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effect by increasing the degree of pollen limitation plants 
experienced. The trait that mediates this indirect pathogen–
pollinator interaction is the number of inflorescences plants 
produced: infected plants made fewer inflorescences which 
led to greater pollen limitation. Although in the present 
study this outcome is dependent on abiotic factors that vary 
over small spatial scales, exploiting other invasive plants’ 
dependence on pollinators by selecting agents that deter vis-
itation may enhance agent impact.

Keywords Biological control · Pathogen · pollen 
limitation

Introduction

Attack by enemies such as herbivores and pathogens can 
lower plant fitness by reducing growth and reproduction 
(Marquis 1984; Karban and Strauss 1993). Additionally, 
recent research has shown that enemy attack often alters 
the frequency and intensity of plants’ interactions with 
their mutualists. For example, pollinators visit undamaged 
plants more frequently than they visit plants that have been 
heavily attacked by herbivores because damaged plants are 
less rewarding or less conspicuous to pollinators (Euler 
and Baldwin 1996; Strauss et al. 1996; Lehtilä and Strauss 
1997; Mothershead and Marquis 2000; Barber et al. 2011; 
Swope and Parker 2012). Reduced pollinator visitation 
will lower plant fitness but only when seed production is 
limited by pollen receipt. If seed production is limited by 
resources, as might happen in more abiotically stressful 
sites, a reduction in pollinator visitation will not have fit-
ness consequences for the plant.

Several studies have found that herbivory has a direct, 
negative effect on plant performance while simultaneously 

Abstract Herbivore damage often deters pollinator visi-
tation and many invasive plants in North America are pol-
linator-dependent. This has important implications for the 
biological control of invasive plants because it means that 
agents that deter pollinators may have a larger than expected 
impact on the plant. Yet interactions between pollinators and 
biocontrol agents are rarely evaluated. Centaurea solstitia-
lis, one of the most problematic invasive species in Cali-
fornia, is dependent on pollinators for reproduction. I fac-
torially manipulated infection by a biocontrol pathogen and 
pollen supplementation to test for (1) pollen limitation in C. 
solstitialis, (2) whether infection increased pollen limitation, 
and (3) whether this varied across a soil moisture gradient. 
Plants growing on north-facing slopes where soil mois-
ture was higher experienced mild pollen limitation in the 
absence of the pathogen and more pronounced pollen limi-
tation when they were infected. Plants on drier south-fac-
ing slopes did not suffer from pollen limitation but instead 
appeared to suffer from resource limitation. Pathogen infec-
tion directly reduced seed set in C. solstitialis by 67–72 %. 
On north-facing slopes, infection had an additional, indirect 
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reducing pollinator visitation (e.g., Lehtilä and Syrjänen 
1995; Juenger and Bergelson 1997; Mothershead and Mar-
quis 2000; Hladun and Adler 2009; Barber et al. 2011), 
three of which (Strauss and Murch 2004; Kessler et al. 
2011; Swope and Parker 2012) found that herbivory fur-
ther reduced plant fitness by increasing pollen limitation. 
Both herbivore-mediated plant–pollinator interactions and 
pollen-limited fecundity appear to be common in nature 
(reviewed in Knight et al. 2005, 2006), meaning that indi-
rect interactions between enemies and pollinators may be 
important in ecological communities.

The question of how enemy attack might alter plant–
pollinator interactions and subsequently individual fitness 
is important from both basic and applied perspectives. Inva-
sion by exotic species is one of our most pressing conserva-
tion concerns, and biological control agents (hereafter bio-
control), the use of a host-specific enemy from the invader’s 
native range to control it in the introduced range, is often 
cited as our best chance to control the most widespread 
and well-established invaders (van Driesche et al. 2008). 
The ideal invader has long been described as one that is 
not dependent on pollinators for reproduction (Baker 1965, 
1974). Although this is true for some notorious invaders in 
North America, e.g., Bromus tectorum (Upadhyaya et al. 
1986), Alliaria petiolata (Cavers et al. 1979), Carpobrotus 
edulis (Vilá et al. 1998), and Hypericum perforatum (Cromp-
ton et al. 1988), many exotic plants depend on pollinators for 
reproduction, including some very successful invaders, e.g., 
Cytisus scoparius (Parker 1997), Lythrum salicaria (Levin 
1970; Mal et al. 1992), Centaurea diffusa and C. maculosa 
(Harrod and Taylor 1995), and the focus of this study, Cen-
taurea solstitialis (Sun and Ritland 1998). Reichard (1994) 
found that over half of the successful invaders in North 
America depend on pollinators for successful reproduction 
and therefore invasion, yet the role of pollinators in the suc-
cess of specific invaders has received relatively little atten-
tion (but see Ågren 1996; Parker 1997). Even less attention 
has been paid to the potential role of pollinators in invasive 
plant management using biological control agents.

