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Abstract. Fennel is a perennial herb introduced to Santa
Cruz Island from Europe in the late 1800s. It now domi
nates a substantial proportion of grasslands throughout
central and northeastern Santa Cruz Island and is continu
ing to expand its range. Though it has been on the island
for more than 100 yr, the current distribution and abun
dance did not occur until grazing pressures were removed
in the 1980s and a 5-yr drought ended in 1991. A pilot pro
gram examining the effects of (1) spraying fennel with dif
ferent formulation/concentration combinations of the
herbicide Garlon®, (2) manual cutting, and (3) seasonal
application of herbicide has been underway for 2 yr.
Spraying in the wet season has been found to be the most
important factor for reducing fennel cover, where reduc
tions of 50-90% were observed. Based on information
from several sources, we have developed state-transition
models of fennel expansion and control in
grassland/coastal scrub and riparian communities.
Implications of the models are discussed, especially the
need for integrated management programs when fennel or
other nonnative plants reach levels where management is
no longer an option but a necessity.

Keywords: Fennel; Santa Cruz Island; nonnative plants; restoration;
herbicides; state-transition models.

Introduction:

A "weed" has been defined in many ways, and has
typically included physical attributes and concerns over
economic impacts. Only recently have terms such as
"exotic," "alien," and "invasive" been used in definitions
of a weed. Indeed, the invasion of nonnative plants into
natural communities is now a principal concern for ecolo
gists and land managers (D'Antonio and Vitousek 1993;
Smith 1985). Nonnative plants have a great ability to
adapt to their surroundings and can rapidly expand their
range and begin to dominate some communities. This
often results in displacement of native species, alteration

of community structure, and change in nutrient cycles
(D'Antonio and Vitousek 1993, Loope 1992).

Nonnative plants comprise 19--46% of the vascular
plant species on California's Channel Islands (S. Junak,
pers. comrn.), but their influence extends beyond the num
ber of species (Table 1). As is the case on mainland
California, some plant communities on the Channel
Islands are now dominated by nonnative plants (grass
lands, coastal scrub) (Halvorson 1992). Four different
agencies manage the Channel Islands, and the resource
management goals of each include preserving and restor
ing the islands natural cOI11I11unities. An important step in
this process includes controlling or eliminating nonnative
plants.

Fennel (Foeniculul1l vulgare) is a nonnative species
of special concern in the Channel Islands. On Santa Cruz
Island it has undergone an unprecedented expansion of its
range in the last 3 yr, and now dominates almost 10% of
the island's area. This has resulted in a severe decrease in
species richness of herbaceous plants, such that European

Table 1. The proportion of nonnative plant species
on California's Channel Islands (Steve Junak 1993,
pers. cornm.).

Island Nonnative Species (0/0)

Santa Barbara 25

Anacapa 26

San Miguel 25

San Nicolas 46

San Clemente 30

Santa Catalina 30

Santa Rosa 19

Santa Cruz 24
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Livestock grazing is probably the most important fac
tor controlling fennel, especially by cattle (Beatty and
Licari 1992). Cattle, goats, deer, and elk occur on Santa
Rosa and/or Santa Catalina Islands, and there is a good
possibility that fennel on these islands will undergo an
expansion similar to the one on Santa Cruz when the graz
ers are removed.

Modeling Fennel Expansion And Control

cide, and the only difference between the different formu
lation/rate combinations was that the high concentration of
amine reduced the fennel cover significantly more than the
other combinations (Fig. 3). As fennel cover decreased,
grass cover increased (Fig. 4), but the ratios of nonnative
cover:native cover and nonnative species richness:native
species riclmess did not change (Fig. 5).
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Figure 2. Changes in percent cover of fennel as a result of treatment with different formulation/concentration combinations of the herbi
cide Garlon® on Santa Cruz Island, California. Herbicide applications were done in the summers of 1991 and 1992 (Dry Season) and the
winters of 1992 and 1993 (Wet Season).

and 6.0 Ibsl100 gallons equivalent concentrations, plus
unsprayed controls), 2 different seasons of application
(wet and dry seasons), and cut/uncut conditions in a ran
domized block design (Brenton and Klinger, unpub!.
data). Plots for each individual treatment combination
were sprayed twice at approximately a l-yr interval.

