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ABSTRACT

In addition to its high biodiversity, the California Floristic Province contains over 1600 rare taxa, including
many endemics restricted to specific soil types and habitats. In the highly urbanized San Francisco Estuary,
these narrow endemics face additional limitations from habitat destruction and modification, prompting an
interest in their conservation and management. One such taxon, the Federally listed Cirsium hydrophilum
(Greene) Jeps. var. hydrophilum (Suisun thistle), is restricted to two or three populations, and may face
limitations beyond past habitat loss. In this study, we investigated life history limitations that may contribute
to rarity in C. hydrophilum var. hydrophilum. We documented low seed set, high seed predation by beetle
larvae, low localized wind dispersal of seeds, and possible inbreeding in smaller patches. Because seeds did not
have a stringent germination requirement in the lab, however, restoration or introduction of new populations
from seed is possible. Using seeds from larger source populations could increase success of reseeding, as could
adding seeds to augment potentially low genetic diversity in existing smaller subpopulations. Further study is
needed to understand the ecology of seed predators, the relative importance of seed set and seed germination
in the field, and to confirm our potential finding of reduced genetic diversity and inbreeding. Though the
causes and consequences of rarity may differ for each species, this study explores several research directions
that could be productive for understanding other California endemic Cirsium and rare wetland endemics.

Key Words: brackish marsh, Cirsium, rare plant, rarity, San Francisco Estuary, Suisun Marsh, Suisun thistle,
tidal wetland.

Rare species capture the attention of both
naturalists and scientists; we are fascinated by their
adaptations, and seek to know exactly why they are
uncommon. On a more practical level, because many
rare species are protected, understanding the biolog-
ical and ecological processes driving their rarity is
key to management and conservation, as well as to
protecting their often-sensitive or limited habitats
(Partel et al. 2005). With climate change, under-
standing what drives a species’ rarity under current
conditions is prerequisite for planning future conser-
vation (Maschinski et al. 2006; Pacifici et al. 2015).

The term ‘‘rare’’ encompasses a diversity of
meanings. In her seminal paper, Rabinowitz (1981)
defined three axes of rarity along which species can
be placed: geographic range, population size, and
habitat specificity. These axes result in seven forms of
rarity, with the eighth (widespread geographic range,
large population size, and broad habitat specificity)
applying to common species. Additionally, there are
natural and anthropogenic drivers of rarity (Tibor
and Dale 2001); naturally common species may
become rare due to human activities, and species
that are rare based on limited geographic range may
become increasingly rare due to habitat alteration.

Given the many forms of rarity, scientists have
investigated whether there are general properties of
rare species that may be useful in conservation
biology. Previous studies and meta-analyses have
demonstrated that while some general trends exist,
rarity is idiosyncratic (Fiedler 1987; Hegde and
Ellstrand 1999; Gitzendanner and Soltis 2000). For
example, Fiedler (1987) compared life history pa-
rameters and population dynamics for three rare and
one common species of Calochortus (Liliaceae,
Mariposa lilies). Despite some trends, not all traits
were consistent across the three rare species com-
pared to the common species. Though the common
species was more likely to survive long enough to
reproduce, some measures, including seed set per
capsule, mean seed weight, and germination behavior
were not different across species. Therefore, man-
agement of any particular species would depend on
knowing its particular limitations.

Questions about rarity and its relationship to
conservation and management are paramount in the
California Floristic Province. Driven by a diverse
geologic history, topography, and varied climate, the
region is known for its high biodiversity and degree
of endemism (Baldwin et al. 2012). California
contains over 5300 native plant species and 6500
native plant taxa (32% of all U.S. taxa). Of these
taxa, approximately 2300 are endemic to California
(Stermer 2003; Jepson Flora Project 2020), and 1693
are classified as rare, threatened, or endangered
within the state (California Native Plant Society
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2020). In this study, we take a closer look at one of
California’s 14 rare and endemic Cirsium taxa.

Cirsium (‘true thistles’) are in the Cardueae tribe,
which also includes Carduus, Centaurea, and Sily-
bum, among other genera. There are Cirsium endemic
to North America, temperate Eurasia, and eastern
tropical Africa, with the new world Cirsium forming
a monophyletic group (Kelch and Baldwin 2003;
Ackerfield et al. 2020a, 2020b). The New World
Cirsium are found in a wide range of plant
communities, including brackish marshes, seeps,
dunes, meadows, swamps, forests, grasslands, des-
erts, and chaparral (Kelch and Baldwin 2003; Keil
2020). Cirsium are mainly monocarpic (flowering
once) and either annual, biennial, or short-lived
perennial, but can be polycarpic (flowering many
times), establishing new taprooted rosettes via runner
roots or from the caudex (Keil 2012).

A few highly invasive Cirsium (C. vulgare and C.
arvense) have given the genus a bad reputation, but
the majority of thistles found in North America are
not invasive. In California, Cirsium contains endemic
clade showing high habitat diversity across taxa and
narrow geographic and habitat endemism within
taxa (Kelch and Baldwin 2003; Ackerfield et al.
2020a). This natural rarity is often compounded by
anthropogenic impacts to habitats (U.S. Fish and
Wildlife Service 2010, 2014); 14 of the 38 native

Cirsium are rare, threatened, or endangered within
the state (California Native Plant Society 2020).

In highly urbanized areas, such as the San
Francisco Estuary (SFE), narrow endemics face
impacts both from outright habitat destruction and
ongoing alterations to ecosystems, including invasive
species effects, changes in water salinity, sea level
rise, and climate change (Schwartz et al. 2006;
Seabloom et al. 2006; Callaway et al. 2007; Whitcraft
et al. 2011; U.S. Fish and Wildlife Service 2013;
Goals Project 2015). In Suisun Marsh (Northeast
SFE), the endemic biennial Cirsium hydrophilum
(Greene) Jeps. var. hydrophilum was once common
along borders of channels and creeks in intact tidal
marshes (Greene 1892). Since the 1930s, however,
wetland diking and reclamation have greatly reduced
the area of intact tidal marsh, and C. hydrophilum
var. hydrophilum is now a Federally listed endan-
gered species with only three populations document-
ed in western Suisun Marsh over the last 25 yr (U.S.
Fish and Wildlife Service 2013; Fig. 1). While
negative impacts of habitat destruction and alter-
ation on C. hydrophilum var. hydrophilum and the
SFE flora are in general well-known, monitoring and
research on this species have been limited, and
intrinsic and ecological limitations have not been
investigated (Goals Project 1999; Fiedler et al. 2007;
U.S. Fish and Wildlife Service 2009, 2013). These
limitations could prevent C. hydrophilum var. hydro-