The impact of biocontrol agents on the target invader 
may be magnified if attack also deters pollinators. In one of 
the few studies to explicitly consider pollinators in invader–
biocontrol systems, Swope and Parker (2012) found that 
attack by one biocontrol agent, a bud herbivore, reduced 
the number of inflorescences produced by the invasive 
plant C. solstitialis which in turn reduced pollinator visita-
tion. Where C. solstitialis reproduciton was pollen limited, 
attack by this agent had an additional impact on the plant 
beyond the direct effect of bud herbviory. Attack by a sec-
ond agent, a seed predator, also deterred pollinator visita-
tion and indirectly reduced seed production. In the case of 
the second agent, attack did not reduce the number of inflo-
rescences the plants produced but damaged them in a way 

that presumably made them less attractive to pollinators. 
Given the frequency of both herbivore-mediated plant–pol-
linator interactions and pollen-limited fecundity in natural 
populations, exploiting the dependence of invaders on their 
pollinators by using biocontrol agents that deter visitation 
may be an underappreciated avenue for control. Much of 
our understanding of how enemy attack alters plant–polli-
nator interactions comes from studies in which the enemy is 
an herbivorous insect; considerably less is known about how 
pathogen infection might alter plant–pollinator interactions 
(but see Roy 1996; Biere and Honders 2006).

The purpose of this study is to explore whether infection 
by the biocontrol pathogen Puccinia jaceae f.s. solstitia-
lis affects the degree to which reproduction of its invasive 
host, the annual plant C. solstitialis, is limited by pollen 
receipt and whether this varies across a resource gradi-
ent. Specifically, I asked the following questions: (1) is C. 
solstitialis reproduction limited by pollen receipt, (2) does 
this change across a gradient of soil moisture (south- and 
north-facing slopes), and (3) does the addition of a biocon-
trol pathogen exacerbate the degree of pollen limitation? To 
answer these questions, I conducted a field experiment in 
which pollen addition and pathogen infection were manipu-
lated in a factorial design, and I used two measures of plant 
reproductive success: percent seed set and total seed out-
put per plant. Percent seed set sheds light on the degree to 
which enemy attack affects pollen limitation. Whole plant 
seed production is most relevant to addressing the question 
of whether agent-induced reductions in pollinator visitation 
are a promising avenue for invasive plant management.

Materials and methods

Study system

Centaurea solstitialis L. (Asteraceae, yellow starthistle) 
is considered one of the most problematic invasive plants 
in California (Pitcairn et al. 2006). It is native to Eurasia 
and, since its introduction in ~1869 (DiTomaso and Ger-
lach 2000), it has come to occupy 5.8 million ha in Califor-
nia (Pitcairn et al. 2006). It has an annual life cycle and is 
dependent on generalist insect pollinators for reproduction 
(Sun and Ritland 1998; Barthell et al. 2001). Four years of 
pollinator observations at this site show that >96 % of 2,017 
floral visits were by Apis mellifera (Swope and Parker 
2010a, 2012, Swope, unpublished data); the remaining visi-
tors are two species of Bombus. C. solstitialis flowers in the 
middle of the summer drought when water is the limiting 
resource (DiTomaso and Healy 2007). As an annual, C. 
solstitialis has only one opportunity to reproduce, so there 
is no future cost to increased reproduction as a result of 
supplemental pollination (Montalvo and Ackerman 1990; 
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Zimmerman and Pyke 1988; Primack and Hall 1990) and 
plants produce inflorescences continuously until they reach 
the end of their lifecycle in later summer.

