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Exotic deer diminish post-fire resilience of native shrub
communities on Santa Catalina Island, southern California
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Abstract Browsing by exotic mule deer on Santa
Catalina Island (SCI) off the coast of southern
California may diminish the post-fire resilience of
native shrublands. To assess this, deer exclosures were
established following a wildfire to monitor post-fire
recovery of three dominant, native shrub species
(Heteromeles arbutifolia, Rhus integrifolia, and
Rhamnus pirifolia). Post-fire resprout growth, mortal-
ity, and tissue water status as well as pre- and post-fire
shrub density and cover were measured inside and
outside of deer exclosures. We found that deer
browsing significantly limited post-fire resprout
growth and led to increased mortality of resprouting
H. arbutifolia shrubs (88 % mortality outside com-
pared to 11 % inside exclosures). Post-fire resprouts
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maintained favorable water status during the study
despite drought conditions, indicating that water stress
was not a proximate cause of resprout mortality. Deer
browsing resulted in a >93 % reduction in canopy
coverage of dominant shrub species. The dramatic
reduction of native shrubs at this site may create
opportunities for displacement by exotic species,
resulting in eventual vegetation-type conversion. The
observed link between intense browsing and post-fire
shrub mortality provides much needed information
concerning the environmental impact of exotic deer on
SCI and illustrates the interaction between exotic
herbivores and fire on an island system.
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Introduction

Exotic mammalian herbivores have been implicated as
drivers of environmental change and extinction of
native and endemic species on islands (Carlquist 1974;
Coblentz 1978; Vitousek 1988; Atkinson 1989; Potvin
et al. 2003; Coté et al. 2004). A key challenge to
understanding the consequences of exotic herbivores
on islands is uncovering the potential interactions
between herbivores and other forms of disturbance.
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For example, communities that periodically experi-
ence top-kill by crown fire may be particularly
susceptible to browsing by mammalian herbivores
because the vegetation that is above the browse line at
maturity is temporarily brought within reach of the
herbivores during the regeneration phase (Quinn
1986).

Stand replacing crown fires are a recurrent distur-
bance in the shrublands of the Mediterranean-type
climate (MTC) regions of California, the Mediterra-
nean Basin, Southwestern Australia, and the Cape
Region of South Africa (Mooney and Dunn 1970). In
California, following a fire, the dominant species of
chaparral shrubs rapidly recapture their pre-fire dom-
inance without significant local extinction or invasion
of pioneer species in a process termed auto-succession
(Hanes 1971). Chaparral communities persist through
vigorous resprouting and fire-stimulated seed germi-
nation and seedling recruitment (Keeley and Keeley
1981; Keeley et al. 2012).

Although chaparral communities typically display
resilience to periodic wildfire, the auto-succession
process may fail under certain conditions. For exam-
ple, when chaparral burns in short fire-return intervals,
the vegetation can type-convert from a closed canopy
shrubland to an open canopy savanna dominated by
monotypic vigorous resprouters, disturbance depen-
dent sage scrub species, and exotic grasses and forbs
(Zedler et al. 1983; Stylinski and Allen 1999; Jacobsen
et al. 2004). In addition, browsing by mammalian
herbivores can be an important factor affecting post-
fire vegetation recovery in chaparral communities,
especially for species that recruit from seed following
fire (Mills 1983, 1986; Quinn 1986; Tyler 1995).

Chaparral communities on the California Channel
Islands may be particularly susceptible to the effects of
post-fire herbivory because of their isolated history.
Santa Catalina Island (SCI), located along the coast of
southern California, has no evidence that it was ever
connected to the mainland or had any large native
herbivores in its ~ 300,000 year history (Schoenherr
et al. 1999). In the last two centuries, introduced
herbivores to SCI include cattle (Bos taurus), sheep
(Ovis aries), goats (Capra hircus), pigs (Sus scrofa),
American Bison (Bison bison), and mule deer (Odo-
coileus hemionus). Cattle operations largely ceased in
the mid-1900s, sheep were removed in the 1920s, and
goats and pigs were removed in 2002 and 2005,
respectively (Catalina Island Conservancy Staff,
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personal communication). The bison, which are
grazers, have a population that is managed at about
150-200 animals. At present, the only large exotic
browser that remains on the island is the mule deer.

Little is known about the ecological impacts of
introduced deer on SCI. Although exotic herbivores
have been linked to vegetation change and environ-
mental degradation on SCI, previous studies were
conducted prior to the removal of goats and pigs and
thus were confounded by herbivore interactions and
did not examine the solitary effects of exotic deer
(Coblentz 1980; Minnich 1982; Brumbaugh and
Leishman 1982). In addition, these previous studies
did not address the significance of interactions
between exotic deer and post-fire recovery of native
shrubs.

This study was undertaken to address a critical
knowledge gap regarding the impact of exotic mule
deer on post-fire recovery of native, dominant chap-
arral shrubs on SCI. We hypothesized that browsing of
post-fire resprouts by introduced mule deer would
increase shrub mortality and contribute to vegetation-
type conversion (defined as a shift in the dominant
vegetation type) of chaparral on SCI. To investigate
this possibility, we measured growth, mortality, and
water status of post-fire resprouting shrubs inside and
outside of deer exclosures following a wildfire. In
addition, we measured the effect of deer browsing on
shrub density and canopy coverage.

