treatment plots (two-sample t-test, P > 0.05).
Seedling Height
For both species, the factors that promoted increased seedling height were quite
different from the factors associated with seedling emergence. At Solstice Canyon, the
presence of a shrub canopy significantly affected E. terracina height (three-way ANOVA
T x C x L, P = 0.027; Table 6), while litter significantly affected S. leucophylla height
(three-way ANOVA T x C x L, P = 0.010; Table 7). Specifically, at Solstice Canyon the
treatment plots with intact overhead canopies produced taller E. terracina seedlings
(Tukey HSD, P = 0.01, Figure 11) whereas the attribute promoting increased S.
leucophylla height was leaf litter (Tukey HSD, P = 0.002, Figure 12; Table 8). The
native seedlings that emerged in the presence of litter grew 76.7 % taller (mean height
1.06 cm) than seedlings in plots without litter (mean height 0.60 cm).
At Zuma Canyon canopy also had a significant effect on E. terracina seedling
height. Analysis of this main effect showed that seedlings in plots with light and
moderate levels of canopy cover were the tallest. Moreover, there was no height
difference between E. terracina in the light or moderate canopy treatments at this site
(one-way ANOVA, P = 0.003; Tukey HSD, P = 0.770; Table 7). However, they were
significantly taller than the plants grown in the dense canopy cover plots (Tukey HSD, P
< 0.05, Figure 12). In addition, at the end of the study, there was a statistically significant
difference in E. terracina height when plants at the two sites were compared (two-sample
t-test, P < 0.001; t = 5.442, df = 384). The Solstice Canyon seedlings were 1.6 times taller
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than those growing at Zuma Canyon (2.9 cm versus 2.5 cm, respectively). This was
probably because the Zuma Canyon seedlings did not emerge until the onset of the
second year of study and had considerably less opportunity for growth compared with the
Solstice Canyon seedlings which emerged the first year and had been growing for 2 years
when the study ended. Similar to the Zuma Canyon seedling emergence data, S.
Leucophylla height data were not analyzed due to low germination rate.
Biomass
E. terracina seedling biomasses were not affected by any of the experimental
treatment combinations at either Solstice Canyon or Zuma Canyon (three-way ANOVA,
P = 0.098 – 0.790, Table 9). The grand mean was 33 - 40% lower at Zuma Canyon than
it was at Solstice Canyon (0.004 – 0.05 g versus 0.01 – 0.15 g, respectively). In contrast,
treatment effects on S. leucophylla seedling biomasses did differ significantly at Solstice
Canyon (two-way ANOVA, P = 0.001, Figure 14, Table 10). More specifically, the plots
without canopy cover produced 3.5 times greater biomass than plots with canopy cover.
Similar to the Zuma Canyon seedling emergence and height data, S. Leucophylla biomass
data were not analyzed due to low germination rate.
Growth Rate Comparison Study
Euphorbia terracina and Salvia leucophylla displayed distinctly different growth
forms. The E. terracina seedlings were 459% taller (two-sample t-test, P < 0.001, t =
23.473, df = 42) and produced 121% more nodes at which leaves and branches could
develop than did the S. leucophylla seedlings (two sample t-test, P < 0.001, t = 21.253, df
= 42,Table 11). Conversely, S. leucophylla produced 134% longer (two-sample t-test, P =
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0.002, t = -3.256, df = 42) and 241% wider leaves (two-sample t-test, P < 0.001, t = 6.740, df = 42) than did E. terracina (Table 9). The only measurements that did not differ
significantly between the two species were the lengths of the shortest internodes (two
sample t-tests, P = 0.176 , t = -1.376, df = 42) and lengths of the longest internodes (two
sample t-tests, P = 0.096, t = 1.70, df = 42).
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DISCUSSION
Field Experiment
Seedling emergence
This study showed that most Euphorbia terracina and Salvia leucophylla seeds do
not germinate in place. Rather, seeds frequently disappear, most likely taken by
predators, as shown in Figure 6 by the low percentage of seedling emergence of both
species in the no cage top treatments (-T). Predation of the magnitude observed in this
study must dramatically limit emergence of both invasive Euphorbia terracina and native
Salvia leucophylla and strongly influence the species composition of coastal sage scrub.
Despite the disappearance of so many seeds, E. terracina is a remarkably effective
invader. For example, prior to abatement efforts it covered 80-90% of the ground in
some areas of Solstice and Zuma Canyons (Personal Observation).
Once seeds are introduced to a site, they have four possible fates. They may (1)
germinate soon after and become part of the extant vegetation, (2) become incorporated
into the buried seedbank, or (3) animals may consume or (4) secondarily disperse them to
suitable germination microsites (VanderWall et al 2005). This study was most focused on
the first of these fates, seedling emergence and survivorship, and did not differentiate
between the reasons why seedlings did not emerge. So, it is possible that some seeds
remained dormant but viable in the soil. However, the significant differences in seedling
emergence and survivorship between the open-top cages and the predator excluding
closed-top cages demonstrated that predation, rather then dormancy, was likely to be a
