Reducing Competitive
Suppression of a
Rare Annual Forb by
Restoring Native
California Perennial
Grasslands

cences to the same extent. The response of Amsinckia
inflorescence number to Poa biomass was linear,
whereas the same response to the annual grass biomass is logarithmic, and appeared to be related to
graminoid cover. This may be because of the different
growth forms exhibited by the two grass types. Results of this research suggest that restored native perennial grasslands at intermediate densities have a
high habitat value for the potential establishment of
the native annual A. grandiflora.
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Abstract

Populations of the rare annual forb Amsinckia grandiflora may be declining because of competitive suppression by exotic annual grasses, and may perform
better in a matrix of native perennial bunchgrasses.
We conducted a field competition experiment in which
Amsinckia seedlings were transplanted into forty 0.64-m2
experimental plots of exotic annual grassland or restored perennial grassland. The perennial grassland
plots were restored using mature 3 cm-diameter plants
of the native perennial bunchgrass Poa secunda planted
in three densities. The exotic annual grassland plots
were established in four densities through manual removal of existing plants. Both grass types reduced
soil water potential with increasing biomass, but this
reduction was not significantly different between
grass types. Both grass types significantly reduced the
production of Amsinckia inflorescences. At low and
intermediate densities (dry biomass per unit area of
20–80 g/m2), the exotic annual grasses reduced Amsinckia inflorescence number to a greater extent than did
Poa, although at high densities (⬎90 g/m2) both grass
types reduced the number of Amsinckia inflores1Environmental
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T

he original native bunchgrass communities of California have undergone a major transformation since
the arrival of the first Europeans (Baker 1989). Grasslands
occur in several California plant communities. They are
the primary component in the valley grassland community, and form the understory in oak woodland (also
known as foothill woodland) and other cismontane woodland communities of the California Floristic Province (Barbour & Major 1990). During exploration and intensive settlement, annual grasses native to the Mediterranean area
were either intentionally introduced as cereal or forage
crops, or inadvertently introduced through impurities in
crop seed and in packing material (Murphy & Ehrlich
1989). By the 1850s, European plants had largely displaced
native perennial grassland species, particularly in the valley grassland and oak woodland communities, resulting
in the California winter annual grasslands of today.
In recent years, the decline of locally restricted native
plant species has been observed within California winter
annual grasslands. Many such taxa are now of conservation concern, and some have been formally listed as
threatened and endangered. In their inventory of rare
and endangered vascular plants of California (Skinner &
Pavlik 1994), the California Native Plant Society (CNPS)
listed 454 taxa found in valley grassland, foothill woodland, and cismontane woodland communities. Annual
plants comprised 48% of this total (216 taxa).
Competition with annual exotic grasses has been
shown to reduce some measure of fecundity in native
species (Guerrant 1992; Gordon & Rice 1993). Consequently, research on the role of annual exotic grasses in
the decline of native species (both annual and perennial) may help determine the mechanisms of the decline, and provide recommendations on maintaining
native plant diversity in annual grasslands.
Amsinckia grandiflora (Gray) Kleeb. ex Greene (Boraginaceae) (large-flowered fiddleneck) is a rare forb native
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to the California grasslands of the inner-Coastal ranges
(Fig. 1A)(U. S. Fish and Wildlife Service 1997). Pavlik et
al. (1993) found that competition with exotic grasses reduced fecundity of Amsinckia. A grass-selective herbicide used for several years on a native population inhabiting about 200 m2 resulted in a rebounding of
Amsinckia from fewer than 100 individuals to over 1,600
individuals by 1994 (Pavlik 1995).
It is possible that Amsinckia may perform better in a
matrix of native perennial bunchgrass species. Native
annuals such as Amsinckia may have been more abundant historically with native perennial species. The shift
from a perennial to an annual system may have created
more overlap of resource use between the native and
exotic annuals. For example, native annuals might compete less successfully for water during the spring flowering period when water demand by both native and
exotic annual species is high. The assumption that na-

tive annuals would perform better in the presence of
native perennials in the California grasslands has not
been explicitly tested. Should it be true, it has far-reaching management implications, given that much of the
California grasslands are now composed primarily of
exotic annual species. Intensive management to restore
and maintain native grass communities would be required in the effort to sustain many rare native plants.
Although there are restoration projects underway in
California focusing on restoring native perennial grasslands (Dyer & Rice 1997a, 1997b), few if any have looked
at the benefit of this community in terms of its habitat
value to other species. It is entirely possible that robust
perennial grasslands may be equally, if not more, detrimental to rare species. Therefore, we set out to test the hypothesis that this particular California native endangered
forb, A. grandiflora, would perform better in a matrix of
native perennial bunchgrasses compared to a matrix of
annual exotic grasses. We also tested the subhypothesis
that competition for water plays a significant role in its
performance. We selected the native perennial bunchgrass Poa secunda J. S. Presl (formerly Poa scabrella) for this
test, because it is abundant at the site where Amsinckia is
naturally found. This experiment was not designed to determine whether it is the perennial versus annual or native versus exotic component that produced any observed effect. In our case native/perennial and exotic/
annual are linked, as there are no significant native annual grasses present in our system.
Methods
The Study Species

Figure 1. (A) Detail of Amsinckia grandiflora inflorescence. (B)
Site for experimental Amsinckia reintroduction in Drop Tower
canyon, in April 1994. Experimental population occurs within
the fenced area. Blue oak woodland occurs on the left side of
figure, with coastal sage scrub visible in the upper right.
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A. grandiflora is one of 15 species in the genus recognized by Ray and Chisaki (1957a, 1957b). The plants
grow erect to a height of 3 to 6 dm and branch at the
middle and above. Unlike other Amsinckia species, there
is no significant basal rosette; the majority of the leaves
are cauline. The root system is dominated by a tap-root
of unknown length (our observations indicate that the
tap-root is at least 30 cm long). As a member of the California winter annual grassland, Amsinckia germinates
with the onset of fall or winter rains, grows vegetatively
throughout the winter, flowers in the early spring, and
sets seed and dies before the summer drought (Heady
1990). It is currently known from only three natural
populations containing individuals numbering from
fewer than 30 to several thousand (Pavlik 1994). All natural populations occur on steep, well-drained, northfacing slopes in the Altamont Hills (Table 1), about 30
km southeast of San Francisco, California. The populations occur at low elevations (approximately 300 m)
and border on blue oak woodland and coastal sage
scrub communities.
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Table 1. Characteristics of the Amsinckia grandiflora field sites.