FIG. 1. Range map of C. hydrophilium var. hydrophilum (data from California Department of Fish and Wildlife 2020)
indicating study area, and inset map showing location in San Francisco Estuary. Population at Peytonia Slough not
observed since 1994.
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philum from spreading into additional suitable
habitat, and may compound the effects of invasive
species, climate change, and localized disturbance
events (Fiedler et al. 2007; U.S. Fish and Wildlife
Service 2009, 2013). Furthermore, restoration efforts
planned for Suisun Marsh lack information on C.
hydrophilum var. hydrophilum’s biology and ecology
that is needed to adequately consider this species’
requirements. Thus, the aim of our study was to
determine limiting stages in C. hydrophilum var.
hydrophilum’s life history, particularly with respect to
habitat variables and ecological context.

Based on past studies of otherCirsium (Zedler et al.
1983; Louda and Potvin 1995; Herr 2000; Maron et
al. 2002; Hillman 2007; Powell et al. 2011) and an
agency report on our focal species (U.S. Fish and
Wildlife Service 2009), we hypothesized that low seed
set, high seed predation, and low seed dispersal are
limiting factors during important life history stages in
C. hydrophilum var. hydrophilum. We were particu-
larly interested in determining environmental vari-
ables that correlate with seed set, predation, dispersal,
and germination, to be able to make specific
recommendations for restoration and management
of this species. In doing so, we intended to help frame
research on other rare wetland endemic species.

MATERIALS AND METHODS

Study Site

Rush Ranch (38812031.7 00N, 12281031.9 00W) con-
tains 425 ha of brackish tidal marsh within a 2000 ha
preserve that is part of the National Estuarine
Research Reserve System. Like the surrounding

Suisun Marsh and other SFE wetlands, Rush Ranch
is invaded by Lepidium latifolium L. (Brassicaceae,
perennial pepperweed), particularly during years
with ample rainfall (Whitcraft et al. 2011; Kelso et
al. 2020). However, it retains relatively large areas of
undiked, intact tidal marsh and is home to several
rare, threatened, and endangered species, including
Laterallus jamaicensis coturniculus Ridgway (Califor-
nia black rail), Rallus longirostris obsoletus Ridgway
(California Ridgway’s rail), Reithrodontomys ravi-
ventris Dixon (salt marsh harvest mouse), Chloropyr-
on molle subsp. molle (A.Gray) A.Heller
(Orobanchaceae, soft bird’s beak), Symphyotrichum
lentum (Greene) G.L.Nesom (Asteraceae, Suisun
Marsh aster), and the largest extant population of
C. hydrophilum var. hydrophilum (Whitcraft et al.
2011; Goals Project 2015). This study took place
within the First Mallard Branch area, which contains
several large patches of C. hydrophilum var. hydro-
philum (Figs. 1, 2).

Seed Set and Predation

Seed set was quantified by bagging post-bloom
inflorescences to prevent dispersal, followed by later
enumeration in the lab. In late July 2011, five discrete
patches of C. hydrophilum var. hydrophilum spread
evenly throughout the study area and more than 100
m apart were chosen. At each site, six recently wilted
inflorescences were covered in cotton muslin bags
with drawstrings (called ‘‘sand sacs,’’ purchased from
local bait stores, dimensions 6.5 cm x 8 cm) (per
Surles and Kok 1978). Additionally, to examine
whether C. hydrophilum var. hydrophilum flowers can
self-fertilize within an inflorescence, ten unopened
inflorescences were also bagged to prevent wind and

FIG. 2. Photos of C. hydrophilium var. hydrophilum inflorescence (left), plants (upper right) and brackish marsh habitat
and seed trap experiment (lower right).
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insect pollination. Bagged inflorescences were col-
lected once the seeds were ripe, as evidenced by the
presence of seeds and pappus inside the bags 2 wk
later. Insects observed visiting flowers were collected
by hand and using a sweep net, and stored in ethanol
for later identification.

In July 2012, to further explore factors correlated
with seed set, we identified six discrete patches of C.
hydrophilum var. hydrophilum spread throughout the
study area and separated by at least 175 meters. At
each site, patch dimensions were determined, indi-
vidual plants were counted, and inflorescences per
plant were counted for a subset of plants. Five post-
bloom inflorescences were randomly selected at each
site and covered with muslin bags for later collection,
as in 2011. Finally, soil cores (one per site; 5 cm
diameter) were taken using a PVC corer with a
sharpened edge and separated into 0–2 cm and 2–6
cm depth to determine soil moisture, salinity, and
organic content.

In the lab, each seedhead was carefully dissected,
and fully formed seeds were counted. Evidence of
seed predation (presence of insect larvae or their
frass) was noted. Arthropods were described and
counted, and a subset were preserved in ethanol for
identification.

Seed Dispersal

Wind. To examine seed dispersal by wind, linear
transects originating at the edge of C. hydrophilum
var. hydrophilum patches were established at three
sites. Seed traps made of plastic funnels (diameters ¼
8.25 cm, 14.5 cm, and 17 cm) attached to mesh bags
were mounted on PVC (per Cottrell 2004) and
installed at 1 m, 3 m, and 8.5 m from the patch edge
in each of the four cardinal directions (Fig. 2).
Vegetation hanging directly above traps was clipped
to allow seeds to fall vertically into the traps. To
ensure that a constant proportion of the area was
sampled at each distance from the patch, funnel
opening sizes increased with distance. Traps were
installed mid-July 2012, as seeds were beginning to
disperse, and were checked every 2 wk until no
further seeds were trapped (8 wk later, in mid-
September). Seeds were counted and classified as
fully formed (plump with a thick seed coat) or non-
viable (flattened with a thin seed coat), and presence
or absence of pappus was recorded.