Materials and methods
Study site and treatments

SCI lies 22 miles (35 km) off the coast of southern
California and shares the recurrent crown fires and
MTC that typify the California mainland (Schoenherr
et al. 1999). The historic fire regime in southern
California has been described as a late summer—fall
regime with fire return intervals of 30-100 years
(Keeley 1999; Keeley and Fotheringham 2001).
However, the island regime may be characterized by
longer intervals between fires due to the rarity of
lightening ignitions (Carroll et al. 1993).

On July 16, 2006, a lightning strike ignited a fire
that burned 445 ha of SCI. In December 2006, three
deer exclosures (approximately 10 x 40 m) were
established within an Island Chaparral/Coastal Sage
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Scrub community by the Catalina Island Conservancy.
Exclosures were constructed shortly following the
emergence of post-fire resprouts. The exclosures
restricted access by large animals only (deer and
bison), whereas small terrestrial animals and birds
were not restricted. Since bison are grazers and do not
regularly browse woody vegetation, this experimental
design allowed us to isolate the impacts of deer
browsing on post-fire shrub recovery. The site is
approximately 285 m in elevation and located on the
east, channel-facing, side of the island (N 33°24'50",
W 118°26'20").

We chose to focus our study on one of the
dominant, native shrubs, Heteromeles arbutifolia
(Lindley) Roemer (Rosaceae), as an indicator of shrub
recovery. We chose H. arbutifolia because it was the
most abundant and conspicuous resprouting shrub
inside the exclosures and provided the best opportu-
nity to compare recovery between treatments. We also
conducted a less extensive survey of the other
common shrubs at the site that included Rhus integ-
rifolia (Nutt.) Brewer & S. Watson (Anacardiaceae)
and Rhamnus pirifolia E. Greene (Rhamnaceae). The
three species studied are obligate post-fire resprouters,
which do not produce a soil stored seed bank that
survives fire and instead rely on fire-free periods for
seedling recruitment. Therefore, survival of the post-
fire resprouts is necessary for population recovery.
Chaparral species that survive fire by post-fire seed
recruitment (i.e., post-fire seeders) were not present at
this site.

On June 5, 2007, burned and resprouting individ-
uals of H. arbutifolia were tagged. These included all
resprouts inside exclosures (non-browsed treatment;
n = 26), resprouts outside exclosures (browsed treat-
ment; n = 76), and unburned shrubs located nearby at
the margin of the burn (unburned treatment; n = 26).
All resprouting H. arbutifolia outside of exclosures
showed evidence of deer browsing, which justified
identification of this treatment as the “browsed
treatment.”

In addition to the occurrence of one of the largest
fires on Catalina Island in recorded history,
2006-2007 was also one of the driest years on record.
From August 2006 to August 2007, Catalina Island
received only 130.3 mm of rain compared to an
80-year average of 323 mm. The second year of the
study, 2007-2008, was an above average rainfall year
totaling 383.3 mm. Rainfall totals and averages were

calculated from weather station records from the
Catalina airport (approx. 2.4 km from the site)
provided by the Western Regional Climate Center
(www.wrcc.dri.edu).

Growth and mortality

Deer impacts on the growth of resprouts were assessed
by measuring the height of the tallest shoot on each
individual. Measurements of height were made eight
times from June 2007 to October 2008 (monthly
during first dry season and approximately every
2 months thereafter). Mortality was measured in
tandem with resprout height by counting the number
of dead individuals in each sample population and
dividing by the initial population size.

Water relations

Plant water status was monitored to determine the role
of water deficits on resprout growth and survival. Pre-
dawn (¥,q) and midday (W,q) leaf water potentials
were measured to assess plant water status. Pre-dawn
leaf water potentials are a function of the soil water
potential in contact with plant roots and provided an
estimate of daily maximum water availability. Midday
water potentials are a function of rates of evapotrans-
piration and hydraulic conductance of plants and soil
and provided an estimate of the daily maximum water
deficit. Measurements were made on branchlets or
leaves in the field immediately following harvest
(n = 12) using a pressure chamber (Model 1000, Plant
Moisture Stress Instrument Co., Albany, OR). Water
status was measured concurrently with measurements
of growth and mortality.

To determine the sensitivity of stem xylem to
drought conditions, resistance to water stress-induced
cavitation was estimated using a centrifuge technique
(Alder et al. 1997) on non-browsed and unburned plant
treatments (browsed stems were too short to measure).
In brief, stems approximately 5-6 mm in diameter
were harvested on July 2, 2007. The samples were
bagged and transported to a laboratory where they
were refrigerated until the next morning. Stems were
cut to 140-mm long and flushed for 60 min at 100 kPa
to remove emboli with an ultra-filtered (0.1 pm pore
exclusion filter) solution of deionized and degassed
water brought to a pH of 2.0 using HCI. Following
flushing, hydraulic conductivity (K}) of stem xylem
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was measured using a tubing apparatus under a low-
pressure head (about 4 kPa), which gave the maxi-
mum Ky, (Kpmax) With xylem emboli removed. Stems
were then spun in a centrifuge to generate negative
xylem pressure potentials and repeatedly measured to
determine loss of Kj,. Percentage loss of K}, (PLC) was
calculated as:

PLC = (1 — Ki/Knmax) X 100

Vulnerability curves were constructed by plotting
decreasing values of xylem pressure versus PLC
(Online Resource 1—Fig. 5). For each treatment,
vulnerability curves were used to estimate the pressure
potential value at 50 % loss in conductivity (Wsp;
n = 6), and were used in conjunction with pre-dawn
water potentials measured during the drought to
estimate the loss in conductivity due to water stress
(PLCgrought; 7 = 6). Pre-dawn water potential was
used because it is a better estimate of stem xylem
pressure potential than the midday water potentials
measured on transpiring leaves. Because hydraulic
conductivity measurements could not be made on
browsed stems, the vulnerability curve from non-
browsed resprouts was used to calculate PLC grougn for
browsed resprouts.