Site

Amsinckia
grandiflora
Population

Experimental
(in Drop Tower
Canyon)
introduced

Population
Size a

211f

Drop Tower
Canyon

natural

1,606

Draney Canyon

natural

16

Carnegie Canyon

natural

2,500–3,000

Elev. (m)b

290–305

290–299

Aspectb

Slope c

Soil Texture d

north west 45% to 75% sandy loam

north west 45% to 75% sandy clay
loam to
sandy loam

approx. 300 west

45% to 75% loam to sandy
clay loam

approx. 300 north west 45% to 75% loam

Dominant
Vegetation

Number of
Speciese

mesic annual
grassland

11 (45%)

mesic annual
grassland

12 (67%)

mesic annual
grassland

5 (20%)

mesic annual
grassland

11 (55%)

a Number

of individual plants as of 1994 spring census.
determined from topography maps and visual estimation.
c For experimental site, determined from four field measurements (average 56%), for other sites determined from topography maps and visual estimation.
d As determined by soil texture analysis of four soil samples collected randomly throughout the site.
eAs observed during spring 1994 census, percentage of native species in parenthesis.
f Experimental site plants a result of transplantation during fall of 1993.
bAs

The Drop Tower and Draney Canyon populations occur on Lawrence Livermore National Laboratory site
300, a high-explosive testing facility operated by the
University of California for the United States Department of Energy. This largely undeveloped 2,711-ha site
has been protected from livestock grazing and many
other human activities since the early 1950s. Large expanses of the native perennial bunchgrass P. secunda
(pine bluegrass, formerly P. scabrella) are found at the
facility (Taylor & Davilla 1986). It is a perennial bunchgrass characterized by leaves occurring in a densely
cespitose tussock, which grow to a height of 5 to 10 cm. A
sparser number of stems gaining a height of up to 10 dm
culminate in the inflorescence. The species has a diffuse
root system of unknown depth, although our observations
indicate the majority of the roots appear to occur within
the first 30 cm of soil. Although Poa occurs at the sites of
the natural Amsinckia populations, annual exotic grasses
and forbs still form the primary community matrix.
The Experimental Site

The experimental site was selected in the fall of 1992. This
site is in the same canyon as the Drop Tower Amsinckia
population and was selected to mimic the Drop Tower
site as closely as possible (Table 1). It is in the annual
grassland bordered by blue oak woodland and coastal
sage scrub (Fig. 1B). Herbaceous cover consists primarily
of the annual exotic grasses Bromus hordeaceus L. and Vulpia myuros (L.) C. Gmelin, with lesser amounts of Bromus
diandrus Roth, Bromus madritensis ssp. rubens (L.) Husnot,
Avena barbata Link, and the exotic forb Erodium cicutarium
20

(L.) L’Hér. Native species include the perennial bunchgrass P. secunda as well as several forbs and legumes, including Clarkia spp., Lupinus bicolor (Lindley) (miniature
lupine), and Castilleja exserta ([A. A. Heller] Chuang &
Heckard) (purple owl’s clover).
Experimental Community Establishment

To examine Amsinckia response to different grassland
communities, we created two experimental community
types: an annual grassland (established at four grass
densities), and a restored perennial grassland (established at three bunchgrass densities). Control plots containing no plants (other than the later transplanted Amsinckia plants) were also established. A controlled burn
was conducted on 26 October 1992 to clear the litter
from the site prior to plot establishment. Because of the
slope of the experimental site, these eight different plot
types were replicated in five randomized complete
blocks (Little & Hills 1978), with blocks oriented parallel to the contour of the slope. All Poa tussocks and
roots to a depth of approximately 15 cm were manually
removed from all plots.
The Poa treatments were established in February
1993. Healthy, mature Poa tussocks were manually excavated from land surrounding the experimental site
burned the previous year. Plants were excavated to a
depth of 15 cm, soil was loosely shaken from the roots,
and each tussock was divided into 3 cm-diameter plugs
and transplanted into the plots in a hexagonal arrangement at densities of 11, 22, and 45 plugs per plot (17, 34,
and 70 plugs/m2). The high-density treatment (Fig. 2A)
Restoration Ecology
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Figure 2. Restoration plots: (A) high-density Poa plot immediately after transplantation of 3 cm-dia. plugs of mature Poa in February 1993 (plot to the left is of medium density Poa) and in April 1994 (B) control plot containing only four Amsinckia plants; (C) plot
containing an intermediate density of annual grasses, note the smaller size of the Amsinckia plants compared to control plants; (D)
plot containing an intermediate density of Poa; note the large amount of space between the Poa tussocks and larger size of the Amsinckia plants. Grass biomass within the annual grass plot (C) and the Poa plot (D) approximately equivalent.

