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Thesis Abstract

The Mexican fan palm (Washingtonia robusta) is a non-native plant species
which commonly grows in riparian communities throughout Southern California, but
there is no documentation of the extent of its range or quantification of its specific
impacts on biodiversity. Invasive plants are one of the leading causes of endangered
species and riparian plant communities are critical for the recovery of these species.
Mexican fan palms are common ornamental plants in this region so there is a
continuous source of seed, but it is unknown how much of the spread of this species
is due to increased plantings as opposed to natural recruitment of established trees.
Additionally, runoff from storm drains may have altered hydrological conditions to
the point that small tributaries that were previously too dry are now able to support
palms. This study documents the extent of the Mexican fan palm's range in portions
of the San Luis Rey River and Carlsbad watersheds and measures its impact on soil
temperature and light availability. At both study sites, Mexican fan palms were more
frequent within 100 m of the seed and freshwater source and able to survive 800 m
away. Streams of all orders have the potential for invasion by Mexican fan palms if
there is a direct source of freshwater and seed. Streams of lower order are at greater
risk than higher order streams. Mexican fan palms impact the microclimate in
riparian areas because they are more effective shaders and produce cooler soil
temperatures and have less light available under their canopy than one native species,
Quercus agrifolia.

Keywords: Washingtonia robusta, invasive species, Southern California wetlands
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Introduction
Importance of Native Riparian Plant Communities in Southern California
Wetlands and riparian areas are considered valuable ecosystems because they
encompass a variety of ecological processes, environmental gradients and diverse
plant communities (Naiman 1993). Estimates indicate that historically 90% of
wetlands and riparian areas throughout California have been lost due to
development, agriculture, flood-control and other human impacts (Bell 1993). The
remaining riparian areas in San Diego County support populations of threatened and
endangered species including the Least Bell's Vireo (Vireo bellii pusillus), the
Southwestern Willow Flycatcher (Empidonax traillii eximus), and the arroyo toad

(Bufo californicus) (California Natural Diversity Database 2005). One of the leading
causes for listing species as being endangered is loss of habitat due to expanding
invasive species, second only to loss of habitat due to conversion to anthropogenic
land uses (Wilson 1989, Scott and Wilcove 1998). Bowler (1989) estimated that
35% of southern California's endangered species depend on riparian areas. In
addition to many endangered species, a large number of breeding and non-breeding
birds also depend on these southern California riparian communities. For example,
Zembal (1990) identified 221 species of birds along the Santa Margarita River, 97 of
which are associated with riparian habitats and 53 occurred in both riparian and
upland habitats. Preserving and protecting our remaining riparian habitats are of
paramount importance to maintaining biodiversity (Rappole 1995). However, in
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order to protect and restore our remaining riparian habitats, it is necessary to
understand and quantify the threats facing these areas.
Quantifying the Impact of Invasive Plants on Riparian Plant Communities
This study focuses on the indirect anthropogenic impact on riparian plant
communities of a common ornamental plant that threatens to become an invasive
non-native species. Cronk and Fuller (1995) define an invasive plant species as an
alien plant that spreads in natural habitats without direct assistance of people, and
which changes the composition, structure, or natural processes found in those
habitats. The sources of invasive plants can vary. Some invasive plants are
deliberately planted in ornamental landscapes, then spread via seeds or fragments
and establish in natural areas where they continue to grow and reproduce without
cultivation, such as iceplant (Carpobrotus edulis) and pampas grass (Cortaderia
selloana) (Bossard 2000). In the case of iceplant and pampas grass, control efforts
are greatly hindered by the continued introduction of these species by horticultural
plantings (Albert 2000, DiTomaso 2000). Other sources are usually accidental and
include agriculture, contamination, seed, and international trade and travel (Bossard
2000). For example, Ricinus communis (Castor Bean) was cultivated as a crop for
producing castor oil but has escaped and spread throughout natural areas in
California. Cirsium arvense (Canada thistle) was a contaminant in crop seed, and
Egeria densa (Brazilian waterweed) was most likely introduced by boats. Another
example of an accidental introduction is pepperweed (Lepidium latifolium) that
spread from contaminated hay into adjacent natural areas (Howald 2000).

5
Identifying the source of an invasive plant and its dependence on a continually
replenished source of propagules is important in controlling its spread. Whereas
control may be achievable without discontinuing horticultural plantings, eradication
is probably not possible as long as horticultural plantings provide a perpetual source
of seeds or plant fragments. Eliminating the source of invasive plants is difficult
when they are widely used in landscaping because it often deleteriously impacts the
business of plant nurseries and landscapers. Control is typically the only available
management option for invasive plants of horticultural origin.
In southern California, giant reed (Arundo donax) and tamarisk (Tamarix
spp.) are the most widely distributed invasive plants in riparian ecosystems
according to mapping data compiled by Neill and Giessow (2004). These plants are
not currently important to the horticulture or agriculture industry but were
intentionally introduced historically for various reasons. Impacts of tamarisk include
altered hydrology, increased water consumption, higher soil salinity, and increased
and unnatural flooding (Anderson 1996). Arundo has been documented to displace
native plants and offers little habitat for wildlife (Bell 1998). Because these plants
have been identified as serious ecological invaders in riparian ecosystems, many
restoration projects in southern California have received funding to remove these
plants and restore hundreds of acres of affected wetlands. These projects have
several goals including restoring water quality, controlling flooding, and recovering
endangered species. Eradication of invasive species like tamarisk or Arundo is often
impossible as they occupy thousands of acres, and short of complete eradication, the
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species will continue to re-establish. However, once an invasive species has spread
beyond tens of acres, eradication is often too expensive or too destructive to be
practical, and prevention or containment of a new invasive species can be of greater
long- term conservation benefit than controlling an already widespread pest (Bossard
et. al 2000). While preventing establishment of new invasive species is a high
priority for most land managers, there is currently no funding for surveying and
monitoring to detect new invaders.
Like Arundo and tamarisk, Washingtonia robusta (Mexican fan palm), has
been observed to grow in every watershed in San Diego County (pers. obs.,
Consortium of California Herbaria), but its distribution and impacts are unknown. It
is also not certain when this plant first established in this region, but it is likely that
these palms first starting growing in open spaces in the late 1970's. Aerial
photographs from the 1960's and 1970' s from two natural areas in north San Diego
County show that development started in the 1970's, and at that time there were no
W. robusta present, but both areas currently have populations of W. robusta. Due to