We found that Garlon4® is effective at reducing fen
nel cover, but that certain treatment combinations are sig
nificantly more effective than others. Fennel cover was
reduced as much as 95% in some sprayed plots, but cover
in plots treated during the dry season recovered and tend
ed to approach that of the controls within a year after her
bicide application (Figs. 2a, 2b), while cover in plots
treated during the wet season did not. Cover in plots treat
ed during the wet season continued to decrease after the
second application (Figs. 2c, 2d), while cover in plots
treated during the dry season was increasing. Cutting did
not significantly increase the effectiveness of the herbi-
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expansion of fennel did not occur until 1991 when a 4-5
yr drought ended (Table 1). As rainfall levels increased
between 1991-1993, the distribution and cover of fennel
increased in grassland and coastal scrub communities
(Fig. 1). Present estimates are that fennel is expanding at
the edge of its range at the rate of 3.0 m/yr (Beatty and
Licari 1992).

Figure 1. Percent cover and frequency of occurrence (total per
cent plots occupied) of fennel on Santa Cruz Island, California.

Control Efforts

Two projects are underway studying ways to control
and reduce the distribution and abundance of fennel on
Santa Cruz. Steve Gliessman and his students are studying
the effects of different removal methods and will report
their findings in this symposium. Since the spring of 1991,
we have experimented with the herbicide Triclopyr
(Garlon4®) as a chemical method of fennel control. We
have tested 7 different herbicide formulation/concentra
tion combinations (amine and ester formulations, 3.3, 4.5,

Factors Leading To Fennel Expansion

annual grasses are the only group of herbaceous plants
typically found in areas of dense fennel (Beatty 1991).
Fennel is continuing to expand its range and increase in
density where it already occurs on Santa Cruz Island
(Beatty and Licari 1992; Klinger unpublished data).
Although it isn't able to successfully invade shrub com
munities with closed canopies (Beatty and Licari 1992),
there is concern about the ecological effects of fennel's
expansion on grassland, coastal scrub, and some riparian
communities.

In this paper we give an overview of the factors that
led to the rapid explosion of fennel, outline ongoing con
trol efforts, and present a conceptual state-transition
model, predicting under what conditions a similar explo
sion of fennel may occur and how vegetation communities
can be expected to respond when fennel control programs
are implemented.

Fennel has been present on Santa Cruz Island for
more than 100 yr. Prior to 1991, it was present but at low
abundance in many grassland areas of the island, but was
never considered a dominant component of the vegetation
communities except in a few local areas.

We hypothesize that four factors were responsible for
the expansion of fennel. Individually, none of the factors
was significant enough to cause the expansion, but in
combination they were responsible for the tremendous
release that began in 1991.

The first factor is that fennel evolved in the
Mediterranean region under similar climactic conditions
as the coastal areas of California, hence it was "pre-adapt
ed" to the Santa Cruz Island climate. The second factor is
that vegetative growth and seed production of fennel peak
simultaneously in the mid to late summer when virtually
all other herbaceous species have died or ceased growth.
This greatly reduces competition for resources from other
herbaceous species at a critical time in fennel's life cycle
(Beatty and Licari 1992).

We hypothesize that the most impOltant factor con
tributing to the recent expansion of fennel was the rapid
removal of cattle and feral sheep from Santa Cruz.
Livestock were probably the primary vectors of fennel dis
persal, but as the only large grazers on the island they also
held fennel in check. At one time there were at least
50,000 sheep on Santa Cruz, and between 1,000-7,000
cattle at other times. Between 1981 and 1987 The Nature
Conservancy eliminated more than 36,000 feral sheep
from the western 90% of Santa Cruz, then in 1988
removed the remaining cattle (approximately 1,500 head)
over a 6--mo period. There are now no large grazing mam
mals on the western 90% of the island.

The final factor was proper environmental conditions.
Despite its pre-adaptation to the island's environment,
competitive ability, and removal of its predators, the
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cover. The shrubs are comprised mainly of native species,
but total cover and height is reduced from that in S1 or S2.
The herbaceous species composition is dominated by non
native grasses and forbs (Erodium sp., Silene galliea,
Hypoehoeris glabra, Bromus sp., Hordeum sp., Avena sp.,
Vulpia sp., Lamarkia aurea, Brassiea sp., eentaurea sp.).
It is possible that T2 could lead directly to State 6 (S6), but
grazing pressure would have to be low and environmental
conditions optimal for fennel establishment for an extend
ed period of time. We do not have any evidence that this
occurred and consider the possibility remote.