Since 1985, the USDA has released six species of bio-
logical control agent intended to control C. solstitialis. 
Three weevils (Coleoptera: Curculionidae) and three flies 
(Diptera: Tephritidae) have not satisfactorily controlled C. 
solstitialis despite evidence that their attack has reduced 
plant density, at least to some degree (Swope and Parker 
2010b). As a result of the unsatisfactory level of control, 
the USDA continues to seek new biocontrol agents for C. 
solstitialis and, in 2003, introduced the foliar pathogen P. 
jaceae f.s. solstitialis (hereafter Puccinia). Puccinia infects 
the leaves of the plant during the winter months. The plant 
sheds its leaves, and along with it the infection, when it 
begins to flower in the summer. Infection causes pustules 
to develop on the leaves and this reduces the plant’s pho-
tosynthetic capacity. Puccinia infection has been shown 
to reduce C. solstitialis taproot growth in the greenhouse 
(Shishkoff and Bruckart 1996), and the plant depends on 
its taproot to access deep soil moisture, especially dur-
ing the summer drought when it flowers (DiTomaso and 
Healy 2007). Infected plants are smaller and produce fewer 
inflorescences compared to uninfected plants (Swope and 
Parker 2010a; Swope and Stein 2012), presumably because 
of their reduced photosynthetic capacity and/or because 
plants with shorter taproots are less able to access essential 
resources in the soil. Puccinia infection therefore has the 
potential to change plant reproductive output in two ways. 
Infected plants might be able to mature fewer pollinated 
ovules because they suffer greater resource limitation, or 
reductions in inflorescence number may results in lower 
pollinator attraction and thus greater pollen limitation.

Study site

This experiment was conducted in two C. solstitialis pop-
ulations in Mt. Diablo State Park (37°51′N, 121°55′W, 
335 m asl; Contra Costa County, California, USA) where 
C. solstitialis is considered the highest priority invader by 
Park managers (Marla Hastings, personal communication). 
Because soil moisture is the limiting resource during the 
flowering period and because I was interested in assessing 
how pathogen infection influences pollen limitation across 
a resource gradient, I conducted this experiment on adja-
cent north- and south- facing slopes in two populations. I 
located invasions on each of two hills, 4.47 km apart, both 
with narrow ridges and steep north- and south-facing slopes. 
C. solstitialis has been established at both locations for dec-
ades (Ertter and Bowerman 2002; Marla Hastings, personal 
communication). North- and south-facing slopes often differ 
from one another in numerous traits, such as soil depth and 
texture, bedrock exposure, and solar radiation, all of which 

are likely to influence soil moisture. Plants on south-facing 
slopes ought to experience drier conditions than plants on 
north-facing slopes in the northern hemisphere. I randomly 
selected 50 naturally recruiting plants on each slope in both 
populations. Plants were located 25 m downslope from and 
parallel to the ridge. Half of plants on each slope were ran-
domly assigned to the +Puccinia group and the other half 
were assigned to the uninfected control group. C. solstitialis 
size and density vary with slope aspect. Plants on the north-
facing slopes were smaller and density higher than on the 
south-facing slopes (see “Discussion”).

Two of the insect biocontrol agents (discussed above) 
are present in both study populations, Eustenopus villosus 
(Coleoptera: Curculionidae) and Chaetorellia succinea 
(Diptera: Tephritidae). Attack by these agents would com-
plicate the results of this experiment, so, to protect inflo-
rescences from these predators, I bagged entire plants with 
a lightweight bridal veil covering to prevent the insects’ 
access to the plants. As soon as petals emerged, but several 
days before full petal expansion, I removed the bridal veil 
covering to expose the inflorescences to pollinators. Both 
of these seed predators prefer to lay eggs in young, small 
buds prior to petal emergence, and generally ignored the 
experimental plants after the bridal veil had been removed.

Experimental pathogen infection

Plants were infected with Puccinia by spraying them to 
run-off with a solution of 300 mg of urideniospores in a 
solution of 300 mL of distilled water and 6 drops of the 
wetting agent Tween20 (polyoxyethylene sorbitan mon-
olaurate; Acros Organics, Morris Plains, NJ, USA). Puc-
cinia spores were provided by the California Department 
of Food and Agriculture’s Integrated Pest Control program 
which rears biocontrol agents. Plants in the uninfected con-
trol group were sprayed with water and Tween20. All plants 
were inoculated (or sprayed with water and Tween20) on 8 
January 2011 and again on 16 February 2011. Plants were 
inspected at 3-week intervals from the time of first inocula-
tion to the disappearance of pustules (early June) to confirm 
that plants in the +Puccinia group had been successfully 
infected and that uninfected plants had not. Every plant in 
the +Puccinia group developed pustules on its leaves and 
none of the plants in the uninfected control group showed 
any pustule development on the leaves.