To assess the sensitivity of leaf tissue to drought
conditions, we used a pressure—volume curve tech-
nique (Tyree and Hammel 1972) to determine the bulk
tissue water relations for all treatments (n = 6).
Branches were collected December 15, 2007, trans-
ported to a laboratory, and re-hydrated for 2 h.
Following rehydration, water potential and mass were
measured repeatedly while leaves dehydrated on a
bench top. Water potential was measured with a
pressure chamber and mass with a four point precision
balance (Model CP124s, Sartorius Mechatronics,
Goettingen, Germany). Following these measure-
ments, leaf samples were dried to constant weight to
obtain dried leaf mass (g). A pressure—volume curve
was constructed by plotting the inverse water potential
(1/¥,,) versus the relative water content (RWC). The
curve was then used to calculate the turgor loss point
(TLP), osmotic potential at saturation, bulk modulus
of elasticity, and capacitance (Koide et al. 1989). Pre-
dawn and midday water potentials were analyzed in
reference to the calculated TLP to determine the
degree to which plants were able to maintain positive
turgor during the field experiment.
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Stand structure

To evaluate the potential for vegetation-type conver-
sion, stand structure of the site was sampled in June
2008, 2 years after fire, using a point-quarter sampling
technique (Cox 1985). Surveys were conducted by
randomly selecting points along a pre-determined
compass direction (i.e., transect). Three transects were
used outside of exclosures among browsed resprouts
(n = 12 points) and three inside exclosures among
non-browsed resprouts (n = 5 points). At each point,
the closest living plant was measured in each of four
quadrants defined by the cardinal directions. Measured
parameters included: distance to each plant, basal
diameter, crown diameter, and crown height. Calcu-
lated values included: relative density, stand density,
and canopy coverage (Cox 1985). A second survey
was conducted simultaneously that sampled the clos-
est individual (living or dead) in each quadrat and
allowed us to estimate pre-fire density. The relatively
small area inside exclosures limited the number of
points that could be used without including plants
beyond the perimeter of exclosures. However, this
small sampling effort included a high proportion of the
enclosed area.

Statistical analyses

Resprout mortality was analyzed using a logistic
ANOVA (a glm with binomial errors) with treatment,
time, and treatment * time as fixed factors. Resprout
height and water potential were analyzed using two-
way repeated-measures ANOVAs with treatment,
time, and treatment * time as fixed factors, and
individual nested in treatment as a random factor.
Cavitation resistance (Psg), % loss of conductivity
(PLCrougnt)> and pressure—volume data were analyzed
using one-way ANOVAs with treatment as a fixed
factor. A two-way ANOVA was used to analyze stand
density with treatment, species, and treatment * spe-
cies as fixed factors. Two sample ¢ tests were used to
compare canopy coverage between browsed and non-
browsed areas. Data were transformed to meet the
assumptions of parametric statistical tests and addi-
tional pairwise comparisons with Bonferroni adjusted
P values were used where appropriate (Rice 1989). All
statistics were conducted in R 2.14.0 (R Foundation
for Statistical Computing 2011).
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Results
Growth and mortality

Deer browsing greatly reduced the growth of resprouting
shrubs (Figs. 1, 2B). There was a significant interaction
between treatment and time (F; g4 = 11.45, P < 0.01);
however, browsed resprouts remained significantly
shorter than non-browsed resprouts throughout the
experiment (P < 0.001). Height of browsed resprouts
appeared to increase during the second summer of the
study (Fig. 2B); however, >80 % of browsed resprouts
were dead by this point, leaving only those protected by
rocks or branches available for measurement.

Mortality of browsed resprouts was significantly
greater than non-browsed resprouts throughout the
experiment (F;7;, = 115.3, P < 0.001). Browsed
resprout mortality continued to increase for the
duration of the study, while no new mortality was
recorded for non-browsed resprouts after the first
summer (Figs. 1, 2A). By the end of the experiment,
mortality of browsed resprouts was 88 % compared to
11 % for non-browsed resprouts. The unburned
treatment had zero mortality.

Water relations

Pre-dawn water potential (¥},q) was within a favorable
range (Wpq > —1 MPa) for both browsed and non-

browsed resprouts, indicating they had access to ample
soil water throughout the study (Fig. 3A). In contrast,
unburned shrubs experienced seasonal fluctuation in
W4 characterized by sharp declines during dry summer
months (Fig. 3A), which led to a significant interaction
between treatment and time (F; ;175 = 3.33, P = 0.04).
In general, resprouting and unburned shrubs were
significantly different during dry summer months
(P < 0.001), whereas browsed and non-browsed respr-
outs were not different (P > 0.05).