Hydrochory. To examine the potential for dis-
persal by water, C. hydrophilum var. hydrophilum
seeds were placed in 28-L tanks containing water of
0, 5, or 10 ppt salinity (50 seeds per tank, n¼ 4, for a
total of 12 tanks) in a randomized block design.
Seeds were collected from throughout the study area
in August 2011 and stored in the lab without cold
scarification or other treatments. Aquarium air
bubblers were used to break surface tension, simu-
lating water movement in the field. Salinity levels
were obtained by dissolving Instant Ocean Sea Salts

(Spectrum Brands, Atlanta, GA) in tap water, and
were adjusted to account for evaporation. On Days
1, 2, 4, 8, 16, 19, 21, and 23, the number of seeds
floating and number of seeds germinated were
recorded. On Days 1, 2, 4, 8, and 16, a subset of
seven seeds from the bottom of each tank was
removed, rinsed with freshwater, and placed in Petri
dishes with moistened filter paper to quantify
subsequent germination.

Seed Germination

Salinity experiment. Seed germination was tested
at six salinity levels (0, 5, 10, 15, 20, and 25 ppt),
ranging from fresh conditions to that of soil salinity
measured beneath plants in October 2011 (mean ¼
19.7 ppt 6 6.3 ppt [95% CI]; Schneider 2013). In the
lab, 10 seeds collected in August 2011 from a mixture
of sites were placed in a Petri dish lined with filter
paper (n ¼ 6, Kuhn and Zedler 1997). Four mL of
salt solution made from Instant Ocean Sea Salts and
deionized water were added to each dish, which was
enough to keep seeds in contact with solution, but
not enough to submerge them. Dishes were covered
to prevent desiccation and discourage mold growth,
and placed randomly in a temperature-controlled
environmental chamber at 198C on a diurnal cycle of
12 hr light: 12 hr dark, simulating fall light and
temperature levels in Suisun Marsh (NOAA 2004).
Water salinities in the dishes were checked every 2 to
3 d and adjusted to account for evaporation. Seed
germination was recorded weekly for 4 wk.

Cold stratification. To examine whether C. hydro-
philum var. hydrophilum seeds require or benefit from
cold stratification, seeds collected from a mixture of
sites in August 2011 were placed in Petri dishes (five
seeds per dish, n ¼ 10) on top of moistened filter
paper, and placed in a refrigerator (58C) for 2 wk
(Emery 1988; Diggory and Parker 2011). After this
time, filter paper and water were changed to
discourage mold growth. Petri dishes were trans-
ferred to an environmental chamber along with
control dishes of non-stratified seeds (not pre-soaked
at 58C or at room temperature). Temperature and
light were controlled as above and germination was
recorded weekly for 2 wk.

Germination differences by site. All seeds from
each seedhead collected in July 2012 were germinated
separately in one or more Petri dishes (n ¼ 5
seedheads per site). A maximum of 21 seeds per dish
were placed on filter paper moistened with deionized
water and kept under the temperature and light
conditions described above for 2 wk.

Statistical Analyses

All analyses were conducted in R Studio Version
1.1.453 (R Studio, PBC, Boston, MA). Both seed set
and seed germination of field-collected seeds were
compared across sites using a one-way ANOVA. To
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determine which environmental variables correlated
with seed set and seed germination between sites, all
variables were plotted and those with visual trends
were further investigated using linear regression. The
relationship between the number of larvae in seed-
heads and seed set was also examined using linear
regression. A t-test was used to compare seed set
between seedheads with and without evidence of
predation.

After summing seed trap data across dates and
cardinal directions, a seed dispersal curve was
constructed to examine how seeds trapped per square
meter changed with distance from the patch edge.

Because data on seed flotation and germination in
tanks could not be adequately transformed to meet
assumptions of normality, 95% confidence intervals
were compared to examine the effect of salinity
treatment. Similarly, following flotation, Petri dish
seed germination data could also not be adequately
transformed, thus 95% confidence intervals were
compared.

For the salinity germination experiment, effect of
salinity was examined with a Kruskal-Wallis test.
Effect of cold stratification on germination was
examined using a Wilcoxon rank-sum test.

RESULTS

Seed Set and Seed Germination of Field-collected
Seeds

Across all sites in 2011 and 2012, mean seed set per
inflorescence was 33.7 seeds (SD ¼ 18.2; Fig. 3A, B).
Based on an average of 90 flowers per inflorescence,
mean percent seed set was 37.4% (SD ¼ 20.2%). Of
all seeds collected in 2012, 34.2% germinated in Petri
dishes (Fig. 3D).

Seed production by inflorescences with unopened
flowers that had been bagged showed that flowers are
able to self-fertilize within an inflorescence. However,
compared to unbagged inflorescences (see above),
mean seed set in self-pollinated inflorescences was
low, at 1.2 seeds per inflorescence (SD ¼ 2.3).

FIG. 3. (A) Mean seed set by site in 2011. (B) Mean seed set by site in 2012. (C) Mean seeds germinated per inflorescence by
site in 2012. (D) Mean percent germination per inflorescence by site in 2012, n ¼ 6 inflorescences per site (2011), n ¼ 5
inflorescences per site (2012). Letters indicate pairwise differences across sites (P , 0.05). Error bars show 95% confidence
intervals. Site E was sampled in both years.
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Nonetheless, these seeds were highly viable, with
91% germinating in fresh water.

In 2011, seed set differed significantly by site (F4,23

¼ 5.69, P ¼ 0.002, Fig. 3A). In 2012, there was no
overall site effect on seed set (F1,28 ¼ 1.70, P ¼ 0.20;
Fig. 3B); however, both number of seeds germinated
and percent seeds germinated per inflorescence varied
significantly by site (number germinated, F5,22 ¼
4.75, P ¼ 0.004, Fig. 3C; percent germinated, F5,22 ¼
3.72, P ¼ 0.01, Fig. 3D).

Number of C. hydrophilum var. hydrophilum plants
per patch was significantly positively correlated with
both mean number of seeds germinated per inflores-
cence (R2¼ 0.66, F1,4¼ 7.88, P¼ 0.048, Fig. 4A) and
percent of seeds germinated per inflorescence (R2 ¼
0.88, F1,4 ¼ 29.81, P ¼ 0.005, Fig. 4B), but not with
the number of seeds per inflorescence (R2¼ 0.06, F1,4

¼ 0.26, P ¼ 0.64, Fig. 4C). No soil properties were
significantly correlated with seed set or seed germi-
nation (data given in Appendix 1).