Quantifying water stress

I measured soil moisture at three times during the growing 
season. Once at the time of the first inoculation (8 January 
2011), again at the time of the second inoculation (16 Feb-
ruary 2011) and finally at the peak of flowering in late July 
(26 July 2011). To quantify the degree to which plants on the 
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two slopes experienced water stress, one leaf from each plant 
was removed as close to flowering as possible but while 
leaves were still green (second week of June, approximately 
5 weeks before peak flowering) and analyzed for δ13C. Anal-
ysis of δ13C was conducted by the Colorado Plateau Stable 
Isotope Laboratory, Northern Arizona University.

Experimental pollen addition

Half of the infected and half of the uninfected plants on 
each slope were randomly assigned to either the open pol-
lination treatment or to the supplemental pollination treat-
ment. Inflorescences of plants in both groups were visited 
by pollinators; for the plants assigned to the supplemental 
pollination group, pollen was added by gently brushing one 
inflorescence from each of three donor plants across the 
receptive stigmas of the experimental inflorescences. I used 
a hand lens to confirm that pollen had been transferred to 
the stigmas following pollen addition.

In this study, the number of inflorescences per plant 
ranged from 1 to 32 with a mean of 6.38 (±6.18SD) mak-
ing it possible to assess pollen limitation at the level of the 
whole plant rather than inferring it from adding pollen to 
individual inflorescences as is often necessary when plants 
produce more inflorescences than is reasonably possible to 
experimentally treat (e.g., Parker 1997).

Pollen donors were randomly selected from plants on 
the same slopes as the pollen recipients within each study 
population, e.g., plants on the south-facing slope received 
pollen only from donors also growing on the south-facing 
slope at that location and not from plants on the north-
facing slope to avoid confounding problems associated 
with any local adaptation that might exist. Donor plants 
were located at least 3 m from the experimental plant to 
minimize the chance of biparental inbreeding (Sun and Rit-
land 1998). Pollen donors were covered with a bridal veil 
exclosure the day before the pollen addition treatment was 
applied to prevent pollinators from removing pollen before 
I was able to collect donor inflorescences. Pollen additions 
were conducted between 0700 and 0900 hours at each loca-
tion; this timing was consistent with my observations of 
peak pollinator activity in the two study populations.

As inflorescences matured in the field, they were col-
lected and stored in separate coin envelopes for dissection 
in the laboratory. Inflorescences were collected only once 
the pedicel had desiccated and the petal cap had loosened 
but not fallen off, so their removal is very unlikely to have 
caused a compensatory effect. Seeds are viable at this time 
(Swope, unpublished data). Viable seeds are easy to distin-
guish from unfilled ovules under a dissecting scope based 
on size, shape and color. On the rare occasions in which 
viability was uncertain, I germinated seeds in a Petri dish. 
This allowed me to accurately quantify the total number of 

ovules, filled and unfilled, as well as the total number of 
viable seeds each plant produced.

Measures of pollen limitation

The degree of pollen limitation was assessed in two ways. 
First, I calculated the percent seed set for each plant. This 
assessment assumes that inflorescences on plants in each 
treatment group make the same number of ovules per inflo-
rescence and this was confirmed (mean ovules per inflores-
cence ranged from 32.7 to 34.1 in the different treatment 
groups; F1,1134 = 0.087, p = 0.81). The second measure 
of pollen limitation was the total viable seeds per plant. 
This is a less frequently used measure of pollen limitation 
(Knight et al. 2005), but most relevant to the question of 
whether a biocontrol agent can indirectly reduce invader 
performance by altering its interactions with its pollinators 
because we are more concerned with an invasive plant’s 
per capita seed production than we are with its propor-
tional seed set. An increase in the percent seed set and/or 
in the number of seeds per plant in response to pollen addi-
tion would indicate that reproduction is limited by pollen 
receipt. No increase in seed set despite supplemental pol-
lination indicates that reproduction is limited by something 
other than pollen receipt, most likely resources.

Statistical analyses

I used one-way ANOVA to determine if there were sig-
nificant differences in percent soil moisture on the two 
slopes at both populations, and I used general linear mod-
els (GLM) to determine if slope aspect or pathogen infec-
tion affected δ13C in the plants as a measure the degree of 
drought stress plants in the different treatment groups were 
experiencing.