major reason why seedlings were absent from the plots into which seeds had been sown.
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My surveys were not done frequently enough to determine whether it was seeds
or newly emerged germinants that were actually consumed. Nevertheless, it was clear
that high levels of predation occurred at the earliest stage of these species’ life cycles.
Other studies in Mediterranean-type ecosystems have also shown that both seed and
seedling predation are important factors that directly affect plant species abundances and
distributions (Bartholomew 1970, Louda 1982, DeSimone and Zedler 1999, Boulay et al.
2009, Strauss et al. 2009). For example, Bartholomew (1970) showed that animal
activity, including seed predation and herbivory accounted for the maintenance of plant
distributions and abundances in zones bordering grasslands and coastal sage scrub
habitats. He found that seed removal by small mammals and birds from feeding stations
beneath shrubs was a common occurrence (86% in coastal sage scrub versus 12% in
shrubless grasslands). He found that small mammals controlled the understory
composition of coastal sage scrub by preferentially consuming herbaceous species rather
than co-occurring shrub species. These results were further supported by DeSimone and
Zedler (1999) who interpreted increased levels of shrub seedling germination and
survival in naturally occurring coastal scrub gaps to be direct results of small mammal
consumption of herbaceous species. That study also found that small mammals consumed
more seed of two common species, deerweed (Acmispon glaber) and white sage (Salvia
apiana), within the coastal sage scrub when compared to adjacent grassland habitat
(approximately 70 - 80% versus < 5%, respectively). In addition, nocturnal generalist
insect predators consume large proportions of seeds produced by certain species (Louda
1982) and seedlings of all palatable species (Strauss et al 2009).
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Some seeds that disappeared from the plots may not have actually been subject to
direct consumption but instead were secondarily dispersed to other locations by
granivores. Although it was not feasible to mark these small seeds and then track their
secondary movements in the spatially complex coastal sage scrub of Solstice and Zuma
Canyons, I observed hundreds of E. terracina seedlings in what appeared to be animal
caches. If large numbers of these cached seeds escape predation and germinate, it may
explain, in part, why the invasion of E. terracina has been so successful within coastal
sage scrub. Similar caches were not evident for S. leucophylla. The importance of cache
sites to successful germination and establishment of several species is well known
(Jensen 1985, Estrada and Coates-Estrada 1991, Schiffman 1994, VanderWall et al. 2001,
Galetti et al 2010). The favorable conditions present within the cache sites (e.g. light,
moisture and temperature) and the depth that the seeds are buried can be conducive for
germination (Wenny and Levey 1998, Haas and Heske 2005). However, animal caching
has been found to negatively affect emergence of some species (Zhang et. al. 2013). It is
possible that the microenvironmental conditions within cache sites are particularly
conducive to the emergence of invasive E. terracina rather than native S. leucophylla.
The high levels of seed removal and/or predation observed in this study could
have been associated with the time of year that seeds were sown. Seeds were placed in
the field plots during the late winter-early spring in order to ensure exposure to sufficient
moisture for germination and seedling establishment. However, Doust (2011) suggested
that direct seeding should be timed to coincide with period of maximum fruit production
to reduce seed removal by predators. For both E. terracina and S. leucophylla that would
have been during the early summer months. By sowing seeds for this experiment several
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months later, I may have inadvertently provided a food resource to animals in the
ecosystem at a time when seed availability tends to be low (after most seeds produced
during the previous spring and summer had been consumed or incorporated into the soil
seed bank where they would be much less detectable). During my field surveys fruit
production of E. terracina at both sites averaged 1428 fruits per adult plant (personal
observation). The increased emergence of E. terracina when seed predation may have
been the highest can be explained by prolific fruit production, a strategy employed by
many plant species to overcome high levels of seed predation (Ganesh and Davidar 2005,
Gurevitch et al. 2006b).
Furthermore, the emergence of seedlings of these species was not significantly
affected by predator exclusion alone. They differed in how the combination of predator
exclusion and the presence of leaf litter affected them. Euphorbia terracina seedling
emergence was enhanced by these two factors but the same was not true for S.
leucophylla. Even though the E. terracina plants at Zuma Canyon did not begin to
emerge until the start of the second growing season (January 2012), the positive effect of
predator exclusion and presence of litter on seedling emergence was consistent at both
sites. The positive effect of leaf litter on E. terracina emergence corroborated casual field
observations that I made over 4 additional years at Solstice Canyon, where it was