Seed Predation

Of all seedheads collected in 2011 and 2012, 31%
showed evidence of predation by beetle larvae later
identified as Lasioderma haemorrhoidale (family
Anobiidae, order Coleoptera). In C. hydrophilum
var. hydrophilum, larvae were observed eating seeds
and nesting in tissue of the receptacle. Seedheads
with evidence of predation (i.e., larvae or their frass)
contained a mean of 23.1 seeds (95% CI ¼ 6 9.5
seeds), while those without evidence of predation
contained approximately 40% more, with a mean of
38.5 seeds (95% CI ¼ 6 5.0 seeds); this difference
was significant (t ¼ 2.99, df ¼ 27.64, P ¼ 0.0058). In
2012, when larvae were counted in each seedhead, the
number of seeds was significantly negatively corre-
lated with the number of larvae (R2 ¼ 0.32, F1,28 ¼
13.25, P ¼ 0.001; Fig. 5). Other insects collected are
described in Table 1.

Seed Dispersal

Wind. Seed rain followed a leptokurtic distribu-
tion (by definition, a sharp peak around the mean,
with a longer tail compared to a normal distribu-
tion), with most seeds trapped closest to the patch
edge (Fig. 6). Both seeds (often with pappus
detached) and pappus were often observed directly
below parent plants, i.e., at 0 m from the patch edge.
Seed dispersal varied by cardinal direction, with
higher dispersal in the north and east directions (55%
and 45% of all seeds trapped, respectively) and no
seeds trapped in the south or west direction. None of
the trapped seeds had pappus attached. We did not
observe elaiosomes (fleshy, lipid and protein-rich

FIG. 4. Relationship between the number of C.
hydrophilium var. hydrophilum plants per patch and (A)
mean number of seeds germinated per inflorescence, (B)
percent of seeds germinated per inflorescence, and (C)
number of seeds per inflorescence.

FIG. 5. Relationship between number of Lasioderma
haemorrhoidale larvae and number of C. hydrophilium var.
hydrophilum seeds per seedhead (2012).
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protuberances) on the seeds, which, if present, would
have implied some dispersal by ants.

Hydrochory. On Day 1 (1 d after the experiment
began), only 23.5% (SD ¼ 21.2%) of seeds placed in
tanks were floating; on Day 2, 19.8% (SD ¼ 21.2%)
were floating (Fig. 7A). Seeds generally floated best
in fresh water, though variation was high. On Day 8,
nearly all seeds had sunk to the bottom of the tanks,
coincident with the first observed germination (Fig.
7B). While in the tanks, seeds in 0 ppt salinity water
germinated at higher rates than in the 10 ppt
treatment, with the 5 ppt treatment showing inter-
mediate rates, although an average of only 10 seeds

(out of 50 per tank) germinated by the end of the
experiment on Day 23 (Fig. 7B). However, the subset
of sunken seeds removed on Days 1, 2, 4, 8, and 16
and placed in Petri dishes germinated at very high
rates (95%, SD ¼ 8.3%) regardless of salinity
treatment or day removed (Fig. 7C).

Seed Germination

Mean percent germination was not significantly
different between cold-stratified and non-cold strat-
ified treatments (W ¼ 44, P ¼ 0.66). Across both
treatments, germination was 84% (95% CI¼6 7%).

In the salinity germination experiment, salinities in
the Petri dishes increased despite repeated replace-
ment of water; treatments are thus presented as
ranges. There was a significant negative effect of
salinity on seed germination (Kruskal-Wallis v2¼
23.30, df ¼ 5, P , 0.001) with the percentage
germinating declining from 32% at 0 ppt to ,3% at
salinities greater than 20 (Fig. 8).

DISCUSSION

Though C. hydrophilum var. hydrophilum’s rarity is
largely due to its narrow endemism, widespread
habitat alteration has reduced its geographic range
and overall population numbers to the point where
life history limitations may be critically important.
We quantified reproductive output at various life
history stages, documenting that low seed set, high
levels of predation, low localized wind dispersal of
seeds, and highly variable seed germination are likely
further increasing rarity in this taxon. More specif-
ically, limited wind dispersal may serve to reinforce
or even decrease its small geographic range, while
low seed set, high seed predation, and variable seed
germination likely limit local abundances. In aggre-
gate, these limitations may be creating increasingly
isolated subpopulations that fail to reestablish

TABLE 1. Insects collected from C. hydrophilum var. hydrophilum in the field (from living inflorescences) and in the lab
(during seedhead dissection).

Collected
from Order Family Species Potential role Date collected

Inflorescence Coleoptera Meloidae Nemognatha lutea phytophage 7.1.2011
Inflorescence Hemiptera Miridae Lygus sp. herbivore 7.13.2011
Inflorescence Hymenoptera Apidae Bombus vosnesenskii pollinator 7.1.2011
Inflorescence Hymenoptera Apidae Ceratina sp. pollinator 7.1.2011
Inflorescence Hymenoptera Apidae Diadasia bituberculata pollinator 7.13.2011
Inflorescence Hymenoptera Megachilidae Osmia sp. pollinator 7.1.2011
Seedhead Coleoptera Anobiidae Lasioderma haemorrhoidale observed seed predator 12.23.2010, 8.2011,

9.11.2012
Seedhead Coleoptera Anthicidae 12.23.2010
Seedhead Coleoptera Chrysomelidae Chaetocnema irregularis phytophage 12.23.2010
Seedhead Coleoptera Curculionidae Anthonomus ater phytophage 12.23.2010
Seedhead Coleoptera Curculionidae Sibinia maculata phytophage 12.23.2010
Seedhead Coleoptera Dermestidae 8.29.2011
Seedhead Hemiptera Miridae Lygus sp. herbivore 8.12.2011
Seedhead Hymenoptera Bethylidae 12.23.2010
Seedhead Psocodea Psocidae 8.28.2011

FIG. 6. Seeds trapped per m2 as a function of distance
from C. hydrophilium var. hydrophilum patch edge at three
sites during summer 2012. Error bars show 95% confidence
intervals.
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following localized extinction events, further reduc-
ing its geographic range. Conversely, as detailed
below, increasing local subpopulations sizes and
establishing new populations through seed addition
could prevent further restriction of this taxon’s
geographic range and continued persistence in a
changing environment.