I used GLM to determine if population, slope aspect, 
pathogen infection or pollen addition (fixed, independ-
ent variables) affected seed set. The total number of inflo-
rescences per plant was a covariate in the analysis. It has 
been shown here (see “Results”) and elsewhere (Swope 
and Parker 2010a; Swope and Stein 2012) that pathogen 
infection reduces the number of inflorescences that plants 
produce, and that plants with more inflorescences may 
attract more pollinator visits independent of the other fac-
tors. Additionally, aboveground biomass and the num-
ber of inflorescences are highly correlated (r = 0.950, 
p = 0.0001), and larger plants likely have greater access 
to resources. The use of this covariate reveals the influence 
of pathogen infection on pollen limitation beyond its direct 
effect of reducing the number of inflorescences the plant 
produces. The response variables were the proportion of 
seed set by the whole plant (arcsine transformed) and the 
number of viable seeds per plant (Ln transformed).
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Results

There was no significant effect of “population” as a fac-
tor in the analysis, so I combined the data from the two 
populations to minimize the complexity of the results and 
increase statistical power.

Soil moisture and water stress

There was no difference in soil moisture on the two slopes 
at the first two sampling periods (8 January and 16 Feb-
ruary 2011), which occurred during the rainy season. 
During the summer drought (flowering season; 26 July 
2011), soil moisture was higher on the north-facing slopes 
(9.74 ± 2.51 %SE) than it was on the south-facing slopes 
(5.78 ± 0.36 %) (F11 = 9.689, p = 0.02) (see Fig. S1 in 
the electronic supplementary material). Slope aspect had a 
significant effect on the degree of water stress plants expe-
rienced (F1,98 = 0.028, MS = 71.101, p = 0.0001). Plants 
growing on the south-facing slopes had the highest δ13C, 
indicating that they have higher water use efficiency and 
were operating under a greater water deficit than plants 
on north-facing slopes (Fig. 1). Pathogen infection had no 
effect on the amount of water stress plants experienced 
(F1,98 = 0.113, MS = 0.81, p = 0.74) and the interaction 
between slope aspect and pathogen infection was not sig-
nificant (F1,98 = 0.022, MS = 0.016, p = 0.88).

Number of inflorescences

The number of inflorescences per plant was used a covari-
ate in the analysis to better assess the effect of pathogen 
infection and pollen supplementation on plants growing on 
slopes with different aspects. In the absence of infection, 

plants growing on the south-facing slopes produced more 
inflorescences (15.9 ± 1.3) than those growing in the 
north-facing slopes (5.1 ± 2.2). Pathogen infection also 
reduced the number of inflorescences plants produced. 
Infected plants on the south-facing slopes produced 
an average of 6.1 (±0.6) inflorescences per plants and 
plants on the north-facing slopes produced 1.5 (±0.08) 
inflorescences.

Percent seed set

Pathogen infection reduced the percentage of seeds set 
by plants (Table 1; Fig. 2). Under natural conditions, i.e., 
open pollination, plants on the north-facing slopes set 
an average of 76.3 % (±3.9 %) of their seeds when they 
were uninfected but only 64.7 % (±3.8 %) when they 
were infected with Puccinia. Uninfected plants on the 
south-facing slopes set 67.6 % (±4.2 %) of their seed 
and infected plants set 58.7 % (±4.3 %). This represents 
a 15 % reduction in percent seed set for infected plants 
on north-facing slopes and a 13 % reduction for infected 
plants on south-facing slopes compared to the uninfected 
plants on the same slopes.

Slope aspect also affected percent seed set, but to a 
lesser degree than did pathogen infection (Table 1; Fig. 2). 
On average, plants on the north-facing slopes set a higher 
percentage of seed (mean ± 1SE: 76.9 ± 1.6 %) than plants 
on the south-facing slopes (62.1 ± 1.5 %).