the current size and abundance of W. robusta in the surrounding development, they
were likely planted in the landscaping sometime in the late 1970's. Current
management prescriptions call for removal of non-native palms from natural areas
when possible, but it is common practice in most habitat restoration projects to
prioritize the removal of highly invasive species like Arundo and tamarisk, and then
if funds remain, other invasive species like palms are removed (Giessow, pers. com.
2006). It is unlikely that commercial nurseries will stop propagating and selling this
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plant, but restrictions could be placed on its use in landscaping if its spread and
impacts on riparian communities were documented. Outreach efforts to the nursery
industry could also be more effective with scientific documentation.
Measuring impacts of invasive species is important in order to explain the
relationship between human activity and the loss of biodiversity (Wilcove 1998).
Quantitative studies on the impacts of invasive species give land managers some of
the answers needed to receive funding and public support for plant removal projects.
However, there are few scientific studies documenting the threats of invasive species
and their impacts on native species (Wilcove 1988, Parker et. al. 1999). For
example, Cross (1982) showed that shade from Rhododendron ponticum was
associated with a loss of biodiversity of epiphytes and fungi and a loss of regeneration of trees and shrubs in oak woodlands in Ireland. Similarly, Beatty (1992)
quantified the invasiveness of Foeniculum vulgare (sweet fennel) by showing that its
percent cover was negatively correlated to native shrub cover in shrub habitats on
Santa Cruz Island in California. Likewise, fan palms form dense groves with deep
litter layers that appear to provide a poor growing environment for native riparian
species (pers. obs.), but these effects have not been documented . .It is also not known
whether this plant has already invaded all suitable environments, or if it is still in its
lag phase of invasion; most invasive non-native species have a lag phase when the
species is at low numbers, after which it increases rapidly (Bossard 2000). Because
palms are economically important to the commercial nurseries and the public values
them in cultivated landscapes, objective documentation of their impacts on
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biodiversity is necessary to affect change in planting practices.
It is often the case when dealing with invasive plants that the problem is

discovered only after the plant has invaded hundreds of acres, exponentially
increasing the cost of control. According to Rebman and Simpson (2006), W

robusta grows in natural areas in San Diego County. It is often observed in riparian
areas along with other native trees and shrubs like willows (Salix spp.), oaks

(Quercus agrifolia), sycamores (Platanus racemosa) and cottonwoods (Populus
fremontii). It is unknown whether the palms will out-compete and completely
replace these other native species, or simply become a component of the riparian
ecosystem. For aggressive invasive species such as tamarisk and Arundo, once they
establish and begin growing out of control, they are able to out-compete other
associated native species and establish complete monocultures (Dudley 2000, Lovich
2000). Unlike these species, W robusta reaches sexual maturity slowly and does not
spread asexually, which may make early removal efforts less critical for successful
control of this species. It is possible, for example, that natural self-thinning will take
place, and control focused on larger, but not yet reproductive, plants is more costeffective. Quantifying the rate of spread and natural recruitment of palms will
provide valuable information about the most efficient means of controlling it.
Life History of Mexican Fan Palms
Most of the information available on Mexican fan palms is found in
horticulture books or technical reports. The United States Geological Survey
Biological Resources Division (USGS-BRD) field station on Maui, Hawaii reported
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in 1993 that the species can hybridize with Washingtonia filifera (California fan
palm) producing hybrids named Washingtonia xfilabusta. Its flowers are
hermaphroditic, and USGS-BRD Hawaii reports the plant is self compatible, and it
does not require pollinators for fertilization. They have observed common mynah
birds (Acridotheres tristis) eating and dispersing the fruit. American crows (Corvus

brachyrynchos) and coyotes (Canis latrans) have been documented to eat
Washingtonia fruits (Groebecker and Pietsch 1978, Silverstein 2005). Based on
these data, it is likely that some birds and mammals are vectors for dispersal of the
seeds. Seed production is copious (Henderson 2002), but quantitative estimates are
not available. Estimates from a congener, W filifera, are as high as 600,000 seeds
per year from a single mature tree (Cornett 1987b).
Palms (family Arecaceae) are unique among the monocots because of their
woody base. Most of their diversity occurs at tropical latitudes where the climate is
humid and water is abundant (Bjorholm 2005). However, not all species of palms
grow in tropical rainforests; members of the palm family occupy different types of
habitats, including lowland moist forest, montane moist forest, tropical dry forest,
grassland, and desert or xeric shrub land (Henderson 2002). Washingtonia, a
member of the Coryphoid clade, grows in deserts and it has two members, W filifera
and W robusta. Washingtonia filifera grows in the deserts of southern California,
southwest Arizona, the Sonoran desert and northwest Baja California (Mexico)
(Hickman 1993). Washingtonia robusta is endemic to arid regions in northwest
mainland Mexico (McCurach 1960) and it has spread from adjacent landscaping into
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natural areas of California, Baja California, Florida and Hawaii where it is
considered a non-native plant. Members of the Coryphoid clade, which includes