common to find E. terracina seedlings growing in thick leaf litter mats.
An explanatory mechanism for the different responses of E. terracina and S.
leucophylla seedlings is unclear. It seems likely that the presence of a litter layer reduces
temperature levels at the soil surface and slows moisture loss. The microsite conditions
that were created particularly promoted E. terracina seedling establishment and invasion
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success (Facelli and Pickett 1991, Xiong and Nilsson 1999, Ehrenfeld 2003, Adair et al
2008). Adair et al. (2008) found that the successful germination of invasive cheat grass
(Bromus tectorum) relied upon the decreased soil temperatures and evaporation rates
produced by litter cover. Because E. terracina was not significantly affected by the
presence or absence of shrub canopy, the temperature, moisture, and nutrient conditions
created by the presence of an insulating layer of decomposing leaf litter were the factors
that apparently promoted E. terracina seedlings, rather than reduced light levels due to
shading of the ground by leaf litter (Facelli and Pickett 1991, van der Putten 1997, Xiong
and Nilsson 1999, Sardens and Penuelas 2013).
While the combination of predator exclusion and absence of shrub canopy had no
effect on E. terracina, they had a large positive effect on native S. leucophylla
emergence. In chaparral and coastal sage scrub, the establishment of native seedlings is
thought to benefit from the greater light availability and warmer temperatures that
typically exist within gaps in the vegetation canopy (Keeley 1991, DeSimone and Zedler
1999, De Simone and Zedler 2001, Fleming et al. 2009). DeSimone and Zedler (1999,
2001) found that a proportionally greater number of seedlings emerged in the gaps
between parent shrubs than beneath their shade-producing canopies. The same
phenomenon was observed in my study when twice as many S. leucophylla seedlings
emerged in the absence of canopy cover versus when the shrub canopy was intact.
Fleming et al. (2009) hypothesized that the lack of canopy of gaps that are free of nonnative species is the reason for shrub and annual herbaceous species losses. Because S.
leucophylla was not significantly affected by the absence or presence of litter, the factors
associated with canopy gaps that promoted seedling emergence was most likely increased
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light and warmer temperatures rather than increased soil moisture and nutrients or cooler
soil surface temperatures.
Seedling Height
The basis for the greater height of E. terracina seedlings in light to moderate
levels of overhead canopy cover at Zuma Canyon was probably due to the increased
structural biomass (stems) produced in conditions of somewhat inconsistent light
availability (Riordan et al. 2008). However, at Solstice Canyon E. terracina seedlings
that grew in the treatments with the highest light conditions (no intact overhead canopy)
were shorter in stature than those growing beneath a closed canopy. This variation in
stature were consistent with patterns that have been observed for other plant species
grown in differing light environments (Gurevitch et al. 2006a). Intact coastal sage scrub
is characterized by patchy canopies with an understory of herbaceous plants (Carrington
and Keeley 1999, Dixon 2003). Riordan et al (2008) suggested that the phenotypic
plasticity of E. terracina in both biomass production and specific leaf area (cm2 mg-1)
facilitated its invasion of multiple habitat types, including a range of coastal sage scrub
microsites. My findings also indicate that, in caged plots where herbivory did not occur,
E. terracina seedlings grew larger. Although the lack of herbivory probably does not
accurately reflect real life environmental conditions, it suggests that E. terracina has the
capacity to grow tall when the opportunities arise and this may enable it to successfully
withstand competition from co-occurring plants.
In the coastal sage scrub environment, the increased height response of S.
leucophylla in the litter addition treatments was likely in response to higher levels of soil
moisture and nutrients that occur beneath leaf litter (Facelli and Pickett 1991, Talluto et
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al. 2006, Adair et al. 2008, Sardans and Peñuelas 2013). In Mediterranean-type climates,
plants are adapted to conditions of prolonged low soil moisture and relatively low
nutrient availability. As a result growth of many of these plants is tightly linked to
seasonal fluctuations in soil resources (Gray 1983, D’Antonio and Mahall 1991, Sardans
and Peñuelas 2013). For example, when water is abundant, S. leucophylla responds with
increased growth and as water becomes scarce it ceases growth and loses it leaves (Gray
1981, Gray 1983, Rundel 2007). The growth of S. leucophylla is tied so closely to the
availability of environmental moisture that the production of leaves and twig elongation
begins with the onset of winter rains and the abscission of leaves begins at the onset of
summer drought (Rundel 2007). The strong influence that moisture has on coastal sage
scrub species has also been illustrated by DeSimone and Zedler (1999) who found that
significantly more coastal sage scrub seedlings emerged during a heavy rainfall year
(mean = 300 seedlings/m2; 80.8 cm total rain) compared to a dry year (2 seedlings/m2;
28.8 cm rain).
Biomass
None of the experimental treatment or combination of treatments had a significant