Midday water potentials (V,,q) were significantly
different among treatments (F,37; = 95.62, P <
0.001) and varied seasonally (Fy 75 = 12.09, P <
0.001). Throughout the study, browsed resprouts had
the highest ¥4 (most hydrated), unburned shrubs had
the lowest W4 (least hydrated), and non-browsed
resprouts were intermediate (Fig. 3B). Both non-
browsed and unburned treatments lost turgor at
midday during the driest months, indicating a greater
level of water stress compared to the browsed
treatment, which maintained positive turgor pressure
throughout the experiment (Fig. 3B).

Water relations of bulk leaf tissues did not vary
among treatments, indicating that leaf tissue was
similarly resistant to water stress (Table 1). In con-
trast, water relations of stem xylem differed among
treatments (Table 1), where non-browsed resprouts
had reduced cavitation resistance (less negative
W¥s50) compared to unburned shrubs (F ;0 = 11.57,

Fig. 1 Photos of resprouting H. arbutifolia taken 1 year after
fire, showing a non-browsed resprout inside a deer exclosure
(A), a browsed resprout outside exclosures (B), and a browsed

resprout with dieback outside exclosures (C). To reference plant
size a | m stick (blue; A) ora0.14 m mechanical pencil (B, C) is
shown in each panel. Photos by Stephen D. Davis
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Fig. 2 Mortality (A) and height (B) for browsed (n = 76) and
non-browsed (n = 26) resprouts and unburned shrubs (n = 26)
of H. arbutifolia. Values are means = 1 SE

P < 0.01; Table 1; Online Resource 1—Fig. 5). The
PLCgroughe Was low (<10 %) for all treatments
(Table 1). Furthermore, PLCgyougne Was greater for
unburned plants than resprouts (F,,¢ = 33.88,
P < 0.001; Table 1), but not different between
browsed and non-browsed resprouts (P = 0.99). It
should be noted that any comparisons between
browsed and non-browsed resprouts in PLCyrougn
would only reflect differences in pre-dawn water
potentials during the drought as the same vulnerability
curve was used to estimate PLCgyouene for both
treatments (see “Materials and methods” section).

Stand structure

Stand density was significantly affected by treatment,
but this response was species specific (F4303 = 25.79,
P < 0.001; Fig. 4A). Heteromeles arbutifolia density
was significantly lower in burned areas subjected to deer
browsing compared to burned areas protected from deer
(P <0.001) and to pre-fire density (P < 0.001).
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Fig. 3 Pre-dawn (A) and midday water potentials (B) for
browsed resprouts, non-browsed resprouts, and unburned shrubs
(n = 12) of H. arbutifolia. Upper dotted line indicates the water
potential at the turgor loss point (TLP) for resprout leaf tissue.
Lower dotted line indicates the water potential at which
resprouting stems lose 50 % of hydraulic conductivity (Pso).
Values are means + 1 SE

Density of R. integrifolia and R. pirifolia did not differ
among pre-fire, browsed, and non-browsed areas
(P > 0.05). Canopy coverage was significantly lower
in the browsed stand compared to the non-browsed stand
for all three species (Fig. 4B; #s, = 4.275, P < 0.001
for H. arbutifolia; tes, = 3.305, P = 0.002 for R.
integrifolia; and t65, = 3.806, P < 0.001 for R. pirifo-
lia). At the community level, total canopy coverage of
the browsed stand was >93 % lower than the non-
browsed stand.

Comparison with mainland studies

In order to better understand the magnitude of the
effects of deer browsing on post-fire resprout growth
and survival that we recorded, a comparison of our
results with those of previous studies from the
mainland was included (Online Resource 2). In
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Table 1 The stem xylem cavitation resistance (‘V'sp), percent-
age loss in stem hydraulic conductivity during drought
(PLClroughy), leaf water potential at the turgor loss point
(WrLp), the relative water content at the turgor loss point
(RWCryp), the osmotic potential for saturated tissue (Wg), the

apoplastic relative water content, the bulk modulus of elasticity
near saturation (¢), and the tissue capacitance (C) of respro-
uting (browsed and non-browsed) and unburned H. arbutifolia
shrubs

Treatment Stem water relations Leaf water relations
¥so PLCyrought  Prip RWCrpp Yy Apoplastic ¢ (MPa™!)  C (ARWC/
(MPa) (%) (MPa) (g/e) (MPa) water (g/g) AMPa)
Browsed n/a® 04 A —2.1A 0.94 A —-1.7 A 071 A 65 A 0.032 A
(0.40) (0.15) (0.01) (0.07) (0.02) (0.10) (0.001)
Non-browsed —4.0 A 0.5 A —1.7 A 0.95 A —15A 0.76 A 50A 0.033 A
(0.39) (0.36) (0.18) (0.01) (0.12) (0.02) (0.63) (0.001)
Unburned —568B 10.5 B —23A 0.94 A —19A 0.74 A 56 A 0.029 A
(0.26) 0.31) 0.21) 0.01) 0.17) (0.03) (0.82) (0.001)
ANOVA results df=1,10 df=2,26 df=2,15 df=2,15 df=2,15 df=2,15 df=2,15 df=2,15
F=1157 F=3388 F=2564 F=1311 F=199 F =097 F=0.74 F=292
P <0.01 P < 0.001 P=0.11 P=0299 P=0.171 P=0400 P=0495 P =0.085

Data points represent means with 1 SE indicated in parentheses. Different letters indicate significant differences between treatments

(post-hoc comparisons, P < 0.05)

? Plants were too small to sample

addition, a mainland study we conducted in parallel
with our island study is included (Online Resource 3)
and provides an important comparison because it took
place during the same intense drought period. Com-
parison of our results with previous and concurrent
mainland studies reveals that H. arbutifolia shrubs on
SCI experienced higher levels of browsing intensity
and mortality.