Transition 3 (T3) represents intense levels of grazing
and leads directly to State 5 (S5). There is at least as much
bare ground as vegetative cover, some populations of
native species have been driven to local extinction, and
what herbaceous cover exists is dominated by nonnative
species. Tins state is typical of parts of several of the
Channel Islands (Santa Rosa, Santa Catalina, San
Clemente, east Santa Cruz).

Transition 4 (T4) represents the removal of grazing
from S3 and S5 areas, and leads to conditions that enable
fennel to rapidly increase in density and expand its range
to a State 6 (S6) or State 7 (S7) condition. S3 areas will be
converted directly to S6 and S4 to S7, but S5 areas will
pass through a condition resembling S3.

Transitions 5-7 (T5, T6, T7) are hypothetical and
intermediate and involve management actions whose ulti
mate goal is eliminating or controlling fennel. Transition 5
involves cultural methods of control, such as fire, mow
ing, and digging. If these activities are applied consistent
ly over a number of years, it may be possible to convert S6
and S7 areas back to Sl or 52 conditions. Structurally,
these S 1 and S2 conditions would closely resemble the
pre-grazing states, except that nonnative herbaceous
species would be a significant but not necessarily domi
nant part of the flora. However, if cultural methods alone
are used, it is unlikely that the reduction in fennel would
be permanent (fire), or they would be so labor intensive
that it would not be practical to do them on a large scale
(digging, mowing).

Using herbicides in conjunction with cultural meth
ods (T6) presents an opportunity to reduce or eliminate
fennel over large areas. S6 areas may be converted to S3
conditions, and with continued application these could be
converted to SI conditions. To be cost effective though,
herbicide application need to be done over relatively large
areas. It will also be necessary to use herbicides only in
areas where rare or desirable species are not at risk from
herbicide action. For example, if herbicides were broadcast
sprayed over large areas of an 57 condition, there would
probably be substantial enough kill of shrubs that these
areas would effectively be converted to a S3 condition.

Although no organisms are known wInch could be
used, biological control (T7) would probably be the most
selective, cost efficient, and effective method of fennel
control. If one were found, the transition to S1 or S2

The model for grassland/coastal scrub communities
consists of 7 states and 7 transitions (Fig. 6). The funda
mental states are a dynamic equilibrium between grass
land (State l-S I) and coastal scrub (State 2-S2)
communities (Transition I-no disturbance from graz
ing). This equilibrium is thought to be representative of
the Channel Islands prior to European settlement and the
introduction of livestock, fennel, and other European
species. Both communities would have been composed of
native shrubs and herbaceous species (Artemisia californi
ea, Rhus sp., Aristida sp., Stipa sp., Eseholzia calif'orniea,
Lotus sp., Lupinus sp. Trifolium sp., Sanicula arguta). This
transition (Tl) is a result of natural successional and envi
ronmental processes.

Transitions 2 and 3 (T2 and T3) are characterized by
grazing, but differ in the intensity of the grazing.
Transition 2 represents moderate grazing and the conver
sion of Sl and 82 to States 3 or 4 (S3, S4). In S3 and S4
there is still significant amounts of herbaceous and shrub

We developed 2 models, one for grassland/coastal
scrub communities and another for riparian communities.
The models include 3 fundamental assumptions:

I. They are representative of Mediterranean climates.
Although rainfall amounts vary from year to year,
there is no evidence that the seasonal pattern of wet
winters and dry summers typical of coastal Southern
California has changed over the last centuries, so this
assumption seems reasonable.

2. Communities where fennel presently occurs approxi
mate the same vegetation structure that existed prior
to fennel introduction. This assumption is most likely
valid for riparian and coastal scrub communities, but
it is difficult to evaluate for grasslands. There is rea
son to believe that coastal scrub has been reduced by
grazers and probably converted to a grassland type
(Brumbaugh 1980), but at this time there is only cur
sory evidence of the extent or location where this
occurred. It is likely that there is more grassland on
the Channel Islands now than 100-150 yr ago, but the
successional patterns and species composition have
been well established for at least a century, so the
assumption is probably reasonable for grasslands.

3. Grazing mammals are the only significant predators
of fennel. Although anise swallow-tailed butterflies
occur on the islands, they are not abundant or depen
dent enough in their life history requirements to sig
nificantly affect fennel (A. Wenner 1992, pel's.
comm.). Information about insects on the Channel
Islands is incomplete, but at present we have no rea
son to believe that significant insect predators on fen
nel exist.