affect on the total biomass of E. terracina plants. Based on previous research I would
expect that the different levels of canopy cover would produce greater differences in
growth responses. Riordan et al (2008) found that overall biomass production in
established E. terracina growing in high light versus low light sites varied tremendously
(high light: 324.2 ± 71.8 g m-2 and low light: 118.8 ± 43.1 g m-2). The lack of response,
in my study indicates that, particularly in the earliest stages of plant establishment, that
there is no advantage to increased biomass production in the presence or absence of both
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canopy and litter (Xiong and Nilsson 1999, Gurevitch et al 2006a, Palacio-Lopez and
Gianoli 2011). This conclusion is corroborated by a meta-analysis of 35 independently
published studies by Xiong and Nilsson (1999), which showed that the presence of litter
had a significant influence on seedling emergence but not on later stages of growth.
In S. leucophylla, the lack of overhead canopy was conducive to the accumulation
of biomass as well as seedling emergence. Biomass production has often been attributed
to high light availability (Riordan et al. 2008) and the persistence of coastal sage scrub
species has often been attributed, in part, to light availability (Gray 1983a, McPherson
and Muller 1967, DeSimone and Zedler 1999). McPherson and Muller (1967) found that
in areas of the Santa Monica Mountains where chaparral and coastal sage scrub converge,
the presence of dead S. leucophylla plants under the canopies of taller chaparral species
was due to light competition. This and the fact that coastal sage scrub seedlings are found
most abundantly in canopy gaps indicate that S. leucophylla occurrence is strongly
dependent upon on light availability (DeSimone and Zedler 1999).
Growth Rate Comparison Study
The relationship between S. leucophylla seedlings and sunlight observed in the
field experiment was supported by the three-fold more S. leucophylla seedlings than E.
terracina seedlings that emerged in the growth rate comparison study. The growing
conditions (unfiltered light and no leaf litter) for the growth rate comparison study were
clearly more conducive to S. leucophylla seedling establishment. Interestingly, McAlpine
et al. (2008) compared the effect of light availability on both native and invasive plant
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species and found that the emergence rates of the natives were highest in sites with high
light availability, while emergence of the invasive was highest in shadier sites.
However, the greater amount of vertical growth of E. terracina in the growth rate
comparison experiment compared to S. leucophylla may be indicative of its ability to be a
successful competitor (McAlpine et al. 2008) in coastal sage scrub. However, S.
leucophylla produced considerably longer (134%) and wider (241%) leaves than E.
terracina. The production of leaves with large surface areas is a strategy that allows for
rapid resource uptake of sunlight (Ehrenfeld 2003).
Management Implications
The presence of limiting unconsumed resources within a community influences
the ability of both native and invading species to establish (Burke and Grime 1996,
Tilman 2004, Fleming et al. 2009). For coastal sage scrub species, such as S. leucophylla,
the limiting resources are the increased availability of light within canopy gaps and the
increased soil moisture available during seasonal rain events (Gray 1983a, DeSimone and
Zedler 1999 and Talluto et al. 2006). Upon introduction into intact coastal sage scrub, the
rapid growth, prolific seed production, and plasticity of E. terracina has enabled the
establishment of large monospecific stands to establish altering the abundance and
distribution of coastal sage scrub along the coastal regions of southern California,
western Australia, and southern Australia (Bettink 2009). To ensure control measures
within these areas are long-term, it is crucial that the limiting resources that enable E.
terracina establishment are depleted and those that promote S. leucophylla germination
and survival remain abundant.
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S. leucophylla, accumulate copious amounts of leaf litter beneath their canopies
(Gray 1981). This condition, coupled with this community’s patchy spatial distribution
has produced an environment that is conducive for invasive E. terracina establishment.
This means that, E. terracina cannot be controlled through the addition of leaf litter
mulch, a common practice used to decrease the emergence of other weed species (Facelli
and Pickett 1991). Instead, dense plantings of native shrub species that will increase
canopy cover is likely to be a better option (Talluto et al. 2006). The increased ground
level shading produced by a more continuous shrub canopy may be enough to deter the
growth of this invader. This may be an imperfect solution because a greater canopy will
also, unavoidably, produce more leaf litter and this in turn will create conditions that
facilitate E. terracina recruitment. My findings also indicate that canopy gaps should be
prioritized for weed treatment (hand pulling or very focused herbicide application) since
these microhabitats are key regeneration environments for S. leucophylla and possibly
other important native shrubs.
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FIGURES