Discussion
Causes of resprout mortality

Our results suggest that deer browsing is associated with
increased mortality of H. arbutifolia resprouts (88 %
mortality of browsed resprouts compared to 11 % of non-
browsed resprouts). It is unlikely that water stress caused
by low precipitation in the first post-fire year directly
interacted with deer browsing to exacerbate mortality in
H. arbutifolia. Seasonal water status was more favorable
in browsed resprouts than either non-browsed resprouts
or unburned adults. Even at midday during the peak of
the drought, when water potentials were most negative,
browsed resprouts did not lose turgor. Thus, positive
turgor was persistently available for cell expansion and
shoot elongation and therefore could not account for the

reduced height or increased mortality in browsed
resprouts. However, the drought conditions during the
first post-fire year may have had an indirect effect on
resprout mortality by increasing deer browsing intensity.
It is likely that browsing preference toward post-fire
resprouts was enhanced during the drought because it
offered more hydrated juvenile tissues than unburned
shrubs that experienced greater water stress.

The well-hydrated status of resprouting shrubs
despite drought conditions may be related to the high
root-to-shoot ratio that is characteristic of top-killed
shrubs (Clemente et al. 2005). Higher root-to-shoot
ratios would improve water availability and tissue water
status for both browsed and non-browsed resprouts
relative to unburned shrubs. Furthermore, the reduced
canopy of browsed resprouts would reduce water use
and further increase root-to-shoot ratio in favor of
improved water status relative to the non-browsed
treatment. In addition, the general reduction of the shrub
canopy by deer (>93 % reduction) may have led to shifts
in community level water-use patterns that increased
soil water availability.

The high intensity browsing we recorded may be
capable of driving mortality of resprouting shrubs via
depletion of stored reserves. The lignotubers of plants
like H. arbutifolia are storage organs that house
carbohydrates, nutrients, and adventitious buds (James

@ Springer
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Fig. 4 Density of shrubs across the site as estimated pre-fire
(open bars) and 2 years post-fire in non-browsed (gray bars)
and browsed (black bars) stands for the three dominant
sprouting species at the site, Heteromeles arbutifolia (Ha),
Rhus integrifolia (Ri), and Rhamnus pirifolia (Rp) (A). Different
letters above bars indicate significant differences in density (A).
Canopy coverage of all species was significantly lower in the
browsed stand compared to the non-browsed stand (B). Mean
value and standard error bars were plotted for browsed Ha
(B) but are too small for detection within the scale of the graph.
In panel B, ***P < 0.001 and **P < 0.01

1984; Desouza et al. 1986; Clemente et al. 2005,
Enright et al. 2011). These stored resources are
mobilized post-disturbance to facilitate resprouting,
and plant survival then depends on the capacity of
newly expanded canopies to acquire carbon resources
through photosynthesis (Moreira et al. 2012). Short-
fire intervals and/or repeated clipping (or browsing) of
resprouts can prevent acquisition of new resources
resulting in reduced resprouting vigor and increased
plant mortality (Canadell and Lopez-Soria 1998;
Paula and Ojeda 2006; Enright et al. 2011). In our
study, resprouting H. arbutifolia shrubs were contin-
uously browsed to a degree that likely limited their
ability to capture new carbon through photosynthesis.
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Thus, carbon limitation may have been a factor
contributing to browsed resprout mortality in this
study.

Consequences of shrub mortality

The population of unprotected H. arbutifolia has been
effectively extirpated from the burn area. The exclo-
sures are protecting roughly 25 % of the sampled
population, yet the portion of the population that was
unprotected and lost may not recover. Among chaparral
shrubs, obligate resprouters like H. arbutifolia typically
require closed canopy, mature chaparral stands for
seedling recruitment (Patric and Hanes 1964; Zedler
1981; Keeley 1991). Since the dominance of the
chaparral shrubs in the unprotected area is diminished,
creating a more open canopy, there may be few sites
suitable for seedling recruitment. Moreover, if the deer
are capable of killing large resprouts, they may also
cause mortality of small, sensitive seedlings (e.g., Mills
1983; Quinn 1986; Tyler 1995). The long-term viability
of this population is unclear at present and a better
understanding of the recruitment potential of SCI
shrubs, particularly in the presence of deer, is needed.

At the community level, the three dominant shrub
species that we measured showed greatly reduced
canopies in the browsed area (>93 % reduction)
compared to plants protected by exclosures. However,
R. integrifolia and R. pirifolia did not exhibit the same
levels of mortality that we observed in H. arbutifolia.
Thus, the response to exotic deer browsing is differential
and will likely influence shrub community structure. In
addition, changes in shrub cover have created opportu-
nities for expansion of less palatable sage scrub species
(e.g., Artemisia californica, Baccharis pilularis, and
Opuntia litoralis) and non-native grasses and forbs (e.g.,
Avena fatua, Bromus spp., Lolium multiflorum, and
Hordeum spp.) already present at this site. Over time it is
possible that the island chaparral in recently burned
areas may undergo vegetation-type conversion to a sage
scrub and alien-dominated landscape, similar to what
has been observed in mainland chaparral following short
fire-return intervals (Zedler et al. 1983; Stylinski and
Allen 1999; Jacobsen et al. 2004).