Washingtonia, are known to reach sexual maturity between 5-15 years and to live on
average 315 years (Henderson 2002).
There is little published literature on the ecology of W robusta, but W

jili/era, the closest relative of W robusta, has been well studied. It grows in areas
where there is available groundwater or seeps that occur on fault lines (Cornett 1993)
indicating the species needs a constant source of freshwater in order to establish,
grow, and reproduce. Cornett (1987a) also documented that freezing temperatures
do not limit its distribution and hypothesized that its absence from areas with
available groundwater is due to a lack of seed dispersal. He also noted that its
distribution does not include coastal California because of competition and fire but
provided no conclusive data. To the extent that W. robustashares these
characteristics with its congener, these studies by Cornett indicate that it will likely
establish in areas with freezing temperatures. Also, unlike W jili/era, W robusta
grows in natural areas of coastal southern California despite competition from native
species and recurring fires. One possible explanation for this is that W robusta is
widely planted in landscaping in San Diego County, so copious amounts of seeds are
exported to nearby suitable habitats where there is an adequate supply of fresh water
due to urban run-off.
Research objectives: To assess the ecological impacts, dispersal ability, pattern of

spread, and survival ability of W robusta, I will address the following objectives:
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Objective 1. Determine the impacts of W. robusta on the microclimate of native
riparian plant communities. It is expected that W. robusta will produce more shade
than the native riparian trees due to its evergreen nature and leaf size compared to
native trees that are deciduous, have smaller leaves, or an open branching pattern.
The increased shade should result in lower air and soil temperatures, and less light
availability under stands of W. robusta.
Objective 2. Characterize the dispersal distance and rate of spread of W. robusta
from a landscaped site into an adjacent riparian habitat. It is important to know how
far the seed can spread from the source in order to introduce effective controls on the
spread of the species.
Objective 3. Characterize the effects of natural recruitment on the rate of spread of
W. robusta in a native riparian habitat.

Objective 4. Determine the effects of height on annual survival. It is expected that
younger, shorter palms will experience mortality due to frost, drought, and
herbivory. Older palms should experience greatly reduced mortality once they are
tall enough to resist these effects.
Research Methods
Study Sites
Two areas were used to fulfill the objectives (Figure 1). Site one, the San
Luis Rey site, is located along the San Luis Rey River in Bonsall, California. It is
approximately 2.2 km long, 244 m wide, and located at 33°16'50.06" N,

117°13'29.46" W (Figure 2). This section of the river is at least a fourth-order
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stream according to USGS topographical maps. When Keys Creek and the San Luis

Rey River join, they are both third-order streams, and the San Luis Rey study site is
downstream from this location and at least a fourth-order stream. It is approximately
19 kilometers upstream from the river's outlet into the Pacific Ocean, and it can be
characterized as riparian woodland according to Beauchamp (1986). The site was
chosen because the surrounding area is largely undeveloped except for a golf course
directly adjacent to the river that was developed in 1974. The golf course is also
presumably the source of W robusta seed as there are no W robusta occurring in the
river directly upstream from this area, but they are present at the golf course.
Directly downstream from the golf course, there are a large number of palms for
approximately 2 km and then W robusta disappears from the vegetation altogether
until further west on the San Luis Rey where it encounters more developed areas
(pers.obs.). The palms at this site are scattered throughout, range in height from 1
cm to 6 m, and have not exceeded the height of the native riparian trees. They are
individual trees, do not exist in stands or groups, and have not produced flowers or
fruit. Consequently, this site represents spread from an identifiable seed source, with
no reproduction or natural recruitment from the escaped palms.
The second site (Figure 3), Lake Calavera in Carlsbad, California is located
at 33°10'31.17" N, 117°16'31.21" W. It represents a second-order stream since it is
downstream from the point where two unnamed first-order perennial streams join,
and it drains into Calaveras Creek which flows into the main tributary, Agua
Hedionda Creek, which empties into the Pacific Ocean. The site has both oak
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woodland and riparian woodland (Beauchamp 1986). It is 61 m wide, has a dense
0.40 hectare stand of Mexican fan palms and further downstream there are more
palms along the creek at varying intervals. The palms range in size from 0.05 m to
12 m tall. There is a source of seed from the adjacent developed area, but several
trees in the large dense stand of palms have reached sexual maturity, are actively
producing seed, and are presumably contributing to the further spread downstream in
the creek. This site was therefore selected as a comparison to the San Luis Rey site,
because the palms at Lake Calavera could be spreading due both to escape from
planted palms, as well as from natural reproduction in the introduced population.
Materials and Methods
To study the impacts of W robusta on the native plant community, I
measured microclimate variables that are known to affect suitability for riparian
plants, such as light availability, air temperature, and soil temperature at Lake
Calavera. Micro-climate measurements were taken from 10 haphazardly selected
points within the canopy of a contiguous stand of each target species, W robusta
(palm), Quercus agrifolia (oak), and Salix lasiolepis (willow) for a total of 30
monitoring points. Because each monitoring point was within the canopy of each
vegetation type, measurements were not directly affected by direct sunlight. The
monitoring points ranged throughout the stand of each vegetation type to account for
any location variability and the mean for each vegetation type was used for
comparison. For each monitoring point, the soil temperature was measured at 2.5 cm
depth to account for the temperature at which most germinating seeds are located.
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Air temperature was measured at 1 m using a thermometer, and light availability was