Grassland/Coastal Scrub Model
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Figure 5. Percent cover and number of species of native and
nonnative herbaceous species in experimental fennel control
plots on Santa Cruz Island, California, 1991-1993.

We have designed a state-transition model (Westoby
et al. 1989) to predict how different land use and environ
mental factors interact to affect the establishment, distrib
ution, and abundance of fennel. Traditional successional
models tend to assume a single persistent climax state.
They t~nd to distort successional patterns by assuming
alternative states don't exist or are transitory, or are so
detailed that many of the aspects of succession that they
try to represent become incomprehensible. The models
can be tested but are difficult to modify since they assume
only one state (Westoby et al. 1989). The advantages of
state-transition models are that a set of specific "states"
exist, and different transitions between the states occur as
a result of natural processes (fire, succession, flooding,
etc.) or land management actions. The states can vary in
their persistence times, while transitions can be rapid or
slow. The states and transitions summarize and abstract
dynamic processes in a relatively understandable manner
and can be tested and modified as more information i~
accumulated.
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Figure 3. Percent cover of fennel in cut/uncut and different for
mulation/concentration combinations of the herbicide Garlon®
on Santa Cruz Island, California. Herbicide applications were
d~ne in the summers of 1991 and 1992 (Dry Season) and the
winters of 1992 and 1993 (Wet Season).

Figure 4. Correlation between the percent cover of annual grass
with increasing cover of fennel on Santa Cruz Island, California
1991-1993. '



Figure 6. State-Transition model for grassland and coastal scrub communities in relation to fennel invasion on Santa Cruz Island,
California. 81: State I. Grassland community with mixture of native grasscs and forbs. Fennel is not present. After conversion back from
State 3 (S3), species composition is a mixture of native and nonnative grasses and forbs, but fennel is not present. 82: State 2. Coastal
scrub community dominated by native shrubs, grasses, and forbs. Fennel is not present. 83: State 3. Grassland community dominated by
nonnative grasses and forbs. Fennel is present, but is not a dominant part of the community composition or structure. 84: State 4. Coastal
scrub community dominated by native shrubs and nonnative grasses and forbs. Fennel is present but is not a dominant part of the com
munity composition and structure. 85: State 5. Heavily overgrazed community where bare ground and vegetation litter are the dominant
features of thc landscape. Species composition is a mixture of native and nonnative grasses and forbs, some shrubs, and fennel may be
prcsent but is not a dominant part of the community composition or structure. 86: State 6. Altered grassland community where fennel is
the dominant species in terms of species composition and structure. Other herbaceous species consist almost entirely of nonnative grass
es. 87: State 7. Coastal scrub community dominated by approximately equal amounts of native shrubs and fennel. Herbaceous species
are mainly nonnative grasscs and forbs. Tl: Transition 1. No grazing. Successional pattern is a dynamic equilibrium between grassland
and coastal scrub determined by natural processes (fire, weather changes). T2: Transition 2. Light to moderate levels of grazing. T3:
Transition 3. Heavy grazing. T4: Transition 4. Grazers removed without further management. 1'5: Transition 5. Removal of fennel by cul
tural methods (cutting, plowing, burning). T6: Transition 6. Removal of fennel with herbicides or a combination of cultural methods and
herbicides. T7: Transition 7. Biological control of fennel.
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would be the same as T6 -7 S 1 or T5 -7 52. The most sig
nificant advantage of biological control is that it can be
used in areas where herbicides cannot.

Riparian Model

The riparian model consists of 3 states and 4 transi
tions (Fig. 7). The fundamental difference between this
model and the one for grassland/coastal scrub is that graz
ing can influence the system directly or indirectly. In the
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Introduction

Fennel is an erect perennial herb in the family
Apiaceae. Its leaves are pinnately fi.nely.dissected and
thread-like. The plant attains 1-2 m m heIght and has a
white powder coating on the stem. It blooms May ~o

September, and the small, yellow flowers and occll.r ~n

glaucous compound umbels of 15-40 rays. The f~lt IS

laterally compressed, 5-ridged, and has a large slllgle
resin canal under each furrow (Anonymous 1926).
Originally from the Mediterranean, f~nnel has become an
aggressive invader in the western Umted St~tes. ~he plant
is common in heavily disturbed areas, espeCially 111 so.uth
ern and central California where it has now naturallzed
(Hickman 1993). .