Sensitivity of island chaparral to deer browsing

In mainland southern California chaparral communi-
ties, there is evidence that mammalian herbivores can
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impact post-fire vegetation dynamics through brows-
ing (Biswell 1952; Davis 1967; Mills 1983, 1986;
Quinn 1986; Thomas and Davis 1989; Moreno and
Oechel 1991, 1993). However, the levels of browsing
intensity and mortality recorded in our study exceed
the values reported by previous mainland studies
concerning post-fire recovery of resprouting shrubs.
Moreover, comparison of the results from SCI and our
concurrent mainland study reveals that H. arbutifolia
shrubs on SCI experienced increased browsing inten-
sity and mortality compared to the mainland site,
despite experiencing less severe water deficit. These
findings suggest that the effects of deer browsing on
post-fire vegetation recovery may be more pronounced
on SCI than chaparral communities on the southern
California mainland.

The extreme levels of deer browsing we observed
may be related to the historical absence of native
browsers on SCI. In the absence of deer, plants may
evolve lower concentrations of chemical and morpho-
logical defenses (Coté et al. 2004; Takada et al. 2001),
including plants on islands (e.g., Vourc’h et al. 2001).
On a nearby California Island, Santa Cruz Island
(~ 114 km northwest of SCI), shrubs were found to
have reduced defenses and increased herbivore pref-
erence relative to conspecific mainland populations,
which the authors attribute to the historical absence of
native herbivores on the island (Bowen and Van Vuren
1997). Further examination is required to test the
hypothesis that shrubs on SCI lack the morphological
and chemical defenses of their mainland relatives.

High browsing intensity on SCI may also be related
to altered deer behavior due to the lack of a natural
predator on the island. Surveys of the deer population
on SCI suggest it is not likely that SCI deer densities
greatly exceed mainland densities, although they are
more abundant in island chaparral communities than
other island habitats (Garcelon 1988; Stapp and
Gutilla 2006). Instead, the absence of a natural
predator for the introduced deer may alter their
behavior, as predicted by the enemy-release hypoth-
esis (Brown et al. 1999), and this might increase local
browsing intensity beyond the level experienced in
areas where predators are present (Ripple and Besch-
eta 2003; Potvin et al. 2003; Coté et al. 2004). It should
be noted that although the deer lack a ‘“natural”
predator on the island, they are exposed to annual sport
hunting and the effects of this on deer behavior are less
well understood.

Another factor that may be related to deer browsing
intensity on SCI is that island chaparral is character-
ized by lower diversity and more open canopy
structure than comparable mainland habitats (Scho-
enherr et al. 1999). At our study site, seedlings of
shrubs that rely on post-fire seed recruitment (obligate
seeders) were absent. The reduced diversity of woody
shrub species at this site may have increased browsing
intensity on post-fire resprouts beyond what would
have been recorded if palatable seedlings were also
present. Furthermore, the lower initial density of
shrubs may have resulted in a breakdown of the
“phenological defense” created when synchronized
flushes of new growth in the post-fire environment
satiate herbivores (Quinn 1986; Moreno and Oechel
1991), resulting in greater browsing pressure on
individual shrubs.

A related factor is fire size, where smaller fires are
likely to create increased browsing intensity by
increasing access to and decreasing the availability
of preferred forage relative to larger burns (Quinn
1986). However, small fire size is not a likely
explanation for the patterns observed in our study
because many mainland studies citing lower browsing
intensity were conducted following fires much smaller
than the fire we studied (Online Resources 2 and 3).

As described above, the island chaparral commu-
nity and exotic deer population on SCI may have
several key features that are not frequently encoun-
tered on the mainland. It is not likely that any one of
these island attributes explain the patterns we
observed, but rather they may work in concert to
increase browsing pressure on post-fire resprouts to
levels not typically observed on the mainland.

Conclusion

We found that resprouting individuals of H. arbutifo-
lia that were browsed by deer experienced reduced
growth and increased mortality, whereas those pro-
tected from deer generally displayed vigorous, suc-
cessful resprouting. Intense deer browsing, not water
stress, is the most likely proximate cause of resprout
mortality. Common resprouting shrubs other than H.
arbutifolia were also impacted by deer browsing,
resulting in a >93 % reduction in total shrub cover in
areas unprotected from deer. Several unique features
of the island environment may explain the unusually
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high levels of browsing. From this study, it is clear that
the deer pose an acute threat to post-fire regeneration
of the native chaparral communities on SCI and that
the interaction between deer browsing and fire may
lead to vegetation-type conversion.