measured at 1 m height using a LI-COR®189 light meter. Values were measured at
12:00 pm one day per month for April, May, June, July, August, and September on
days with zero percent cloud cover. Because it was important to measure the
variables at the same time every day, it was impossible to record microclimate data
for more than one vegetation type per day. In order to account for any variability
over a five-day monitoring period, air and soil temperature were measured at a
reference point with bare ground each day. Then, measured values under the canopy
were subtracted from reference values which removed any sampling variation due to
differences among days. The result represents the difference between the measured
value under the canopy and the reference point, and it removes any seasonal
variation. Since the measurements were taken at the same time each day and only on
clear days, the amount of light measured at the reference point was always the same,
and the difference values were not included for light availability data.
The establishment and dispersal distance of palms from a landscaped area,
that provided a known seed source into a natural area, was studied at both sites. At
each site, the locations of the palms were recorded with a global positioning system
model GARMIN ETREX® and height measurements taken of all individual Mexican
fan palms within a defined area. Heights were measured using a measuring stick for
palms smaller than 5 m. Palms that were larger than 5 m were measured using a
clinometer and rangefinder or a measuring pole with adjustable segments that could
measure palms up to 12m tall. These variables were transferred to a GIS layer to
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analyze the dispersal ability of the palms from the landscaped area into the natural
area. Distance of palms from the seed source was determined using ArcMap to
calculate the distance from the seed source to the palm.
Natural recruitment within a riparian habitat was studied at Lake Calavera.
At this site, the palms have exceeded the canopy of the native trees and are
producing seed that is likely being spread downstream by gravity and water flow.
The height of the individual palms downstream from the established 0.40 hectare
stand was also recorded. These heights were analyzed to determine if these
additional individual palms came from the established stand within the creek or from
the adjacent developed areas by comparing the distribution at both sites.
In order to determine the height at which palms become resistant to natural
sources of mortality (i.e. drought, frost, flood, herbivory, or other environmental
threats), the survival of palms at heights from seedlings to over 3 m tall were
monitored. Sixty-three palms were monitored at San Luis Rey and 119 palms were
monitored at Lake Calavera. Locations of these palms were recorded with GPS and
each was marked with flagging to facilitate relocation. Marked palms were
monitored on a monthly basis throughout the duration of the study.
Results
Light Availability
The amount of light measured over time, under different vegetation canopies
(oak, willow, and palm), was analyzed using a repeated measures ANOV A. Change
over time was the 'within subjects effect,' and vegetation type was the 'between
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subjects effect' for this analysis, and for all analyses of climate data. Light
availability did not change over time (F=O.687, d.f.=2, 54, and p=O.507), but the
effect of vegetation type (palm, oak or willow) on light availability was significant
(F=6.584, d.f.=2, 27, and p=O.005). A Tukey post-hoc analysis was done to compare
vegetation types, which showed that there was more light under oaks than palms
(p=O.005) and willows (p=O.025), but there was no difference in light levels between
palms and willows (p=O.813; Figure 4). The interaction between vegetation type and
month was not significant (F =1.441, d.f. =4, 54, and p=0.233), indicating that light
availability over time was the same for each vegetation type.
Air Temperature
The air temperature under the vegetation canopy was also analyzed using a
repeated measures analysis for changes over time, across the different months, and
between vegetation types. Air temperature did change over time, (F=57.976, d.f.=5,
135, and p<O.OOl), and the effect of vegetation type (palm, oak or willow) on air
temperature was also significant (F=90.766, d.f.=2,27, and p<O.OOl). However,
there was a significant interaction between time and vegetation type (F=12.272,
d.f.=10, 135, and p<O.OOl), indicating the pattern of change over time differed
among vegetation types. The next step was to see why the interactions were
significant by comparing the data on a monthly basis using a one-way ANOVA;
Table 1 lists the p values for the comparisons. For comparing willows to palms, the
mean air temperature difference was not significant for April, June, and September.
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For comparing oaks to willows, the mean air temperature difference was not
significant for May, June, and September. For comparing oaks to palms, the mean
air temperature difference was significant for all months except September
(p=0.288). The Tukey post-hoc analysis reported that the mean air temperature
under the oaks was significantly warmer than the palms (p<0.001), which was true in
all months of the study (Figure 5). Shading (i.e. differences from air reference
temperatures) also varied over time and among vegetation types. For all climate
analyses, these variables removed the effect of seasons since they only consider the
amount of difference between the temperature under the vegetation type and the
temperature at the reference point with no vegetation cover, and thus seasonal
changes in air temperature were subtracted away. Additionally, the values represent
the effectiveness of shading under the canopy, because larger negative values
indicate a greater difference in temperature under the canopy and the reference
location. Effectiveness of shading did change over time (F=34.72, d.f.=5, 135, and
p<O. 001), and the effect of vegetation type on difference in air temperature was
significant (F=69.42, d.f.=2,27, and p<O.OOI). There was also an interaction
between time and vegetation (F=27.88, d.f.=lO, 135, and p<O.OOI, Figure 6). The
next step was to see if the interactions were significant by comparing the data on a
monthly basis using a one-way ANOVA; Table 1 lists the p values for the
comparisons. For comparing willows to palms, the effectiveness of shading did not
differ significantly for April, July, August, and September. For comparing oaks to
willows, the effectiveness of shading did not differ significantly for June, and
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September. For comparing oaks to palms, the effectiveness of shading was
significantly different for all months except August (p=O.lll) and oaks were less
well shaded (and thus warmer) than palms for all months except August. The Tukey
post-hoc analysis reported that shading was significantly less effective under oaks
than under the palms (p<O.OOl), which was true for all months except August (Figure