corresponds to densities observed in adjacent areas that
undergo annual controlled burns. Four transplants
damaged by rodent activity within the first month were
replaced. The transplanted plugs were allowed to grow
through the remainder of the season, with periodical
manual removal of all seedlings of annual plants (both
native and exotic).
In December 1993 seeds of the annual exotic grass B.
hordeaceus were added to the annual grass treatments to
ensure a range of exotic grass densities. Depending on
the assigned treatment target density, seeds were added
at 500, 1,000, 2,000, and 4,000 seeds per 0.64-m2 plot.
Plots were manually thinned (13–14 January 1994) to
target annual grass densities (900, 1,800, 2,700, and 3,600
grass shoots per m2), and again 2 weeks later. Dicots and
non-grass monocots were removed from the plots. After
1 February, only the control and Poa treatments were
routinely thinned. Owing to the lack of significant natuMARCH 2000

Restoration Ecology

ral rainfall, on 19 January 1994 all plots received supplemental watering with 0.16 cm of distilled water per plot.
Soil Water Potential Measurements

Screen-caged peltier thermocouple psychrometers (laboratory-calibrated; Brown and Bartos 1982) were installed
at depths of 10 and 75 cm within four of the five replicates
for each treatment, spanning the range of slope observed
in the field site. To avoid disturbing the plot, a 1 m-deep
trench was excavated directly downslope of the plot. The
psychrometer was installed by going to the desired depth
in the trench, then using a wooden dowel to create a hole
reaching halfway into the plot at the same slope as the
plot. The psychrometer was then fed through this hole,
the excavation was filled, and the leads to the psychrometer were directed to one of six common stations. All psychrometer cable was buried. A Campbell CR-7 datalogger
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(from Campbell Scientific in Logan, Utah) was used to
read all psychrometers. In early February 1993, 30 of the
psychrometers were installed, and the remaining 34 were
installed in February 1994.
Pre-dawn (4 a.m.) soil water potential measurements
were obtained from both depths in two to three blocks
throughout the month of April 1994. Midday soil water
potential measurements were obtained at the two depths
from each plot on 21 April 1994, which was near the end
of the flowering period. Because the datalogger had to be
manually moved between logging stations, it was not
possible to obtain water potential measurements simultaneously from all psychrometers.
Amsinckia grandiflora Transplantation

Amsinckia nutlets for the present experiment were obtained from a 1988 common garden study conducted at
the University of California at Davis (Pavlik et al. 1993).
These nutlets can be traced back to those collected from
the Drop Tower native population by R. Ornduff of the
University of California at Berkeley in the mid-1960s.
On 27 November 1993, with the onset of winter rains,
the nutlets were placed into Petri dishes containing
Whatman 40 filter paper saturated with distilled water
(20 nutlets per dish). Each dish was then covered with
foil and maintained at approximately 25⬚C. In an ambient temperature greenhouse, plastic tubes (2.5 cm diameter by 15 cm deep) were filled with native soil collected
from the field site and well moistened with distilled
water. Of the nutlets sown on the filter paper, 84% germinated. Seedlings were transplanted into the prepared
plastic tubes as soon as the pericarps were shed and
each seedling possessed a noticeable hypocotyl and a
root length of 1 to 1.5 cm. Transplantation occurred
over a period of four days. Planting success was over
95%. Distilled water was used to irrigate the tubes.
On 9 December 1993 the Amsinckia seedlings were
transplanted into each of the field plots. The seedlings
used were uniform in size, with well-developed cotyledons and emerging first true leaves. Four seedlings
were transplanted into the center of each 0.64-m2 plot
arranged in a 30-cm square and well wetted with distilled water. An equal amount of loose grass thatch was
placed on all of the plots to moderate soil temperature.
The thatch was monitored and replaced when necessary. Two seedlings sustained rodent damage and were
replaced on 29 December 1993.
Field Observations and Nutlet Harvest

Phenological observations for all species, and measurements on height and number of inflorescences on each
Amsinckia plant, were obtained throughout the 1993⁄1994
growing season. Visual estimates of grass cover were
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made for each plot on 17 March and 1 April 1994. On 22
March 1994, 20 Amsinckia plants spanning the observed
size range were subjectively selected and flagged for
nutlet collection. Flagged plants were distributed approximately equally among the treatments. Mature nutlets were manually collected from each flagged plant
every few days.

Biomass Harvest

At the end of the 1992/1993 growing season, prior to
Amsinckia transplantation, all above-ground plant biomass was clipped and removed from all plots. Biomass
collected from a randomly selected plot within each of
the five blocks assigned an annual grass treatment was
separated by species and weighed to establish initial
species composition within the community, exclusive of
Poa. To determine the initial proportion of Poa in the
community, biomass was collected from five randomly
selected undisturbed locations and separated into Poa
versus other species.
Between 3 May and 5 May 1994, biomass from plants
other than Amsinckia (termed neighbor biomass) was
collected from each plot. Amsinckia plants were not harvested. The center 0.6 ⫻ 0.6 m of each annual grass and
control plot was harvested. Four randomly placed subsamples (0.1 ⫻ 0.1 m each) were collected from within
this area, and individual plants were counted and separated by species for subsequent dry weight determination. Biomass was harvested from the entire Poa plots,
with species other than Poa collected separately. Of the
15 Poa treatment plots, one medium-density and one
high-density plot were lost to rodent damage. All 20 annual grass treatment plots remained intact.
All neighbor biomass was oven dried at 65⬚C for five
days and weighed. Of the five control plots that were to
contain only Amsinckia, the manual thinning of two
plots was inadequate, resulting in neighbor biomass of
11 to 19 g/m2 (the other control plots contained less
than 3 g/m2 of neighbor biomass). These plots were excluded from subsequent analysis.