Acknowledgments Aaron Ramirez was supported by the
National Science Foundation (NSF-REU site grant # 0452587)
via Pepperdine University and the SURB program, and the
National Institute of General Medical Sciences via the MARC
U*STAR training program (award to CSUB, award
#5T34GMO069349-05); the content is solely the responsibility
of the authors and does not necessarily represent the official
views of the National Institute of General Medical Sciences or
the National Institutes of Health. Aaron Ramirez was also
supported by the National Science Foundation Graduate
Research Fellowship during preparation of the manuscript.
Anna Jacobsen and R. Brandon Pratt were supported by a grant
from the Andrew Mellon Foundation’s Conservation and the
Environment program. R. Brandon Pratt was also supported by
National Science Foundation (IOS # 0845125). The Catalina
Conservancy, especially Darcee Guttilla and Carlos de la Rosa,
provided access to the island and accommodations during field
research trips. The Conservancy also was responsible for
construction and maintenance of the exclosures used in this
experiment. The Research Council of the University at CSUB is
thanked for supporting this work. We also thank Manuel
Ramirez, Gilbert Uribe, Mark Deguzman, Iolana Kaneakua, and
Gabriella Orona for their help collecting data in the field.

References

Alder NN, Pockman WT, Sperry JS, Nuismer S (1997) Use of
centrifugal force in the study of xylem cavitation. J Exp Bot
48:665-674

Atkinson 1 (1989) Introduced animals and extinctions. In:
Western D, Pearl MC (eds) Conservation for the twenty-
first century. Oxford University Press, New York

Biswell HH, Taber RD, Hendrick DW, Schultz AM (1952)
Management of chamise brushlands for game in the north
coast region of California. Calif Fish Game 38:453-484

Bowen L, Van Vuren D (1997) Insular endemic plants lack
defenses against herbivores. Conserv Biol 11:1249-1254

Brown JS, Laundré JW, Gurung M (1999) The ecology of fear:
optimal foraging, game theory, and trophic interactions.
J Mammal 80:385-399

Brumbaugh R, Leishman N (1982) Vegetation change on Santa
Cruz Island, California: the effect of feral animals. In:
Conrad C, Oechel W (eds) Proceedings of the symposium
on dynamics and management of Mediterranean-type
ecosystems. USDA Forest Service, Gen. Tech, Rep. PSW-
58. Pacific Southwest Forest and Range Experiment Sta-
tion, Berkeley, p 589

Canadell J, Lopez-Soria L (1998) Lignotuber reserves support
regrowth following clipping of two Mediterranean shrubs.
Func Ecol 12:31-38

@ Springer

Carlquist S (1974) Island biology. Columbia University Press,
New York

Carroll MC, Laughrin LL, Bromfield AC (1993) Fire on the
California Islands: does it play a role in chaparral and
closed cone pine forest habitats. In: Hochberg F (ed) Third
California Islands symposium: recent advances in research
on the California Islands: Santa Barbara, pp 73-88

Clemente AS, Rego FC, Correia OA (2005) Growth, water
relations and photosynthesis of seedlings and resprouts
after fire. Acta Oecol 27:233-243

Coblentz B (1978) The effects of feral goats (Capra hircus) on
island ecosystems. Biol Conserv 13:279-286

Coblentz B (1980) Effects of feral goats on the Santa Catalina
Island ecosystem. In: Power D (ed) Santa Barbara Museum
of Natural History, Santa Barbara, pp 167-170

Coté SD, Rooney TP, Tremblay JP, Dussault C, Waller DM
(2004) Ecological impacts of deer overabundance. Annu
Rev Ecol Syst 35:113-147

Cox GW (1985) Laboratory manual of general ecology, Sth edn.
chap. 10. WCB/McGraw-Hill, New York

Davis J (1967) Some effects of deer browsing on chamise
sprouts after fire. Am Mid Nat 77:234-238

DeSouza J, Silka PA, Davis SD (1986) Comparative physiology
of burned and unburned Rhus laurina after chaparral
wildfire. Oecologia 71:63-68

Enright NJ, Fontaine JB, Westcott VC, Lade JC, Miller BP
(2011) Fire interval effects on persistence of resprouters
species in Mediterranean-type shrublands. Plant Ecol
212:2071-2083

Garcelon DK (1988) A census and evaluation of deer in select
areas of Santa Catalina Island. Unpublished report pre-
pared for the Santa Catalina Island Conservancy, Avalon

Hanes TL (1971) Succession after fire in the chaparral of
southern California. Ecol Monogr 41:27-52

Jacobsen AL, Fabritius SL, Davis SD (2004) Fire frequency
impacts non-sprouting chaparral shrubs in the Santa
Monica Mountains of southern California. In: Margarita A,
Papanastasis VP (eds) Ecology, conservation and man-
agement of Mediterranean climate ecosystems. Proceed-
ings of 10th MEDECOS. Millpress, Rotterdam, ISBN 90
5966 0161

James S (1984) Lignotuber and burls—their structure, function,
and ecological significance in Mediterranean ecosystems.
Bot Rev 50:225-266

Keeley JE (1991) Seed germination and life history syndromes
in the California chaparral. Bot Rev 57:81-116

Keeley JE (1999) Reexamining fire suppression impacts on
brushland fire regimes. Science 284:1829-1832

Keeley J, Fotheringham C (2001) Historic fire regime in
southern California shrublands. Conserv Biol 15:1536—
1548

Keeley JE, Keeley SC (1981) Post-fire regeneration of southern
California chaparral. Am J Bot 68:524-530

Keeley JE, Bond WJ, Bradstock RA, Pausas JG, Rundel PW
(2012) Fire in Mediterranean ecosystems: ecology, evo-
lution, and management. Cambridge University Press,
New York