6).
Soil Temperature
The soil temperature under the vegetation canopy was analyzed using a
repeated measures analysis for changes over time, and between vegetation types.
Soil temperature did change over time (F=55.55, d.f.=5, 135, and p<O.OOl), and the
effect of vegetation type (palm, oak or willow) on soil temperature was also
significant (F=51.15, d.f.=2,27, and p<O.OOl). However, there was also a significant
interaction between time and vegetation type (F=2.235, d.f.=lO, 135, and p<O.019),
indicating the pattern of change over time differed among vegetation types. The next
step was to run a one-way ANOVA to see if the interactions were significant by
comparing the data on a monthly basis; Table 1 lists the p values for the
comparisons. For comparing willows to palms, the mean soil temperature difference
was not significant for April, May, June, and August. For comparing oaks to
willows, the mean air temperature difference was not significant for June, and
September. For comparing oaks to palms, the mean air temperature difference was
significantly different for all months except May (p=O.052). The Tukey post-hoc
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analysis reported that the mean soil temperature under the oaks was significantly
warmer than the palms (p<0.001), which was true every month (Figure 7).
Effectiveness of shading (i.e. differences from soil reference temperatures)
also varied over time and among vegetation types. More negative values indicate
more effective shading. Effectiveness of shading did change over time (F=110.97,
d.f.=5, 135, and p<O.OOI), and the effect of vegetation type on soil temperature
difference was significant (F=61.352, d.f.=2, 27, and p<O.OOI). However, there was
also a significant interaction between time and vegetation type (F=II.90, d.f.=10,
135, and p<O.OOl). The next step was to run a one-way ANOVA to see if the
interactions were significant by comparing the data on a monthly basis; Table 1 lists
the p values for the comparisons. For comparing willows to palms, effectiveness of
shading did not differ significantly for June, July, and August. For comparing oaks
to willows, it did not differ for April, June, and September. For comparing oaks to
palms, shading was significantly different for all months. The Tukey post-hoc
analysis reports that shading was less effective under oaks than palms (p < 0.001),
which was true in every month (Figure 8).
Dispersal Distance
For San Luis Rey, a regression analysis revealed a significant, but weak,
relationship between the height of the palm and the distance from the seed source,
(p=0.027, R2 = 2.1 %, Figure 9). More than 50% the palms occurred within 200 m of
the seed source, and the farthest palm was 850 m from the seed source (Figure 10).
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Over 100 palms were 0.4 m tall and the tallest palm was 6 m (Figure 11). No palms
downstream from the seed source at San Luis Rey were producing flowers or fruit
during this study.
For Lake Calavera, a regression analysis showed an insignificant relationship
between the height of the palm and the distance from the seed source, (p=0.057, R2 =
1.6%, Figure 12). More than 80% of the palms occurred within 150 m of the seed
source, and the farthest palms were 800 m from the seed source (Figure 13). Over
100 palms were 11 m tall and the tallest palm was approximately 12.5 m (Figure 14).
Palms that were greater than 10m tall produced both flowers and fruit.
Height and Survivorship
Various sized palms were monitored for survival at both sites for nine
months. Only three seedlings could be found at San Luis Rey and they all died by
the end of the study, and the remaining palms all survived (Table 2). At Lake
Cal avera, all 119 palms in the monitoring group survived (Table 2).
Discussion
Impacts on Microclimate
The first part of this study was to measure the effects of the palm canopy on
light availability, air temperature, and soil temperature and compare these to
identical variables within a native willow canopy and a native oak canopy. As
expected, there was significantly more light available under oaks than palms and
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willows, and there was no significant difference between palms and willows (Figure
4). Oaks have a relatively small leaf size (9 cm) and an open branching pattern
(Hickman 1993, Pavlick 1991). Palms have a single trunk with a tuft ofleaves at the
top that overlap, each leaf measuring 1-2 m in length, which allows more light to
pass under a single tree. However, when palms grow closely together in a grove, as
they did at Lake Calavera, they intercept a great deal of light (Henderson 2002,
Hickman 1993). Although the leaf size of a willow is similar to an oak leaf, 3.5-12.5
cm compared to 9 cm, the branching pattern of willows is denser (Hickman 1993),
and it is unsurprising that there was no significant difference in light availability
between willows and palms. However, this study only considered the light
availability for three months, July through September. Even though the willows
were not significantly different from palms, there was consistently more light under
willows than palms (Figure 4). This information could serve as a baseline for future
studies comparing light levels under the two species to see if the difference does
become significant under larger groves of palm trees.
For the raw air temperature data, the general trends were that oak had the
warmest mean temperatures under their canopies, then willows, and palms had the
coolest temperatures (Figure 5). Data on effectiveness of shading also had a similar
overall trend as the raw data (Figure 6), but for both sets of data there was an
interaction between time and vegetation type. Because of this interaction, it was
important to analyze the results on a monthly basis and compare the monthly means
for each vegetation type. For the comparison of willows and palms, there were some
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differences between the two sets of data. For both sets of data, the difference in air
temperature for April and September was not significant and for May and June it was
significant. For July and August the difference was significant for the raw data but
insignificant for the reference data. Because the reference values take into account
any daily sampling variability, the reference values carry more weight and take
precedence over the raw data. Because willows are deciduous trees that experience
dormancy between November and December and start putting on leaves around
March, it would be expected in the early season for willows to be significantly
different from palms and have air temperatures closer to the reference value. As the
growing season progresses and willows get bigger and put on more leaves, it is
expected that willows would produce similar amounts of shading as palms. This
effect could be seen in May and June since the willows were significantly warmer
than palms and then from July to September their temperatures were similar and did
not differ significantly. It is unclear why willows and palms were not significantly
different in April.
Although the reference air temperatures address daily sampling variability,
air masses are constantly moving and exposed to varying wind speeds, and it is not
surprising that the data are not clear and consistent. I expected oaks and willows to
be similar in the early months and differ significantly in later months as the willows
put on more leaves and provided more shading. Similar to the willow vs. palm
comparison, the oak vs. willow comparison was not clear or consistent (Figure 5 and
6, Table 1). For comparing oaks and palms, it was expected for them to always
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differ significantly and for the oaks to always be warmer than palms because of their
differences in leaf size and branching pattern. The raw data and reference data
support the expected results for April through July but not for August and
September. In August, palms were warmer than oaks and in September, oaks were
not significantly warmer than palms (Figure 6, Table 1). Both species are evergreen
and I expected them to differ significantly for these two months because there are no
apparent changes in their plant structures or the seasons to account for these changes.
It is possible that some of the difficulties in interpreting these patterns are that wind