Data Analysis

Because we allowed the majority of Amsinckia plants to
senesce naturally in hopes of establishing a new population, a predictor of nutlet output for use in subsequent
analysis of the effects of grass competition was needed.
Therefore, shoot length in centimeters and the number
of inflorescences recorded on 12 April 1994 for each of
the 20 harvested Amsinckia plants were correlated with
total nutlet production per plant. Both single and multiple correlations were performed. The predictor or combination of predictors with the highest correlation was
Restoration Ecology
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selected for use in subsequent analysis of effect of grass
competition.
We analyzed the resulting data using regression analyses on a per plot basis. Linear and logarithmic simple
regression models were examined. The model with the
largest R2 was initially considered to have the best fit.
To further investigate the significance of the curvature
component in the logarithmic models, we fitted a multiple regression model in which the second term was the
squared independent variable (i.e., a quadratic model)
and examined the significance of the quadratic term.
Mallows’ Cp was used to investigate the bias associated
with adding terms to a regression model (Mallows
1973). The 95% confidence interval for the mean was
calculated and used to evaluate overlap of regression
models for the two grass types.
Analysis of variance (ANOVA) was used to descriptively compare treatments within a grass type (i.e., exotic
annual or native perennial grass). Mean separation was
conducted using a Tukey-Kramer pairwise comparison.
Mortality percentages were transformed using the arcsin
transformation prior to ANOVA (Krebs 1989). Because of
the large degree of variation in the treatment classifications within the grass types, ANOVA comparison between the two grass types was limited to a single degree
of freedom F-test (also known as an orthogonal contrast).
This test was used to compare the combined Poa to the
combined annual grass treatments.
Statistical analyses were conducted using SAS (Afifi &
Clark 1990; SAS 1990) and Statview II (Feldman et al.
1988). The significance level for all statistical tests was
set at ␣ ⫽ 0.05.
Results
Species Composition in Treatment Plots

Manipulation of the existing natural community created two distinct grassland communities: one comprised
primarily of exotic annual grasses, and one restored to
native perennial grasses (Fig. 3). In the annual grass
treatment plots, the manipulation increased the proportion of annual grasses, with B. hordeaceus and V.
myuros remaining the dominant species. Annual grass
species comprised 95% of the biomass in the annual
grass treatment plots. In the P. secunda treatment plots,
Poa comprised an average of 80% of the biomass collected from the field plots. The remaining 20% of the
biomass were composed primarily of annual grasses
growing within the tussocks, although some dicots
were also present in the plots. Total biomass in the Poa
and annual grass plots were comparable. Control treatment plots contained primarily Amsinckia, although a
small amount of neighbor biomass was present consisting primarily of annual grasses.
MARCH 2000
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Figure 3. Species composition (⫾1 standard error) as percentage of mean total standing crop per plot at the experimental
site in Drop Tower canyon in (a) spring of 1993 before manipulation, (b) annual grass treatment plots in the spring of 1994 after manipulation, and (c) Poa treatment plots in the spring of
1994 after manipulation. Other grasses in (a) and (b) include
Bromus madritensis ssp. rubens* and Bromus diandrus*; in addition to these species, other grasses in (c) include Bromus hordeaceus*, Avena barbata*, and Vulpia myuros*. Dicots include
Erodium cicutarium*, Castelleja exserta, Clarkia spp., Lupinus bicolor, and Amsinckia menziesii var. intermedia. * ⫽ exotic species.

Phenological Observations

The first significant rain of the season (1.8 cm) occurred
on 17 November 1993. This stimulated germination of
the annual grasses and Amsinckia, and broke the dormancy of Poa tussocks (as evidenced by the emergence
of new tillers) on 19 November 1993 (Table 2). However,
the date of first flowering was 21 and 35 days earlier for
Amsinckia and Poa, respectively, than for the exotic annual grasses. Poa was dormant by 19 April 1994, and
Amsinckia had fully senesced by 1 May 1994, whereas
the annual grasses were still green and producing seed
at this time.
Characteristics of the Grass Treatment Plots

The range of the mean biomass obtained from the annual grass treatments (54–111 g/m2) and the Poa treatments (67–135 g/m2) was somewhat similar (Table 3).
We were successful in establishing the Poa plots at the
target densities. However, it was difficult to maintain
the four annual grass densities except at the low- and
high-density levels. In addition, manual thinning was
not completely effective in the control plots, and a small
amount (less than 3 g/m2) of neighbor biomass remained.
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Table 2. Phenology at the experimental site, November 1993 to May 1994.
Stage

Annual Grasses

Germination
Tussock tillering
First observed
Complete
Flowering
First observed
Peak
Complete
Senescence/dormancy
First observed
Complete

Poa

Amsinckia

mid-November

**

mid-November

**

mid-November
early December

**

late March
early May

late February

early March
late April

⬎early May

late March
mid-April

early May

**Not applicable.

Both high-density grass treatments lowered pre-dawn
(4 a.m.) soil water potential at a depth of 10 cm measured between 13 April and 3 May 1994 (Fig. 4). The rate
of soil water potential change between 13 April and 22
April indicated soil moisture depletion for both grass
types and was of similar extent (⫺0.077 ⫾ 0.031 [n ⫽ 8]
and ⫺0.092 ⫾ 0.019 [n ⫽ 7] MPa/day for the annual and
perennial grasses, respectively). The rate of soil water
potential change for Poa between 22 April and 3 May
(0.017 ⫾ 0.007 MPa/day) indicated soil moisture recovery from the 1.2-cm rainfall on 26 April. This rate was
significantly different from that observed for the annual
grasses (⫺0.009 ⫾ 0.005 MPa/day, p ⬍ 0.01). Both grass
types reduced midday soil water potential measured on

21 April to a similar extent (Fig. 5). No significant
changes in soil water potential were observed at 75 cm.
Maximum grass cover as estimated on 1 April 1994
exceeded 70% for both grass treatments (Fig. 6). The
amount of cover in the Poa treatments was linearly re-