Seed Set and Seed Germination
of Field-collected Seeds

Powell et al. (2011) measured seed production in
several native California Cirsium as well as the

invasive bull thistle, Cirsium vulgare (Savi) Ten. Of
all taxa studied, seed set was lowest in Cirsium
fontinale Jeps. var. fontinale, a narrow endemic
confined to serpentine seeps in San Mateo County.
Zedler et al. (1983) found even lower seed set in
Cirsium rhothophilum S.F. Blake, a state-listed
(threatened) narrow endemic found in sand dunes
of San Luis Obispo and Santa Barbara Counties.

Seed set in C. hydrophilum var. hydrophilum was
lower than all Cirsium congeners examined by Powell
et al. (2011) (Fig. 9). Mean germination of 34%
reduced effective reproductive output from an
average of 34 to 10 seeds per inflorescence. While
there was no relationship between the number of
plants in a patch and number of seeds produced, the
positive correlation between plants per patch and
seed germination indicates potential inbreeding
depression in smaller patches (Menges 1991; Heschel
and Paige 1995). This may be both a cause and
consequence of rarity; i.e., reduced genetic variation
may be a result of reduced population size.

Seed Predation

Seed predation in Cirsium has been widely
documented. Louda and Potvin (1995) and Maron
et al. (2002) used exclusion experiments to show
that insect damage limited seed production, seedling
recruitment, and juvenile plant densities in their
respective study species, Cirsium canescens Nutt.
and Cirsium occidentale var. occidentale (Nutt.)
Jeps. In C. rhothophilum, insect predation caused a
loss of at least 25% of seeds (Zedler et al. 1983). In
the upper Great Lakes, Havens et al. (2012) showed
that seed predation by the non-native biocontrol
weevil Larinus planus decreased population growth
of endangered Cirsium pitcher Torr. & A. Gray by
10–12%, reducing predicted time to extinction by
nearly half in certain populations. Seed predation
by Rhinocyllus conicus, a weevil introduced to
control nuisance thistles, has negatively impacted
several native Cirsium in the Midwest (Louda et al.
1997, 2005). Larvae of this weevil have been reared

FIG. 7. Hydrochory experiment. (A) Percent of seeds
floating on the surface of tank water over time. (B) Number
of seeds germinated in tanks over time. (C) Percent seed
germination in Petri dishes after removal from tanks on
different days. Error bars show 95% confidence intervals; n
¼ 4.

FIG. 8. Mean percent seed germination by salinity
treatment. Error bars show 95% confidence intervals; n
¼ 6.
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from many California Cirsium, including C. hydro-
philum var. hydrophilum (Turner et al. 1987; Herr
2000). Herr (2000) documented seed predation
impacts of R. conicus on C. hydrophilum var.
hydrophilum’s conspecific variety, Cirsium hydro-
philum var. vaseyi (A. Gray) J.T. Howell, but
hypothesized that a mismatch between timing of
weevil oviposition and seed formation minimizes
predation impacts.

In this study, we found that seed predation by L.
haemorrhoidale is significantly reducing C. hydro-
philum var. hydrophilum’s reproductive output, low-
ering the number of seeds per seedhead by an average
of 40%. In a related study which examined effects of
invasive Lepidium latifolium on C. hydrophilum var.
hydrophilum, even higher predation levels were
observed where C. hydrophilum var. hydrophilum
was growing within a matrix of dense L. latifolium
(Schneider 2013). Native to the Mediterranean, L.
haemorrhoidale is commonly found in Centaurea
solstitialis L. (Asteraceae, yellow starthistle) and
Centaurea calcitrapa L. (Asteraceae, purple starthis-
tle) in California, and was reared from a seedhead of
the rare Cirsium fontinale var. campylon in 1982
(White 1990; Woods 1999). C. solstitialis is wide-
spread along the marsh-terrestrial ecotone and in the
uplands at Rush Ranch, and may be providing a
large source population of these beetles.

Seed Dispersal

The leptokurtic shape of C. hydrophilum var.
hydrophilum’s dispersal curve is common to most
species (Levin and Kerster 1975), confirming that
localized dispersal by wind is minimal. Though seeds
were only trapped in the direction of regional
prevailing winds, their pappus does not appear to
play much of a role in dispersal, as it was not
attached to any trapped seeds and was often
observed in aggregations directly below parent
plants. However, this study only measured short-
distance dispersal; though rare, long distance dis-
persal events can be important in establishing new
patches or populations (Willson 1993; Cain et al.
1998).

Limited wind dispersal may be an evolutionary
adaptation to staying in suitable habitat, and thus a
consequence of C. hydrophilum var. hydrophilum’s
narrow endemism. Alternatively, it may be a cause of
rarity; i.e., if pappus did not readily detach, perhaps
this species would have colonized and adapted to a
wider range of habitats. In either case, low seed
dispersal may lead to genetic isolation between
patches. For rare species, propagule flow between
patches can be important in maintaining genetic
diversity, and in rescuing sink populations that are
small or in less suitable habitat (Brown and Kodric-
Brown 1977; Craddock and Huenneke 1997).

FIG. 9. Seed set in various Cirsium taxa. Except for C. hydrophilum var. hydrophilum, data are from Powell et al. 2011,
whose work examined native and invasive Cirsium around the San Francisco Bay Region. Error bars show 95% confidence
intervals; n between 32 and 67 for Powell et al. data; n ¼ 58 for C. hydrophilum var. hydrophilum.
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Hydrochory is common in wetland plants (Nilsson
et al. 2010) and was examined in Cirsium vinaceum
Wooton & Standl., a New Mexico wetland endemic
(Craddock and Huenneke 1997). The authors found
that large numbers of seeds traveled and remained
viable for up to 280 m in streams; it is therefore
possible that C. hydrophilum var. hydrophilum may
also disperse by water. Though hydrochory was not
measured in situ, experimental data suggest that
dispersal by water may also be a limiting life history
stage, as seed flotation levels were low after just 2 d in
5 ppt and 10 ppt salinity water. Because seeds that
did not germinate in tanks remained viable through-
out the experiment, however, seeds could potentially
be carried by water in channels to new locations.
Field studies would be needed to investigate whether
seeds indeed reach channels and are carried back up
onto the marsh. Whether by wind or water, there is
likely at least occasional long-distance dispersal of
this species, given its past and present distribution in
Suisun Marsh.