and mixing of air prevented clear differences in air temperature, in spite of clear
differences in light availability.
Soil measurements are less prone to the measurement problems encountered
in comparing air temperatures, and the patterns in the soil temperature data are much
clearer. For the raw soil temperature data, willows were always warmer than palms,
but the difference was only significant in July, and September. Shading under
willows was significantly less effective than under palms for April, May, and
September. For July, the willows were significantly warmer than palms according to
the raw data but shading was not significantly different between these species in
July. Considering both sets of data for the palm vs. willow comparison (Figure 7 and
8), there is a clear trend of soil under willows being warmer than palms and less
effectively shaded, even though it is not significant for three of the six months.
These results are consistent with the results seen in light availability for comparing
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these two species and are an important baseline for future studies comparing larger
or older groves of palms with willows.
Oaks always had consistently warmer soil temperatures than palms, and there
was little variation among the months between the raw data and shading
effectiveness data (Figure 7 and 8, Table 1). In May, the difference was not
significant (p=O.052.), but when the difference values were considered, the
comparison for May was significant (p<O.OOl). Because the reference data removes
daily sampling variability, the p value for the reference data takes precedence over
the raw data comparison. The soil temperature under the oaks is significantly
warmer than palms and this result was consistent with the differences seen in light
availability. The effect of shading is much greater in the soil data than in the air data,
with up to 21°C difference between soil temperatures under palms compared to
reference values. Both the light measurements and air temperature measurements
were taken under the canopy but above the litter layer, whereas soil temperature
measurements were shaded both by the canopy and the litter. The litter layer under
palms is very thick, and seems to have a particularly large effect on soil temperature.
There are four critical factors for seed germination; light, gases, temperature
(soil and air), and water (Mayer and Poljakoff-Mayber 1989). This study was able to
draw conclusions concerning palms impacts on two of these important factors
concerning seed germination, light availability and soil temperature. Other invasive
species that negatively affect microclimate conditions also have additional impacts
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on the ecosystem. Cross (1982) found that Rhododendron ponticum allowed only
2% of available light to pass through its canopy compared to 9% under native
vegetation. This reduced amount of light led to an elimination of bryophytes and
dwarf shrub layers. One possible step to further investigate the impacts of palms on
the native plant community would be to see if its reduced light and lower air soil
temperatures are affecting the survivability of native shrubs, perennials and annuals.
These results are important because they help document effects of an invasive
species compared to its native counterpart, and this type of information is lacking in
published scientific reports (Wilcove 1988, Parker et. al. 1999). Quantifying the
impacts of invasive species also helps explain the relationship between human
activity and the loss of biodiversity (Wilcove 1998). This is particularly important
with the Mexican fan palm because it was purposefully introduced by humans for
landscaping.
Palm Distribution and Spread
Based on the available evidence, and lack of alternative seed sources, the
palms at San Luis Rey came exclusively from a golf course constructed in 1974.
The palms at Lake Calavera came from a housing development that was constructed
in 1976, but now also includes reproduction from mature palms in the established
grove. Historical aerial photographs were reviewed and no palms occurred at either
site prior to 1975 (County of San Diego and City of Carlsbad), and because palms do
not start producing fruit until they are at least 3 m tall (Cornett, pers. com.) it is
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estimated to take 20 years for them to establish in a natural area. The palms at Lake
Calavera appear to have followed this timeline since there are 100 palms over 11 m
tall and this population produces seed. For the palms at San Luis Rey, although the
seed source was established at approximately the same time as Lake Calavera, they
have taken longer than twenty years to establish themselves. There is only one palm
above 3 m tall and no palms have produced seed at San Luis Rey. The differences
between the sites could be attributed to stream order because seedlings are killed by
high stream flows (Richards 1982.) The San Luis Rey site represents at least a
fourth-order stream, while the Lake Calavera site is a second-order stream.
Consequently, San Luis Rey has the potential for twice the amount of water during
heavy periods of rainfall. These heavy flows of water would most likely flush any
palm seeds and seedlings and prevent natural recruitment.
In addition to differences in stream discharge, the sites differ in the seasonal
availability of surface water. Although San Luis Rey does receive some runoff from
the adjacent golf course, it is wider than Lake Calavera (244 m vs. 61 m), and most
of the water is dissipated and does not favor the establishment of palms. Lake
Calavera was always wet throughout the six-month study period and the riparian area
is narrow, compared to San Luis Rey (Figure 3), so the established palms had a
constant supply of water. Because Lake Calavera is a second-order stream, it was
unlikely that large amounts of water would pass through during periods of heavy
rainfall and flush out any seeds or seedlings. This hypothesis is supported by the fact
that only three palms under 0.025 m were found at San Luis Rey and they were dead
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by August (Table 2). At Lake Calavera, there were hundreds of palms under 0.10 m
and of the 60 seedlings that were monitored during the study, all of them survived
during the dry summer months and were thriving in September at the end of the
study (Table 2).