Table 3. Summary of neighbor biomass and estimated

density by treatment at the experimental site, May 1994.*

Treatment

Poa treatments
High density
Medium density
Low density
Average over all
treatments
Annual grass
treatments
High density
Medium-high
density
Medium-low
density
Low density
Average over all
treatments
Control treatments,
Amsinckia only

n
Plots

Neighbor
Biomass
Neighbor
g/m2
Density/m2
(⫾1 standard error) (⫾1 standard error)

4
4
5

135 ⫾ 11a
103 ⫾ 3.1a
67 ⫾ 6.0b

67 ⫾ 1.5a
33 ⫾ 0.6b
17 ⫾ 0.3c

13

99 ⫾ 9.1

37 ⫾ 6.0

5

111 ⫾ 20a

3,160 ⫾ 580a

5

87 ⫾ 15a

3,185 ⫾ 650a

5
5

95 ⫾ 44a
54 ⫾ 13b

2,950 ⫾ 760ab
1,840 ⫾ 360b

20

87 ⫾ 8.8

2,784 ⫾ 305

3

2.3 ⫾ 0.85

**

*Within each grass type, treatments with different letters are significantly different at p ⫽ 0.05.
**Not determined.
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Figure 4. Comparison of (a) Poa and (b) annual grass high- and
low-density treatments on pre-dawn (4 a.m.) soil water potential at 10 cm between 13 April and 3 May 1994. Data are from
two blocks with simultaneous measurement dates; intermediate densities not shown for clarity; error bars are one standard
error.
Restoration Ecology
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Amsinckia Nutlet Output

From the twenty Amsinckia plants where nutlets were
collected, we calculated correlations between nutlet output and several plant attributes (such as shoot length,
shoot dry biomass, and inflorescence number). Nutlet
production was highly correlated with inflorescence
number (r ⫽ 0.96, nutlet number/plant ⫽ ⫺36.76 ⫹
[16.81 ⫻ inflorescence number/plant], p ⬍ 0.0001). Therefore, we used the total number of inflorescences per plot
to estimate the effects of grass neighbor competition on
Amsinckia reproductive output.

Amsinckia Response to Grass Treatments

Figure 5. Relationship of final dry grass standing crop on
midday soil water potential per plot at 10 cm as measured on
21 April 1994.

lated to the biomass, whereas the amount of annual
grass cover was logarithmically related to biomass. A
quadratic model fitted to the data resulted in a significant quadratic term for the annual grass biomass (p ⬍
0.01), indicating the curvature to be a significant component of the fitted model. This was not the case for the
Poa biomass (p ⬎ 0.10). The R2 for the annual grass biomass quadratic model was similar to the R2 of the logarithmic model (0.74 and 0.73, respectively). Mallows’
Cp criteria supported the selection of the multiple (quadratic) regression (which simulates the logarithmic
model) as the best fit for the annual grass biomass
(Cp ⫽ 3.00), and the simple linear regression for the Poa
biomass (Cp ⫽ 2.09).

Although overall Amsinckia mortality was low (6.6%), it
was highest in the Poa treatments where it increased to
over 30% in the high-density treatment (Table 4). Mortality was not significantly different within the annual
grass treatments (where the overall mortality was 3.8%)
and was zero in the control plots. By using the total
number of Amsinckia inflorescences per plot in the subsequent analyses, the effect of Amsinckia mortality is included.
Amsinckia inflorescence number declined with increasing grass biomass (Fig. 7). A similar relationship was also
observed between Amsinckia inflorescence number and
increasing grass cover (data not presented). Owing to the
strong correlation between biomass and cover (Fig. 6),
their effects on Amsinckia were similar. Thus, cover can
be used to approximate biomass in future restoration efforts. Amsinckia inflorescence number responded in a linear fashion to Poa biomass, but in a logarithmic fashion
to the annual grass biomass. The quadratic term in the

Table 4. Amsinckia mortality at the Drop Tower Canyon

experimental site, November 1993 to May 1994.
Treatment*

Figure 6. Relationship of final dry grass biomass (collected on
1 May 1994) to percent grass cover as measured on 1 April
1994.
MARCH 2000
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Poa secunda treatments
High density
Medium density
Low density
Average over all treatments
Annual grass treatments
High density
Medium-high density
Medium-low density
Low density
Average over all treatments
Control treatments, Amsinckia
grandiflora only
Over entire experiment

n Plots

% Mortality
(⫾1 standard error)

4
4
5
13

31.25 ⫾ 18.8b
12.5 ⫾ 7.2a
0.0a
13.5 ⫾ 6.7

5
5
5
5
20

0.0a
10.0 ⫾ 6.1a
5.0 ⫾ 5.0a
0.0a
3.8 ⫾ 4.1

3

0.0

36

6.6 ⫾ 2.6

*Within each grass type, treatments with different letters are significantly different at p ⫽ 0.05.
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fitted quadratic model was significant for the annual
grass biomass (p ⬍ 0.05). The Mallows’ Cp index supported the selection of the simple linear model for Poa
and the multiple (quadratic) model for the annual grass
treatments (Cp of 1.13 and 3.0, respectively).
At the highest biomass levels, competitive suppression of Amsinckia inflorescence number by Poa and the
exotic grasses was equally severe. However, at low and
intermediate levels of biomass, the exotic grasses appear to suppress Amsinckia inflorescence number to a
greater extent than Poa (Fig. 2B–D). The 95% confidence
intervals for the mean do not significantly overlap at the
low to intermediate biomass and cover levels (Fig. 7).
However, confidence intervals for individual data points
do show significant overlap (data not presented). This
suggests that in general annual grass biomass reduces
Amsinckia inflorescence number to a greater degree than
Poa biomass, but no significance should be placed on individual observations.
An ANOVA on the grass treatments indicated significant differences between treatments (Table 5), but also
revealed a significant block effect. This effect occurred
because the two blocks in the more gently sloping portion of the study site contained more annual grass biomass than did those plots in the steeper portion of the
study site. Because the design was unbalanced, both
Type I and Type III ANOVA analyses were conducted.
As the significance values (p values) between the two
analyses were identical and the sum of squares was
only slightly different in all the analyses performed (Table 5), we interpreted this to mean the effect of the unbalanced design was minimal. As the significant treatment effect could have resulted simply from all grass
treatments being significantly different from the con-