Seed Germination

An inverse germination response to salinity is not
surprising for a brackish marsh species (Greenwood
and MacFarlane 2006). Lack of germination in the
25–35 ppt treatment indicates an upper salinity
tolerance. Soil salinities in and above this range were
observed in October 2011 beneath C. hydrophilum
var. hydrophilum plants (Schneider 2013); thus,
germination may occur later in the season with
freshwater input from rain.

The cold stratification experiment confirms that
C. hydrophilum var. hydrophilum seeds do not have
a stringent germination requirement for cold tem-
peratures. This supports our observations that seeds
germinate as early as September in the field, but
also means that early germinating seedlings must
survive low light and temperatures throughout the
winter.

Even within suitable existing habitats, however,
space and light for seedling germination may be
limited by dense marsh vegetation. Our observations
suggest that openings for seed germination are often
generated by soil disturbance resulting from the fall
of senescing rosettes. This has also been observed in
the habitat of Cirsium fontinale Jeps. var. obispoense
J.T. Howell, where dense grass cover appears to
inhibit seed germination except where decomposing
thistle leaves create an opening (Chipping 1994). C.
hydrophilum var. vaseyi is also a narrow endemic,
found only on serpentine seeps of Mount Tamalpais,
Marin County, California. Seedling density beneath
parent plants is extremely high, but unlike in the
brackish marsh, competition for light and space in
serpentine outcrops is relatively low and this
dispersal strategy may not lead to reduced reproduc-
tive output in that setting.

Management Implications

Because C. hydrophilum var. hydrophilum seeds do
not have unusual germination requirements, restora-
tion or introduction of new populations from seed is
possible. Their inverse germination response to
salinity, however, suggests that seed introduction
should be timed to the rainy season when soil salinity
is lower. Using seeds from larger source patches or
subpopulations could increase success of reseeding,
as could combining seeds from a variety of sources.
Additionally, seeds from larger subpopulations could
potentially be used to augment possible low genetic
diversity in existing smaller subpopulations. Though
preserving local lineages can be important for rare
species populations that are geographically disparate,
all known occurrences of C. hydrophilum var. hydro-
philum are separated by no more than 3 to 4 km, with
the largest patches within 1 km of each other. More
broadly, in light of climate change, establishing new
populations on the more freshwater end of C.
hydrophilum var. hydrophilum’s current brackish
marsh range may be one strategy to help this species
migrate up the estuary, as increased salinity and
drought frequency and intensity are expected to
facilitate brackish marsh to salt marsh transition
(Parker et al. 2011; Goals Project 2015; Parker and
Boyer 2019).

Capitalizing on natural disturbance events, includ-
ing the occasional, intermittent feral pig soil distur-
bance observed at Rush Ranch, could also increase
success of restoration efforts, as these are high light
environments in which seeds would have an increased
chance of germination and survival. Such seedbeds
could be mapped and monitored to favor coloniza-
tion by C. hydrophilum var. hydrophilum and other
native species. However, based on limited wind
dispersal, we should not expect new subpopulations
to naturally reseed into nearby suitable habitat. As
an overall recommendation, controlling L. latifolium
in the vicinity of C. hydrophilum var. hydrophilum
could increase the thistle’s reproductive output
(Schneider 2013).

CONCLUSIONS AND FUTURE DIRECTIONS

In this study, we examined reproductive output in
the wetland endemic C. hydrophilum var. hydro-
philum in order to identify limiting life history stages
that may further contribute to its rarity. Our data
demonstrate that low levels of seed set are com-
pounded by seed predation from an introduced
anobiid beetle, low localized wind dispersal of seeds,
and salinity-dependent and highly variable seed
germination.

In addition to the management implications
discussed above, this study raises several new
hypotheses. Based on the finding that seed output
is low and germination is variable, one could test the
hypothesis that C. hydrophilum var. hydrophilum
population itself is limited by seed production and/
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or germination. A manipulative field experiment (þ/�
seed addition, crossed with soil disturbance and
vegetation clipping treatments) with monitoring of
germination and seedling survival over time would
indicate the relative importance of these limitations.

A second hypothesis is that low genetic diversity
correlates to low seed germination and/ or seed set.
This could be tested by determining heterozygosity,
alleles per locus, and inbreeding coefficients for
various in C. hydrophilum var. hydrophilum patches
and correlating these measures to site-specific patch
size and reproductive output data (Hevroy et al.
2017; Shiga et al. 2017; Smith and Kay 2018).

Finally, as L. haemorrhoidale has not been studied
in the context of conservation biology, one could test
the hypothesis that the local abundance of other
Cardueae correlates with presence of this seed
predator in C. hydrophilum var. hydrophilum. Host
choice experiments could test whether L. haemor-
rhoidale ovipositing females prefer Centaurea solsti-
tialis, C. hydrophilum var. hydrophilum, or other
Cardueae found in and around Suisun Marsh. Small
scale, experimental removal of C. solstitialis could be
conducted to investigate if predation on C. hydro-
philum var. hydrophilum increases. Depending on the
outcome of these experiments, management to
reduce C. solstitialis in the vicinity of current or
future restored populations of C. hydrophilum var.
hydrophilum could be a forthcoming recommenda-
tion.

Because of reduced habitat, and by extension
reduced geographic range, investigating and manag-
ing limiting life history stages is key to the persistence
of this rare taxon and others in the California flora.
Though generalizing across all rare species is
impossible, it may be that other narrow endemic
Cirsium taxa are limited by low seed set, high seed
predation, limited localized dispersal, and/or low
germination in small patches, given these taxa’s
similar phylogenies, life histories, and anthropogenic
reduction of habitat and geographic range. With the
exception of C. fontinale var. campylon (Hillman
2007), these life history constraints have not been
comprehensively studied. Such investigations would
improve conservation possibilities for these taxa, and
inform the extent to which we can generalize about
limitations and conservation strategies for this clade.
Contrasting the rarest (i.e., listed) taxa with non-
listed taxa may also provide insight into constraints
associated with taxa limited to a few occurrences.

Particular attention is warranted for C. hydro-
philum var. hydrophilum and other rare estuarine
endemics with respect to climate change. In addition
to changes in temperature, precipitation, and atmo-
spheric carbon dioxide faced by all plants, new
salinity and inundation regimes will also affect
habitat quality and quantity for tidal wetland species
(Parker and Boyer 2019), magnifying the importance
of life history limitations, and perhaps directly
impacting reproductive output. Species-specific
knowledge of these limitations and how they relate

to environmental and habitat variables will increase
effectiveness of management and conservation ef-
forts.