Fennel was introduced to Santa Cruz Island 111 the
1850s (Beatty and Licari 1992) along w~th the importa
tion of sheep and pigs. Prisoners Harbor ~s thought to be
the point of entry. This invasive nonnative now gro.ws
abundantly on Santa Cmz Island, crowding out native
vegetation in most of the places it grows.. .

Santa Cruz Island, in the northern cham of Channel
Island off the California coast, is located 30 km ~outhwest

of Santa Barbara. It is approximately 38 km m length,
averages 10 km in width, and cov~rs an. area of 249 km'.
The climate is Mediterranean, With mild temperatures,

. . t rs and dry summers. The interior central val-ramy Wlll e " .. .
ley averages nearly 500 mm of armual preClpltatlO.n
(Minnich 1980). The largest of. th~ C~armel. Islands, It
harbors a variety of plant and wtldlife, mcludmg at le~st

9 rare or endangered plants and 31 species of plant hfe
believed to be found nowhere else in the world other than
the northern Channel Islands (Anonymous 1988). .

The island has been subjected to intense overgrazmg
by sheep, pigs, and other introduced do~e~tic animals for
more than a century. Historical records llldlcate that graz-
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Nonnative Species Eradication and Native Species Enhancelnent:
Fennel on Santa Cruz Island

Abstract. Four seasons of field data on fennel
(Foenicullllll vulgare Mill.) removal and non-fennel plant
species recovery, taken from experimental plots on Santa
Cruz Island, have been coIlated and the results are the

b'e t of this discussion. The most effective methods ofsu ~ c d' .
reducing the percentage of fennel cover were (1) 199~ng

out and removing the fennel from the site, and (2) uSI.ng
an appropriate herbicide after cutti~g. Th.e other 3 ~amp

ulations involved the one-time cuttmg of fem1el, With the
removal and non-removal of the resulting litter, a~d a ~ut

ting regime of spring cut and re-cut in summer WIth htter
removal. .

There were no significant differences 111 the fennel
cover of the 3 cut treatments after 4 seasons, and the
cover was only slightly less than in the control. Th~ non
fennel biomass regeneration in all treatments, partlcul.ar
Iy the dig and herbicide treatm~nts, favored nonn.atlve
species. Native species regeneratIOn was most pronun~nt
in the cut-and-remove treatment, but the number of nattve
individuals was too small to draw a well-foun.ded conc~u

sion. The allelopathic potential of fennel and Its synergIS
tic potential with nonnative species suc~ a~ .~rollluS

diandrlls need to be investigated in terms of lllhibltmg the
germination and growth ?f .na~i~e. species. Also, the
effects of a fennel mulch 111 lllhlblt1l1g fermel .regen~ra

tion as indicated in our research, bears further mvestlga
tion: In researching recommendations, the focus has been
not only on the effects of the treatments on fennel growth
and development, but the treatment's effects on the al~elo

pathic potential of fennel. Our go~l is not just to e~adlcate

fennel, and to have it replaced With an~the.r ~pecles that
may be just as noxious and problematIC; It IS to. better
understand the conditions that favor a successIOn of
native species that can replace fennel, and ~ow m~ch

external input is required to coax that successl~n. NatIve
species enhancement is one possibility. The mam ~onclu

sion of the study is that restoring areas of fe~ellllf~sta

tion to native species will need to be a project With a
long-term successional outlook.
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tral methods (plowing, mowing) or broad spectrum herbi
cides (e.g., glyphosate).

Integrated methods of vegetation management should
always be considered when planning nonnative plant con
trol programs, and are essential for long-term control. Our
models indicate that no single management method will be
adequate for controlling fennel in all habitats, with the
possible exception of biological control. But because there
are no known biological control agents for fennel, a com
bination of herbicides and cultural methods will be need
ed in any comprehensive fennel management program that
is undertaken in the Channel Islands.

To avoid an explosion of fennel (or a similar expan
sion of another nonnative species) such as what occurred
on Santa Cruz Island, it may be necessary to reduce the
number of grazers in a gradual fashion on other islands. If
grazers are to be removed over a relatively short period of
time, management programs should be designed to sup
press outbreaks of nonnative species before they become
unmanageable. In the end, the most effective way to man
age nonnative plants is to prevent them from reaching lev
els where management is required. Once the need for
management is recognized, it is probably too late for full
control to ever be achieved.
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