trol, an orthogonal contrast was performed that compared the combined Poa treatments to the combined annual grass treatments. The orthogonal contrast revealed
that inflorescence number per plot in the combined Poa
treatments was significantly higher than the combined
annual grass treatments (Table 5). By using inflorescence number per plot, we were able to incorporate
both mortality and reduction in the number of inflorescences per plot in a single value.
Amsinckia responded weakly to midday soil water
potential in the two grass treatments as measured on 21
April 1994 (R2 of 0.37 and 0.25 for Poa and annual grass
treatments, respectively; p ⬍ 0.05), producing fewer inflorescences with lower water potential. However, this
response was not significantly different between the
two grass treatments. The rate of soil water potential
change did not appear to greatly influence Amsinckia inflorescence number.
Discussion

In this field experiment, performance of the rare annual
forb A. grandiflora was superior in the restored P. secunda
community with intermediate grass densities when comTable 5. Summary of Analysis of Variance on total number

of Amsinckia inflorescences per plot by treatment.
Dependent Variable: Total Inflorescence Number per Plot
Source

df

Model
Error
Corrected Total
Source

11
24
35
df

Treatment a
Block

7
4

Source
Treatment a
Block
Orthogonal
Contrast
Contrastb
Poa versus annual
grasses

Figure 7. Relationship of Amsinckia total inflorescence number per plot (as measured on 12 April 1994 to final dry grass
biomass (collected on 1 May 1994), showing predicted and
95% confidence intervals of the mean.
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Control
Combined Poa
treatments
Combined annual
grass treatments
aIncludes

MS

17,015.62 1,546.87
4,341.27
180.89
21,356.89
Type I SS
MS

F

p

8.55 0.0001
F

p

2,101.18 11.62 0.0001
576.83 3.19 0.0310

df

14,708.27
2,307.34
Type III
SS

7
4

13,843.53
2,307.34

1,977.65 10.93 0.0001
576.84 3.19 0.0310

df

Contrast
SS

1

3,647.41

Treatment Means
Treatment

SS

n Plots

MS

MS

F

F

p

p

3,647.41 20.16 0.0002

Inflorescence Number
per Plot
(⫾1 standard error)

3

89 ⫾ 15.0

13

38 ⫾ 6.5

20

27 ⫾ 3.0

comparison of all eight treatments, including the control.
Poa and annual grass treatments only.