ACKNOWLEDGMENTS

Drs. Tom Parker and John Hafernik provided critical
assistance on the botanical and entomological aspects of
this work and reviewed earlier versions. Dr. Kipling Will
(University of California at Berkeley) and William Ericson
(California Academy of Sciences) generously provided
insect identifications, and Dr. Kristin Powell (University
of Colorado) shared data on seed production in other
Cirsium. The National Estuarine Research Reserve System
and the Estuary & Ocean Science Center provided financial
and institutional support. Boyer Lab graduate students and
interns donated countless hours of their time as well as
feedback throughout the project.

LITERATURE CITED

ACKERFIELD, J. R., D. J. KEIL, W. C. HODGSON, M. P.
SIMMONS, S. D. FEHLBERG, AND V. A. FUNK. 2020a.
Thistle be a mess: Untangling the taxonomy of Cirsium
(Cardueae: Compositae) in North America. Journal of
Systematics and Evolution 58:881–912.

ACKERFIELD, J., A. SUSANNA, V. FUNK, D. KELCH, D. S.
PARK, A. H. THORNHILL, B. YILDIZ, T. ARABACI,
AND T. DIRMENCI. 2020b. A prickly puzzle: Generic
delimitations in the Carduus-Cirsium group (Composi-
tae: Cardueae: Carduinae). Taxon 69:715–738.

BALDWIN, B. G., D. GOLDMAN, D. J. KEIL, R. PATTER-

SON, T. J. ROSATTI, AND D. WILKEN (EDS.) 2012.
Jepson Manual II: Vascular Plants of California.
University of California Press, Berkeley, CA.

BROWN, J. H. AND A. KODRIC-BROWN. 1977. Turnover
rates in insular biogeography – effect of immigration
on extinction. Ecology 58:445–449.

CAIN, M. L., H. DAMMAN, AND A. MUIR. 1998. Seed
dispersal and the Holocene migration of woodland
herbs. Ecological Monographs 68:325–347.

CALIFORNIA DEPARTMENT OF FISH AND WILDLIFE. 2020.
California Natural Diversity Database (CNDDB).
Website https://apps.wildlife.ca.gov/bios/ [accessed 11
December 2020].

CALIFORNIA NATIVE PLANT SOCIETY. 2020. Inventory of
rare and endangered plants of California (online
edition, v8-03 0.39), Californai Native Plant Society,
Rare Plant Program, Sacramento, CA. Website http://
www.rareplants.cnps.org [accessed 07 June 2020].

CALLAWAY, J. C., V. T. PARKER, M. C. VASEY, AND L. M.
SCHILE. 2007. Emerging issues for the restoration of
tidal marsh ecosystems in the context of predicted
climate change. Madroño 54:234–248.

CHIPPING, D. 1994. Chorro Creek bog thistle recovery
project. Final report submitted to the California
Department of Fish and Game, Natural Heritage
Division. Sacramento, CA.

COTTRELL, T. R. 2004. Seed rain traps for forest lands:
Considerations for trap construction and study design.
Journal of Ecosystems and Management 5:1–6.

CRADDOCK, C. L. AND L. F. HUENNEKE. 1997. Aquatic
seed dispersal and its implications in Cirsium vinaceum,
a threatened endemic thistle of New Mexico. American
Midland Naturalist 138:215–219.

DIGGORY, Z. E. AND V. T. PARKER. 2011. Seed supply and
revegetation dynamics at restored tidal marshes, Napa
River, California. Restoration Ecology 19:121–130.

2021] 49SCHNEIDER AND BOYER: SUISUN THISTLE LIMITING LIFE HISTORY STAGES



EMERY, D. E. 1988. Seed propagation of native California
plants. Santa Barbara Botanic Garden, Santa Barbara,
CA.

FIEDLER, P. L., M. E. KEEVER, B. J. GREWELL, AND D. J.
PARTRIDGE. 2007. Rare plants in the Golden Gate
Estuary (California): the relationship between scale and
understanding. Australian Journal of Botany 55:206–
220.

GITZENDANNER, M. A. AND P. S. SOLTIS. 2000. Patterns of
genetic variation in rare and widespread plant conge-
ners. American Journal of Botany 87:783–792.

GOALS PROJECT. 1999. Baylands Ecosystem Habitat Goals.
A report of habitat recommendations prepared by the
San Francisco Bay Area Wetlands Ecosystem Goals
Project. U.S. Environmental Protection Agency, San
Francisco, CA/ San Francisco Bay Regional Water
Quality Control Board, Oakland, CA.

GOALS PROJECT. 2015. The baylands and climate change:
what we can do. Baylands Ecosystem Habitat Goals
Science Update. Prepared by the San Francisco Bay
Area Wetlands Ecosystem Goals Project. California
State Coastal Conservancy, Oakland, CA.

GREENE, E. L. 1892. New or noteworthy thistles. Proceed-
ings of the National Academy of Sciences 44:352–363.

GREENWOOD, M. E. AND G. R. MACFARLANE. 2006.
Effects of salinity and temperature on the germination
of Phragmites australis, Juncus kraussii, and Juncus
acutus: implications for estuarine restoration initia-
tives. Wetlands 26:854–861.

HAVENS, K., C. L. JOLLS, J. E. MARIK, P. VITT, A. K.
MCEACHERN, AND D. KIND. 2012. Effects of a non-
native biocontrol weevil, Larinus planus, and other
emerging threats on populations of the federally
threatened Pitcher’s thistle, Cirsium pitcheri. Biological
Conservation 155:202–211.

HEGDE, S. G. AND N. C. ELLSTRAND. 1999. Life history
differences between rare and common flowering plant
species of California and the British Isles. International
Journal of Plant Sciences 160:1083–1091.

HERR, J. 2000. Evaluating non-target effects: the thistle
story. Pp. 12–17 in California Conference on Biological
Control II, The Historic Mission Inn, Riverside, CA,
USA, 11–12 July, 2000. Center for Biological Control,
College of Natural Resources, University of California,
Berkeley.