It was expected that the tallest palms would be closer to the seed source, but
this was not the result. At both sites, the relationship between height and distance
was weak because of the low R2 values, although it was significant at San Luis Rey
(Figures 9, 12). At San Luis Rey, the three tallest palms occurred at 200 m and the
furthest palm at 850 m was less than 1 m tall, Figure 10. At Lake Calavera, the
tallest palms at 12.5 m were found between 100 and 200 m and the three furthest
palms were 11 m, 5 m, and 5 m (Figure 13). Figures 15 and 16 show accumulation
of palms as a function of distance from the seed source for each of four size classes,
which helps illustrate how the size classes are distributed at the two sites. For San
Luis Rey, (Figure 15) the palms cluster around 100 m and 400 m, which could mean
that the pattern of distribution is more likely related to weather patterns and rainfall.
Water flowing through the site should carry and deposit the seeds at varying intervals
(Figure 15) rather than the result of a uniform deposition and dispersal of seed. For
Lake Calavera, the largest size classes of palms (Group 4 for Figure 16) are found at
all intervals from the seed source. It is likely that palms of a similar height are the
same age and during the year their seed was deposited, there was enough flow to
deposit seeds up to 800 m from the seed source. The shortest group of palms, Group
1 for Figure 16, is only found within 100 m from the seed source. This indicates that
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they were deposited within the last few years when there was not enough rainfall to
carry seeds further than 100 m. The pattern of distribution at Lake Calavera is likely
similar to that at San Luis Rey because the palms occur at varying intervals which is
likely explained by weather patterns and rainfall.
Natural Recruitment Within a Population
Because the palms at Lake Calavera are producing seed, I expected to see a
grouping of smaller size class palms further downstream from the main population.
Figure 16 did not show any distributions of size classes that would enable
conclusions to be drawn regarding natural recruitment at Lake Calavera. One
possible explanation for the lack of apparent natural recruitment is the lack of
freshwater further downstream. The palms may be unable to spread further because
the supply of freshwater is not adequate to ensure germination and survival of palms
further than 800 m from the seed source.
Studies by Cornett (1987a, 1987b, and 1993) on W filifera suggest that palms
can establish and disperse in coastal southern California watersheds. Washingtonia
generally only need for their seeds to be deposited in an area with freshwater for
survival. Washingtonia robusta's ability to survive at San Luis Rey and Lake
Cal avera is no surprise since W robusta is widely planted in landscaping, one mature
plant produces on average 600,000 seeds annually, and both study sites have a yearround supply of freshwater from urban sources.
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Effects of Palm Height on Survival
The palms below 0.025 m at San Luis Rey did not survive, but the sample
size of three is too small to draw any strong conclusions. However, since 100% of
palms over 0.03 m survived at this site, it is clear that once palms have reached over
0.03 m there is a high probability that they will survive and it is worthwhile to spend
resources removing palms in this category when working in more remote areas
similar to this one. At Lake Calavera, height was not related to survivability as all
palms survived, Table 2. For natural areas situated at the urban wildland interface,
such as Lake Calavera, it is worthwhile to remove palms of all sizes. It is also
important to note that in January and February 2007, the palms at San Luis Rey
suffered frost damage to their leaves but were not killed by it. This finding supports
conclusions drawn by Cornett (1987a) regarding the ability of W filifera to survive
freezing temperatures and that their distribution is not limited by temperature.