b Compares
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pared to a community dominated by exotic annual grasses.
Reproductive output (as indicated by inflorescence numbers) was twice that found in the annual grass plots with
equivalent biomass (Fig. 7). These findings are consistent
with the hypothesis that populations of native annual forbs
have been put at risk by the introduction of European
grasses into the native California grasslands. Therefore, the
recovery of threatened native forbs may require extensive
management of the exotic annual grassland in order to
maintain their presence and some shadow of their original
abundance.
Surprisingly, we failed to detect competition for water between Amsinckia and its grass neighbors (although
variation in our data may have masked any actual competition). Others have either suggested (Menke, 1992)
or demonstrated (Gordon & Rice 1993; Momen et al.
1994; Eliason & Allen 1996) that competition for water
can be important between exotic and native California
grassland species. Indeed, we found that both grass types
reduced soil water potential throughout the growing season (Fig. 4). Interestingly, Poa appeared to reduce soil
water potential to a greater degree than the annual
grasses, especially at the lower densities. Amsinckia inflorescence numbers responded to soil water potential,
but only weakly. There was some recovery in soil water
potential during Amsinckia’s seed filling period in the
Poa and control plots as a result of rainfall during this
period. The excess soil moisture in these plots could
have resulted in either a greater Amsinckia seed number
per inflorescence or greater seed weight. Unfortunately,
we did not collect the data required to test this hypothesis. In contrast, at the highest densities the annual
grasses continued to use this soil moisture, indicating
that they were more metabolically active than Poa during this period. Both seed number and seed weight of
California annuals can be affected by drought during
seedfill (Ewing & Menke 1983).
Amsinckia may have been responding to other interference mechanisms. Root or shoot interference may affect growth and reproductive performance (Berendse
1981; Silvertown 1987; Williams et al. 1991). Amsinckia
did respond to the amount of grass cover, which may
reflect competition for light. Although its total inflorescence numbers were reduced by both grass types, at intermediate cover levels, a unit amount of annual grass
cover more severely reduced inflorescence numbers
than did a unit of the perennial Poa cover. Although it
may appear that the logarithmic nature of the annual
grass effect on Amsinckia was unduly influenced by the
control plots containing no or little annual grass, this is
an important observation. It shows that including very
modest amounts of annual grass results in a substantial
reduction of Amsinckia inflorescence numbers, with diminishing effects of additional annual grasses. Others
have observed similar results (Silander & Pacala 1985;
MARCH 2000
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Goldberg & Fleetwood 1987). Thus, it is the linear effect
of Poa that is unusual.
The differing effect on Amsinckia by Poa and the annual
grasses may be a result of the different community structure exhibited by the two grass types. Spacing patterns
can have a marked effect on density dependence (Fowler
1984; Silander & Pacala 1985), as well as on interspecific
competition (Mack & Harper 1977). A community of annual grasses forms a relatively solid sward of plant material that may have an effect on the amount and quality of
light reaching the plants (Taiz & Zeiger 1991), which in
turn could affect growth. A community in which Poa is
dominant, on the other hand, will have the majority of the
biomass concentrated in well-defined tussocks, resulting
in well-lighted, relatively open spaces. In our experiment,
the target Amsinckia plants were planted within the open
spaces of the restored Poa plots. Our data showed that
cover was greater for lower amounts of annual grass biomass than perennial grass biomass (Fig. 6). Thus, our results suggest that Amsinckia can readily take advantage of
the open spaces present in Poa communities.
The native Poa, however, can also compete with Amsinckia at higher densities. Areas of Site 300 where controlled burns have been frequent (conducted every late
spring for wildfire control) are dense with Poa (nearly
100% cover) and have low species richness (Taylor &
Davilla 1986). Properly timed fires have been frequently
cited as a means of reducing annual grass competition
and promoting native perennial bunchgrass communities (George et al. 1992; Menke 1992). However, aggressive land management techniques aimed at restoring
high-density perennial bunchgrass communities may
result in a habitat that is not favorable for rare native
forbs. The early phenology of Poa also overlaps with
that of Amsinckia (Table 1), and would accentuate interference. Our data on Amsinckia suggest that, in order for
it to maintain abundance (and perhaps forb species
richness in general), a restored community should have
adequate disturbance in order to maintain Poa at intermediate densities (e.g., 20–30 plants per m2) and minimize cover by exotic annual grasses. Others have also
suggested that forbs do not establish well in dense
bunchgrass communities, and favor areas where environmental factors combine to keep the grasses well
spaced (Edwards 1994).
The restoration of California perennial grasslands
should have, as a primary goal, the creation of communities that can foster the long-term persistence of a wide
array of plant species, not just the bunchgrass species.
The bunchgrass physiognomy may allow numerous native annuals to fill the interspaces (Heady 1990). The
presence of many species of native forbs of more limited distribution would result in greater regional heterogeneity (Huenneke 1989). In the pristine perennial
grassland, dominance was probably by natives such as
27
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Nassella pulchra (formerly Stipa), Nassella cornata, and
Festuca californica, in addition to P. secunda (Heady
1990). Indeed, restoration efforts in California often focus on N. pulchra (Dyer & Rice 1997a, 1997b). By late
spring, Poa is already dormant, whereas N. pulchra is
still physiologically active (Laude 1953). It is possible
that a mixed bunchgrass community with grasses of
both early (Poa) and later (Nassella) phenology may provide a more heterogeneous community favorable to a
mix of native forbs. Such a mixed community should be
further investigated for suitability in restoration efforts
where the habitat value of the community to rare species is of importance.
The implications of the results of our research on the
field of restoration are several. First, with specific regard to
Amsinckia management, the restoration of intermediate
density Poa grasslands provides a method (albeit a laborintensive one) to reduce competitive suppression. Second,
we have an example that using an experimental approach
to restoring grasslands can assist in increasing native plant
diversity through determining the optimal bunchgrass
densities for the co-occurrence of native forb species. And
finally, our work demonstrates the importance of considering the habitat as the unit of restoration. If the goal were
simply to restore Poa grasslands, it could be argued that
high-density grasslands are preferable to low-density
grasslands as a possible means of protection against invasion from the exotic grasses. However, we have shown
that such high-density grasslands provide poor habitat to
rare native forbs such as Amsinckia.
Acknowledgments

The authors thank S. Gregory, E. Espeland, S. E. Walter,
B. Goodrich, M. Lima, and V. Dibley for extraordinary
field technical assistance. S. Gregory and S. E. Walter
also provided the photographs. We also thank J. Richards and L. Donovan for technical assistance in the use of
thermocouple psychrometers. In addition, we thank K.
Rice for technical input throughout the project, as well as
for review of the manuscript. We are indebted to the reviews provided by D. Pyke, one anonymous reviewer,
and the editors of Restoration Ecology. Work was performed under the auspices of the U.S. Department of Energy by Lawrence Livermore National Laboratory under
Contract W-7405-Eng-48 and funded by a grant from the
Laboratory Directed Research and Development program. Publication number UCRL-ID-123355.
LITERATURE CITED

Afifi, A. A., and V. Clark. 1990. Computer-aided multivariate analysis. 2nd edition. Van Nostrand Reinhold Company, New York.
Baker, H. G. 1989. Sources of the naturalized grasses and herbs in
California. Pages 29–36 in L. F. Huenneke and H. A. Mooney,
editors. Grassland structure and function: California annual