HESCHEL, M. S. AND K. N. PAIGE. 1995. Inbreeding
depression, environmental stress, and population size
variation in scarlet gilia (Ipomopsis aggregata). Con-
servation Biology 9:126–133.

HEVROY, T. H., M. L. MOODY, AND S. L. KRAUSS. 2017.
Population genetic analysis reveals barriers and corri-
dors for gene flow within and among riparian
populations of a rare plant. AoB Plants 10:1–12.

HILLMAN, J. M. 2007. Constraints on population recruit-
ment for a rare serpentine seep thistle. Unpublished
M.S. thesis. San Francisco State University, San
Francisco, CA.

JEPSON FLORA PROJECT (EDS.) 2020. Jepson eFlora.
Website https://ucjeps.berkeley.edu/eflora/ [accessed
17 December 2020].

KEIL, D. J. 2012. Cirsium, in Jepson Flora Project (eds.)
Jepson eFlora. Website https://ucjeps.berkeley.edu/
eflora/eflora_display.php?tid¼384 [accessed 12 Decem-
ber 2020].

KEIL, D. J. 2020. Cirsium, in Flora of North America
Editorial Committee (eds.) Flora of North America
No r t h o f Mex i c o . Web s i t e h t t p : / / b e t a .

floranorthamerica.org/Cirsium [accessed 12 December
2020].

KELCH, D. G. AND B. G. BALDWIN. 2003. Phylogeny and
ecological radiation of New World thistles (Cirsium,
Cardueae Compositae) based on ITS and ETS rDNA
sequence data. Molecular Ecology 12:141–151.

KELSO, M. A., R. D. WIGGINTON, AND E. D. GROSHOLZ.
2020. Nutrients mitigate the impacts of extreme
drought on plant invasions. Ecology 101:e02980.

KUHN, N. AND J. ZEDLER. 1997. Differential effects of
salinity and soil saturation on native and exotic plants
of a coastal salt marsh. Estuaries and Coasts 20:391–
403.

LEVIN, D. A. AND H. W. KERSTER. 1975. Gene flow in seed
plants. Pp. 139–220 in Dobzhansky, T., M.K. Hecht,
and W.C. Steere (eds) Evolutionary Biology. Springer,
Boston, MA.

LOUDA, S. M. AND M. A. POTVIN. 1995. Effect of
inflorescence-feeding insects on the demography and
lifetime of a native plant. Ecology 76:229–245.

LOUDA, S. M., D. KENDALL, J. CONNOR, AND D.
SIMBERLOFF. 1997. Ecological effects of an insect
introduced for the biological control of weeds. Science
277:1088–1090.

LOUDA, S. M., T. A. RAND, A. E. ARNETT, A. S. MCCLAY,
K. SHEA, AND A. K. MCEACHERN. 2005. Evaluation
of ecological risk to populations of a threatened plant
from an invasive biocontrol insect. Ecological Appli-
cations 15:234–249.

MARON, J. L., J. K. COMBS, AND S. M. LOUDA. 2002.
Convergent demographic effects of insect attack on
related thistles in coastal vs. continental dunes. Ecology
83:3382–3392.

MASCHINSKI, J., J. E. BAGGS, P. F. QUINTANA-ASCENCIO,
AND E. S. MENGES. 2006. Using population viability
analysis to predict the effects of climate change on the
extinction risk of an endangered limestone endemic
shrub, Arizona cliffrose. Conservation Biology 20:218–
228.

MENGES, E. S. 1991. Seed germination percentage increases
with population size in a fragmented prairie species.
Conservation Biology 5:158–164.

NOAA. 2004. National Oceanic and Atmospheric Admin-
istration, National Estuarine Research Reserve Sys-
tem-wide Monitoring Program. Centralized Data
Management Office, Baruch Marine Field Lab, Uni-
versity of South Carolina, Columbia, SC. Website
http://cdmo.baruch.sc.edu [accessed 01 March 2013].

NILSSON, C., R. L. BROWN, R. JANSSON, AND D. M.
MERRITT. 2010. The role of hydrochory in structuring
riparian and wetland vegetation. Biological Reviews
85: 837–858.

PACIFICI, M., W. B. FODEN, P. VISCONTI, J. E. M.
WATSON, S. H. M. BUTCHART, K. M. KOVACS, B.
R. SCHEFFERS, D. G. HOLE, T. G. MARTIN, H. R.
AKCAKAYA, AND R. T. CORLETT. 2015. Assessing
species vulnerability to climate change. Nature Climate
Change 5:215–225.

PARKER, V. T., J. C. CALLAWAY, L. M. SCHILE, M. C.
VASEY, AND E. R. HERBERT. 2011. Climate Change
and San Francisco Bay-Delta Tidal Wetlands. San
Francisco Estuary and Watershed Science 9: 1–15.

PARKER, V. T. AND K. E. BOYER. 2019. Sea-level rise and
climate change impacts on an urbanized Pacific Coast
Estuary. Wetlands 39: 1219–1232.

PARTEL, M., R. KALAMEES, U. REIZER, E. L. TUVI, AND

E. ROOSALUSTE. 2005. Grouping and prioritization of
vascular plant species for conservation: combining

50 [Vol. 68MADROÑO
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APPENDIX 1. SOIL MEASUREMENTS AND CIRSIUM HYDROPHILIUM VAR. HYDROPHILUM DATA AT LOCATIONS USED TO

QUANTIFY SEED SET IN 2012. N ¼ five plants for inflorescence counts.

Site

Soil
moisture,
0-2 cm (%)

Soil
moisture,
2-6 cm (%)

Salinity,
0-2 cm (ppt)

Salinity,
2-6 cm (ppt)

Organic
matter,

0-2 cm (%)

Organic
matter,

2-6 cm (%)
# of
plants

Mean #
infl. per

plant (SD)

Patch
area
(m2)

E 79.2 78.3 46 36 62.5 47.1 10 8.6 (5.6) 8.3
F 80.9 82.1 35 39 55.1 47.9 69 21 (13) 96.3
G 81.2 79.5 19 20 57.7 47.6 21 111 (143) 25.8
H 65.2 61.8 15 15 33.2 28.1 26 51 (29) 63.0
I 81.5 78.4 37 30 48.6 38.1 113 52 (23) 235.8
J 68 70.3 14 12 35.4 34.0 62 59 (38) 48.1
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