Figure 1. Solstice Canyon coastal sage scrub vegetation where plots were established.

Figure 2. Zuma Canyon coastal sage scrub vegetation where plots were established.
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Figure 3. Example of closed top (left) and open top (right) cage design.

Figure 4. Example of overhead canopy cover treatments at Zuma Canyon site.
From left to right: light canopy (LC 10 – 39%), moderate canopy, (MC 40 – 64%), and
dense canopy (DC, 65 – 80%).
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Figure 5. Example of the treatment design inside all cages within each plot. The
side of cage that was assigned the litter addition (+L) and the no litter addition (-L)
subplots, along with the location of the sown species, S.leucophylla (SALE) and E.
terracina (EUTE), were randomized and, therefore, sometimes varied from this precise
arrangement.
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Figure 6. Effects of cage top (± T), canopy (± C), and litter (± L) on the percentage of E.
terracina and S. leucophylla seedling emergence (number of seedlings/number of seeds
sown; ± SE) at Solstice Canyon.

b

b
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a
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Figure 7. Effect of canopy (LC = light canopy, MC = moderate canopy, and DC = dense
canopy), and litter (± L) on the percentage of E. terracina seedling emergence (number of
seedlings/number of seeds sown; ± SE) at Zuma Canyon. Different letters above bars
indicated significant differences between treatments (α = 0.05, Tukey HSD). Although
included in the statistical analysis, treatments with less than 1% of seed germinated were
omitted from this graph.
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Figure 8. Effects of canopy (± C), and litter (± L) on the percentage of E. terracina
seedling emergence (number of seedlings/number of seeds sown; ± SE) at Solstice
Canyon. Different letters above bars indicated significant differences between treatments
(α = 0.05, Tukey HSD). Although included in the statistical analysis, treatments with less
than 1% of seed germinated were omitted from this graph.
a
a
b
b

Figure 9. Effects of canopy (± C), and litter (± L) on the mean percentage of S.
leucophylla seedling emergence (number of seedlings/number of seeds sown; ± SE) at
Solstice Canyon. Different letters above bars indicated significant differences between
treatments (α = 0.05, Tukey HSD). Although included in the statistical analysis,
treatments with less than 1% of seed germinated were omitted from this graph.
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***