28

grassland. Tasks for vegetation science. Volume 20. Kluwer
Academic Publishers, Dordrecht, The Netherlands.
Barbour, M. G., and J. Major, editors. 1990. Terrestrial vegetation
of California. California Native Plant Society, Sacramento.
Berendse, F. 1981. Competition between plant populations with
different rooting depths. II. Pot experiments. Oecologia 48:
334–341.
Brown, R. W., and D. L. Bartos. 1982. A calibration model for
screen-caged peltier thermocouple psychrometers. Research
Paper INT–293. U.S. Department of Agriculture, Forest Service, Intermountain Forest and Range Experiment Station,
Ogden, Utah.
Dyer, A. R., and K. J. Rice. 1997a. Intraspecific and diffuse competition: the response of Nassella pulchra in a California grassland. Ecological Applications 7:484–492.
Dyer, A. R., and K. J. Rice. 1997b. Evidence of spatial genetic
structure in a California bunchgrass population. Oecologia
112:333–339.
Edwards, S. W. 1994. Creating an authentic California meadow.
The Four Seasons 9(4):4–16.
Eliason, S. A., and E. B. Allen. 1996. Exotic grass competition in
suppressing native shrubland reestablishment. Restoration
Ecology 5(3):245–255.
Ewing, A. L., and J. W. Menke. 1983. Reproductive potential of
Bromus mollis and Avena barbata under drought conditions.
Madroño 30(3):159–167.
Feldman, D., J. Gagnon, R. Hoffmann, and J. Simpson. 1988. Statview II: the solution for data analysis and presentation graphics, version 1.03. Abacus Concepts Inc., Berkeley, California.
Fowler, N. L. 1984. The role of germination date, spatial arrangement, and neighbourhood effects in competitive interactions
in Linum. Journal of Ecology 72:307–318.
George, M. R., J. R. Brown, and W. J. Clawson. 1992. Application
of nonequilibrium ecology to management of Mediterranean
grasslands. Journal of Range Management 45(5):436–440.
Goldberg, D. E., and L. Fleetwood. 1987. Competitive effect and response in four annual plants. Journal of Ecology 75:1131–1143.
Gordon, D. R., and K. J. Rice. 1993. Competitive effects of grassland annuals on soil water and blue oak (Quercus douglasii)
seedlings. Ecology 74(1):68–82.
Guerrant, E. O. 1992. Genetic and demographic considerations in
the sampling and reintroduction of rare plants. Pages 321–
344 in P. L. Fiedler and S. K. Jain, editors. Conservation biology: the theory and practice of nature conservation, preservation, and management. Chapman and Hill, New York.
Heady, H. F. 1990. Valley grassland. Pages 491–514 in M. G. Barbour and J. Major, editors. Terrestrial vegetation of California. California Native Plant Society, Sacramento.
Huenneke, L. F. 1989. Distribution and regional patterns of California grasslands. Pages 1–10 in L. F. Huenneke and H. A.
Mooney, editors. Grassland structure and function: California
annual grassland. Tasks for vegetation science. Volume 20.
Kluwer Academic Publishers, Dordrecht, The Netherlands.
Krebs, C. J. 1989. Ecological methodology. Harper Collins, New York.
Laude, H. M. 1953. The nature of summer dormancy in perennial
grasses. Botanical Gazette 144:284–292.
Little, T. M., and F. J. Hills. 1978. Agricultural experimentation:
design and analysis. John Wiley and Sons, New York.
Mack, R. N., and J. L. Harper. 1977. Interference in dune annuals:
spatial pattern and neighbourhood effects. Journal of Ecology 65:345–363.
Mallows, C. L. 1973. Some comments on Cp. Technometrics 15:
661–675.
Menke, J. 1992. Grazing and fire management for native perennial
grass restoration in California grassland. Fremontia 20(2):22–25.

Restoration Ecology

MARCH 2000

Reducing Competitive Suppression of a Rare Annual Forb
Momen, B., J. W. Menke, J. M. Welker, K. J. Rice, and F. S. Chapin,
III. 1994. Blue-oak regeneration and seedling water relations
in four sites within a California oak savanna. International
Journal of Plant Science 155(6):744–749.
Murphy, D. D., and P. R. Ehrlich. 1989. Conservation biology of
California’s remnant native grasslands. Pages 201–212 in L. F.
Huenneke and H. A. Mooney, editors. Grassland structure
and function: California annual grassland. Tasks for vegetation science. Volume 20. Kluwer Academic Publishers, Dordrecht, The Netherlands.
Pavlik, B. M. 1994. Tales of success and failure: trends in natural
and reintroduced populations of Amsinckia grandiflora under
different management regimes. Endangered Plant Program,
California Department of Fish and Game, Sacramento.
Pavlik, B. M. 1995. The recovery of an endangered plant. II. A
three-phased approach to restoring populations. Pages 49–69
in K. M. Urbanska and K. Grodzinska, editors. Restoration
ecology in Europe. Geobotanical Institute SFIT, Zurich, Switzerland.
Pavlik, B. M., D. L. Nickrent, and A. M. Howald. 1993. The recovery of an endangered plant. I. Creating a new population of
Amsinckia grandiflora. Conservation Biology 7(3):510–526.
Ray, P. M., and H. F. Chisaki. 1957a. Studies of Amsinckia. I. A
synopsis of the genus, with a study of heterostyly in it.

MARCH 2000

Restoration Ecology

American Journal of Botany 44:524–536.
Ray, P. M., and H. F. Chisaki. 1957b. Studies of Amsinckia. II. Relationships among primitive species. American Journal of Botany 44:537–544.
SAS. 1990. SAS/STAT® User’s Guide, Version 6. Fourth Edition,
Volume 2. SAS Institute Inc., Cary, North Carolina.
Silander, J. A., and S. W. Pacala. 1985. Neighborhood predictors
of plant performance. Oecologia 66:256–263.
Silvertown, J. 1987. Introduction to plant population ecology. 2nd
edition. John Wiley & Sons, New York.
Skinner, M., and B. M. Pavlik. 1994. Inventory of rare and endangered vascular plants of California. 5th edition. California
Native Plant Society, Sacramento.
Taiz, L., and E. Zeiger. 1991. Plant physiology. The Benjamin/Cummings Publishing Company, Inc., Redwood City, California.
Taylor, D. W., and W. Davilla. 1986. Vegetation of Site 300 Lawrence
Livermore National Laboratory San Joaquin County, California. BioSystems Analysis, Inc., Santa Cruz, California.
U. S. Fish and Wildlife Service. 1997. Large-flowered fiddleneck
(Amsinckia grandiflora) recovery plan. U.S. Fish and Wildlife
Service, Portland, Oregon.
Williams, K., J. H. Richards, and M. M. Caldwell. 1991. Effect of
competition on stable isotope ratios of two tussock grass species. Oecologia 88:148–151.

29