Koide RT, Robichaux RH, Morese SR, Smith CM (1989) Plant
water status, hydraulic resistance and capacitance. In: Pe-
arcy RW, Ehleringer J, Mooney HA, Rundel PW (eds)



Plant Ecol (2012) 213:1037-1047

1047

Plant physiological ecology: field methods and instru-
mentation. Chapman and Hall, New York, pp 161-183

Mills JN (1983) Herbivory and seedling establishment in post-
fire southern California chaparral. Oecologia 60:267-270

Mills JN (1986) Herbivores and early post-fire succession in
southern California chaparral. Ecology 67:1637-1649

Minnich RA (1982) Grazing, fire and the management of veg-
etation on Santa Catalina Island, California. In: Conrad CE,
Oechel WC (eds) Proceedings of the symposium on
dynamics and management of Mediterranean-type eco-
systems. USDA Forest Service, Pacific Southwest Forest
and Range Experiment Station, General Technical Report
PSW-58, pp 444-449

Mooney HA, Dunn EL (1970) Convergent evolution of Medi-
terranean-climate evergreen sclerophyll shrubs. Evolution
24:292-303

Moreira B, Tormo J, Pausas JG (2012) To resprout or not to
resprout: factors driving intraspecific variability in res-
prouting. Oikos. doi: 10.1111/j.1600-0706.2011.20258.x

Moreno JM, Oechel WC (1991) Fire intensity and herbivory
effects on postfire resprouting of Adenostoma fasciculatum
in southern California chaparral. Oecologia 85:429-433

Moreno JM, Oechel WC (1993) Demography of Adenostema
fasciculatum after fires of different intensities in southern
California chaparral. Oecologia 96:95-101

Patric JH, Hanes TL (1964) Chaparral succession in a San
Gabriel Mountain area of California. Ecology 45:353-360

Paula S, Ojeda F (2006) Resistance of three co-occurring res-
prouter Erica species to highly frequent disturbance. Plant
Ecol 183:329-336

Potvin F, Beaupré P, Labrise G (2003) The eradication of bal-
sam fire stands by white-tailed deer on Anticosti Island,
Québec: a 150-year process. Ecoscience 10:487-495

Quinn RD (1986) Mammalian herbivory and resilience in
Mediterranean-climate ecosystems. In: Dell B, Hopkins
AJ, Lamont BB (eds) Resilience in Mediterranean-type
ecosystems. Dr Junk Publ, Dordrecht, pp 113-128

Rice WR (1989) Analyzing tables of statistical tests. Evolution
43:223-225

Ripple WJ, Bescheta RL (2003) Wolf reintroduction, predation
risk, and cottonwood recovery in Yellowstone National
Park. For Ecol Manag 184:299-313

Schoenherr AA, Feldmeth CR, Emerson MJ (1999) Natural
history of the islands of California. University of California
Press, Berkeley

Stapp P, Gutilla DA (2006) Population density and habitat use of
mule deer (Odocoileus hemionus) on Santa Catalina Island,
California. Southwest Nat 51:572-578

Stylinski CD, Allen EB (1999) Lack of native species recovery
following severe exotic disturbance in southern Californian
shrublands. J Appl Ecol 36:544-554

Takada M, Asada M, Miyashita T (2001) Regional differences
in the morphology of a shrub Damnacanthus indicus: an
induced resistance to deer herbivory? Ecol Res 16:809-813

Thomas C, Davis S (1989) Recovery patterns of three chaparral
shrub species after wildfire. Oecologia 80:309-320

Tyler CM (1995) Factors contributing to postfire seedling
establishment in chaparral: direct and indirect effects of
fire. J Ecol 83:1009-1020

Tyree MT, Hammel HT (1972) The measurement of the turgor
pressure and the water relations of plants by the pressure-
bomb technique. J Exp Bot 23:267-282

Vitousek P (1988) Diversity and biological invasions of oceanic
islands. In: Wilson EO (ed) Biodiversity. National Acad-
emy Press, Washington

Vourc’h G, Martin JL, Duncan P, Escarré J, Clausen TP (2001)
Defensive adaptations of Thuja plicata to ungulate
browsing: a comparative study between mainland and
island populations. Oecologia 126:84-93

Zedler PH (1981) Vegetation change in chaparral and desert
communities in San Diego County, California. In: West
DC, Shugart HH, Botkin D (eds) Forest succession: con-
cepts and applications. Springer, New York, pp 406430

Zedler PH, Gautier CR, McMaster GS (1983) Vegetation
change in response to extreme events: the effect of a short
interval between fires in California chaparral and coastal
scrub. Ecology 64:809-818

@ Springer


http://dx.doi.org/10.1111/j.1600-0706.2011.20258.x

	Exotic deer diminish post-fire resilience of native shrub communities on Santa Catalina Island, southern California
	Abstract
	Introduction
	Materials and methods
	Study site and treatments
	Growth and mortality
	Water relations
	Stand structure
	Statistical analyses

	Results
	Growth and mortality
	Water relations
	Stand structure
	Comparison with mainland studies

	Discussion
	Causes of resprout mortality
	Consequences of shrub mortality
	Sensitivity of island chaparral to deer browsing

	Conclusion
	Acknowledgments
	References