Figure 10. Differences in the mean percentages of E. terracina (blue bars) and S.
leucophylla (red bars) seedlings that emerged (± SE) at Solstice Canyon. ** Indicates P <
0.001 and *** indicates P < 0.0001 (two-sample t-test). Although included in the
statistical analysis, treatments with less than 1% of seed germinated were omitted from
this graph.

b
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n = 178

n = 123

Figure 11. Effects of canopy (± C) in the litter addition treatments (+L) on seedling
height (± SE) of E. terracina at Solstice Canyon. Different letters above bars indicated
significant differences between treatments (α = 0.05, Tukey HSD). Although included in
the statistical analysis, treatment combinations with n < 20 were omitted from this graph.
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n = 44

n = 62

n = 33

Figure 12. Effects of canopy (LC = light canopy, MC = moderate canopy, and DC =
dense canopy) in the litter addition treatments (+ L) on seedling height (± SE) of E.
terracina at Zuma Canyon. Different letters above bars indicated significant differences
between treatments (α = 0.05, Tukey HSD). Treatment combinations with n < 15 were
omitted from this graph and statistical analysis due to loss of degrees of freedom in the
interactive effects.
a
a
b

n = 95

b

n = 64

n = 57

n = 44

Figure 13. Effects of canopy (± C), and litter (± L) on seedling height (± SE) of S.
leucophylla at Solstice Canyon. Different letters above bars indicated significant
differences between treatments (α = 0.05, Tukey HSD). Although included in the
statistical analysis, treatments with n < 20 were omitted from this graph.
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Figure 14. Effects of canopy (± C), and litter (± L) on mean biomass (± SE) of S.
leucophylla at end of experiment at Solstice Canyon. Different letters above bars
indicated significant differences between treatments (α = 0.05, Tukey HSD). Although
included in the statistical analysis, treatments with n < 8 at end of the experiment were
omitted from the graph.

Table 1. Distribution of treatments among plots at Solstice Canyon site
+C
Canopy

N = 65

+T
Closed-top Cage
-T
Open-top Cage

-C
No Canopy

N = 57

+T
Closed-top Cage
-T
Open-top Cage

TOTAL

122

N = 32

N = 28

N = 29
122
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N = 33

+L
Litter
-L
No Litter
L
Litter
-L
No Litter
+L
Litter
-L
No Litter
+L
Litter
-L
No Litter

N = 33
N = 33
N = 32
N = 32
N = 28
N = 28
N = 29
N = 29
244

Table 2. Distribution of treatments among plots at Zuma Canyon site
LC
+T
+L
Light Canopy
N = 79 Closed-top Cage N = 40
Litter
(10-39%)
-L
No Litter
-T
+L
Open-top Cage
N = 39
Litter
MC
-L
Moderate Canopy N = 79
No Litter
(40 – 64%)
+T
+L
Closed-top Cage N = 39
Litter
-L
No Litter
DC
-T
N = 40
+L
Dense Canopy
Open-top Cage
Litter
(65 – 80%)
-L
No Litter
TOTAL
238
238