Conclusions
This study determined that palms change the microclimate under their
canopies compared to oaks. Palms have less light available and lower soil
temperatures under their canopies than oaks. It also appears that palms change the
microclimate compared to willows, but the results were not always significant.
There is a clear trend that palms have less light and lower soil temperatures under
their canopies than willows and the results could become significant with larger palm
groves. Future studies could also include measuring microclimate variables at other
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times, analyzing soil properties, or inventorying the plant community under-story.
Additionally, palms could have greater impacts on our environment than what was
presented in this study. Because their structure is different from native tree species,
they likely do not provide adequate forage and nesting structure for birds, and they
may provide advantages for other invasive species. Additional research could
compare the diversity of birds that utilize palms for forage and nesting compared to
native plants.
Palms are capable of establishing in wildlands at the urban interface, but
appear to be dependent on adequate supplies of fresh water, and may be aided by
runoff from surrounding developed areas. Once established in wildlands at the urban
interface, they will reach sexual maturity and could potentially increase their range if
freshwater is available. In addition, they are also able to establish and grow in
remote wildlands, but their distribution will likely be limited due to lack of fresh
water. This study did not document any natural recruitment within wild populations
but a longer study period could help confirm whether freshwater or time is a limiting
factor concerning natural recruitment. Their distribution and spread appears to be
largely dependent upon heavy rainfall years, urban run-off, and site characteristics.
Lower order streams are more vulnerable to invasion by palm species than higher
order streams. Wildlands closer to urban areas are more at risk than remote ones
because of the additional water provided by the urban area. The spread of palms
could be reduced by restricting their planting to urban areas without any storm drains
connecting to natural areas, but this is practically impossible since most storm drains
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empty into local wetlands. The other significant measure that could reduce their
spread is to reduce the amount of urban run-off that would reduce the additional
freshwater being dumped in natural areas.
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Figure 1. Study site locations for San Luis Rey River and Lake Calavera in relation
to California State University San Marcos, photo imagery is from 2000.
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Figure 2. San Luis Rey study site and seed source, located along the San Luis Rey
River in Bonsall, California (33°16'50.06"N, 11 T 13'29.46"W), photo imagery is
from 2000.

39

0.6

0.3

o

0.6 Kilometers

Figure 3. Lake Calavera study site and seed source
(33°10'31.17" N, 117 °16'31.21 "W) located adjacent to Lake Calavera in Carlsbad,
California, photo imagery is from 2002.
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vegetation types: oak, palm, and willow, at the Lake Calavera study site.
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Table 1. P values for vegetation type comparisons, values are p = (#) unless
otherwise annotated. The first comparison for each month is for the actual data,
and the second comparison is for the difference between the temperature under the
vegetation canopy and the temperature at the reference point. Bold italics indicate
that the comparison was negative.
I
J\irtemperature
I
i
I
1
i Vegetation I
:
I!
I
Comparison I J\pril May
June
July
J\ug.
Sept. I
Oakpalm
!
<0.001 <0.001 i <0.001 i <0.001 0.002 0.287
Oak - willow 1<0.001' 0.128 0.197 <0.001 0.006 0.766 !
i Willow - palm I 0.999 0.003 <0.0011 <0.001 <0.001 0.675
!
J\ir - reference
I
I
I
Vegetation
I
I
i
Comparison I J\2ril May
June
July
J\ug.
Sept.
Oak - palm
<0.0011 <0.001 <0.001 <0.001 0.111 0.027
Oak
willow
1<0.001
<0.001 0.987 <0.001 0.006' 0.766 :
I
, Willow - palm 0.905 <0.001 i <0.001 0.326 0.333 0.107
Soil temr>eraturei
I
!
, I Vegetation '
i
1 Comparison J\pril I May June i July I J\ug. Sept.
Oak - palm ' <0.001 0.052 <0.001 <0.0011 <0.001 <0.001
! Oak - willow
<0.001 0.027 0.060 <0.001 <0.001 0.278
Willow - palm 0.992 0.930 0.117 <0.0011 0.077 <0.001
I
iSoil - reference
I
I, Vegetation
Comparison ! J\pril May
June
July I J\ug. Sept.
I
Oak - palm
0.005 <0.001, 0.003 <0.001 0.003 <0.001'
Oak - willow 0.911 0.043 I 0.654 <0.001 <0.001 0.789
Willow - palm I <0.001 0.004 0.811 0.343 I 1.000 <0.001
I

I

I

I

J

1

I

I

I
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Table 2: Results of palm survivability for both study sites broken down by
size class (m). Palms were monitored January through September 15,2007.
Study Site
Palm He~ht Class (m) Quant!!y Status
San Luis Rey
height <0.03
3
dead
San Luis Rey
0.03S height <0.50
23
alive
San Luis Rey
0.50< height Sl.00
16
alive
San Luis Rey
1.00< height <1.5
21
alive
San Luis Rey
1.50< height <2.00
1
alive
San Luis Rey
2.00< height <6.00
2
alive
Lake Calavera
height SO.10
59
alive
Lake Calavera
0.10< height S2.00
13
alive
Lake Calavera
2.00< height <5.00
4
alive
Lake Calavera
5.00< height <8.00
8
alive
Lake Calavera
8.00< height Sll.00
26
alive
Lake Calavera
11.00< height <14.00
8
alive