N = 40
N = 40
N = 39
N = 39
N = 39
N = 39
N = 40
N = 40
476

Table 3. The effects of treatments (cage top = T, canopy = C, litter = L) and their
interactions (denoted by “×”) on the dependent variable, percentage of E. terracina
seedlings that emerged, at Zuma Canyon.
Source
df
MS
F
P
Cage Top (T)
1
10.8183
83.1843
< 0.0001
Canopy (C)
2
0.0282
0.2165
0.8054
Litter (L)
1
6.2348
47.9411
< 0.0001
TxC
2
0.0464
0.3569
0.7001
TxL
1
3.4637
26.6332
< 0.0001
CxL
2
0.0256
0.1971
0.8212
TxCxL
2
0.1119
0.8604
0.4237
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Table 4. The effects of treatments (cage top = T, canopy = C, litter = L) and their
interactions (denoted by “×”) on the dependent variable, percentage of E. terracina
seedlings that emerged, at Solstice Canyon.
Source
df
MS
F
P
Cage Top (T)
1
418.8978 42.4407
< 0.0001
Canopy (C)
1
24.8000
2.5126
0.1143
Litter (L)
1
330.8683 33.5220
< 0.0001
TxC
1
25.2622
2.5594
0.1110
TxL
1
316.8160 32.0983
< 0.0001
CxL
1
28.2692
2.8641
0.0919
TxCxL
1
26.7282
2.7080
0.1012
Table 5. The effects of treatments (cage top = T, canopy = C, litter = L) and their
interactions (denoted by “×”) on the dependent variable, percentage of S. leucophylla
seedlings that emerged, at Solstice Canyon.
Source
df
MS
F
P
Cage Top (T)
1
236.8015 55.8555
< 0.0001
Canopy (C)
1
23.9383
5.6464
0.0183
Litter (L)
1
5.2599
1.2407
0.2665
TxC
1
30.4974
7.1936
0.0078
TxL
1
16.3896
3.8659
0.0505
CxL
1
2.6307
0.6205
0.4317
TxCxL
1
0.8870
0.2092
0.6478
Table 6. The effects of treatments (cage top = T, canopy = C, litter = L) and their
interactions (denoted by “×”) on the dependent variable, E. terracina seedling height, at
Solstice Canyon.
Source
df
MS
F
P
Cage Top (T)
1
231.70784 11.03665
0.00099
Canopy (C)
1
103.50140 4.92995
0.02706
Litter (L)
1
28.81903 1.37270
0.24218
TxC
1
6.53645
0.30961
0.57829
TxL
1
0.31520
0.01493
0.90282
CxL
1
12.49889 0.59203
0.44218
TxCxL
1
6.12453
0.28948
0.59092
Table 7. The effects of treatments (cage top = T, canopy = C, litter = L) and their
interactions (denoted by “×”) on the dependent variable, E. terracina seedling height at
Zuma Canyon.
Source
df
MS
F
P
Canopy (C)
2
4.15911
6.06960
0.00299
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Table 8. The effects of treatments (cage top = T, canopy = C, litter = L) and their
interactions (denoted by “×”) on the dependent variable S. leucophylla seedling height, at
Solstice Canyon.
Source
df
MS
F
P
Cage Top (T)
1
0.03656
0.11972
0.72959
Canopy (C)
1
0.06036
0.19764
0.65698
Litter (L)
1
2.96951
9.72387
0.00201
TxC
1
0.13932
0.46096
0.49775
TxL
1
0.92821
3.07117
0.08081
CxL
1
0.37060
1.22620
0.26911
TxCxL
1
0.12735
0.42046
0.51725
Table 9. The effects of treatments (cage top = T, canopy = C, litter = L) and their
interactions (denoted by “×”) on the dependent variable E. terracina biomass, at Solstice
Canyon.
Source
df
MS
F
P
Cage Top (T)
1
0.0103
0.5752
0.4522
Canopy (C)
1
0.0514
2.8626
0.0978
Litter (L)
1
0.0278
1.5449
0.2205
TxC
1
0.0087
0.4626
0.5002
TxL
1
0.0014
0.0720
0.7898
CxL
1
0.0073
0.3915
0.5350
TxCxL
1
0.0040
0.2101
0.6487
Table 10. The effects of treatments (cage top = T, canopy = C, litter = L) and their
interactions (denoted by “×”) on the dependent variable, S. leucophylla biomass, at
Solstice Canyon.
Source
df
MS
F
P
Canopy (C)
1
0.0232
14.6803
0.0005
Litter (L)
1
0.0003
0.1599
0.6917
CxL
1
0.0009
0.5483
0.4638
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Table 11. Mean (± SE) for vegetative traits measured for the growth rate comparison
study. P-values refer to 2-sample t-tests.
Trait
Euphorbia terracina Salvia leucophylla
P-values
(n = 11)
(n = 33)
Height (cm)
28.22 (1.54)
6.15 (0.21)
< 0.0001
Number of nodes (n)
1.59 (0.20)
1.31 (0.07)
< 0.0001
Length shortest
0.35 (0.04)
0.42 (0.03)
0.176
internode (cm)
Length longest
40.36 (1.89)
11.85 (0.45)
0.096
internode (cm)
Length largest leaf
2.07 (0.15)
2.78 (0.11)
0.002
(cm)
Width largest leaf
0.46 (0.04)
1.11 (0.05)
< 0.0001
(cm)
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