The addition of pollen significantly increased the per-
centage of seeds set for plants on the north-facing slopes 
but not the south-facing slopes (Tables 1, 3; Figs. 2, 3). 
Because I was interested in whether pathogen infection 
increased pollen limitation, I reanalyzed the data using 
only plants on the north-facing slopes, where reproduction 
was pollen-limited. I also analyzed the data with and with-
out the number of inflorescences as a covariate to assess 
the effect of the pathogen on percent seed set via its direct 
effect (number of inflorescences) and to determine whether 
it had any effect on seed set aside from this direct effect of 
reduced inflorescence number. On the north-facing slopes, 
the addition of pollen increased seed set by an aver-
age of 7.25 % (open pollination = 76.3 % seed set; sup-
plemental pollination = 83.6 %). Among plants infected 
with Puccinia, the addition of pollen increased seed set 
by 14.7 %, twice as much as it did among the uninfected 
plants (open pollination = 64.7 % seed set; supplemental 
pollination = 79.4 %). However, the pathogen × pollina-
tion interaction was not significant regardless of whether 
the number of inflorescences was included as a covariate 
(Table 2). The number of inflorescences was marginally 
significant (p = 0.058) and had only a small effect relative 
to the main effects of pathogen infection and pollen addi-
tion (Table 2).  

Fig. 1  Effect of slope aspect (north vs. south) and infection by the 
biocontrol pathogen Puccinia jaceae solstitialis on foliar δ13C (‰) in 
Centaurea solstitialis. Bars mean ± 1SE (n = 98)
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Number of seeds set

Pathogen infection reduced total seed production on 
both slopes (Table 3; Fig. 3). On the north-facing slopes, 
uninfected plants produced, on average, 161 ± 7.5 seeds 
per plant while their infected counterparts on the same 
slopes produced only 45 ± 2.9 seeds per plant. This rep-
resents a 72 % decrease in seed production due to patho-
gen infection on north-facing slopes. On the south-facing 

slopes, the effect of pathogen infection on seed produc-
tion was similar in magnitude (67 % reduction) as it was 
on the north-facing slopes. Uninfected plants produced 
on average 363 ± 29.8 SE seeds per plant and infected 
plants produced 118 ± 11.8 seeds per plant. The inter-
action between pathogen infection and slope aspect 
was significant. The 3-way interaction between slope 
aspect, pathogen infection, and pollen addition was also 
significant.

Table 1  Summary of effect of 
slope aspect, infection by the 
biocontrol pathogen Puccinia 
jaceae f.s. solstitialis and pollen 
supplementation on proportional 
seed set in the invasive weed 
Centaurea solstitialis

Source df SS III MS F P

Total inflorescences 1 0.221 0.221 3.629 0.058

Slope aspect 1 0.529 0.529 8.683 0.004

Pathogen infection 1 0.857 0.857 14.063 <0.0001

Pollen supplementation 1 0.277 0.277 4.552 0.034

Slope aspect × pathogen 1 0.014 0.014 0.223 0.64

Slope aspect × pollination 1 0.375 0.375 6.160 0.014

Pathogen × pollination 1 0.019 0.019 0.309 0.58

Slope aspect × pathogen ×  
pollination

1 0.045 0.045 0.735 0.39

Residual 197 12.005 0.061

Fig. 2  Effect of presence of biocontrol pathogen Puccinia and pollen 
addition on seed set (proportion) in C. solstitialis for plants growing 
on a south- and b north-facing slopes. Bars mean ± 1SE (n = 205)

Fig. 3  Effect of presence of biocontrol pathogen Puccinia and pol-
len addition on the number of viable seeds produced by C. solstitia-
lis for plants growing on a south- and b north-facing slopes. Bars 
mean ± 1SE (n = 121)
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As with percent seed set, I reanalyzed the data using 
only plants from the north-facing slopes (because plants 
on the south-facing slopes were not pollen limited) to 
assess whether pathogen infection increased pollen limi-
tation (Table 4). On average, pollen addition increased 
seed set among uninfected plants by 10 % (open pollina-
tion = 150.8 ± 12.4 seeds per plant; supplemental pol-
lination = 167.7 ± 9.3 seeds per plant). The addition of 
pollen caused a nearly 72 % increase in seed set when 
the plants were infected with the pathogen (open polli-
nation = 31.7 ± 3.1 seeds per plant; supplemental pol-
lination = 54.5 ± 3.8 seeds per plant). The interaction 
between pathogen infection and pollen addition was 
significant. 

The total number of inflorescences per plant (the covari-
ate) had a large effect on per capita seed production, and 
the effect of the pathogen was contingent upon whether the 
covariate was included in the analysis. The main effect of 
pathogen infection was not significant when the covariate 
was included, but was significant when it was not (Table 4), 
while the interaction between pollen addition and pathogen 
infection was significant regardless of whether the covari-
ate was included in the analysis.

Discussion

I tested for the presence of pollen-limited reproduction 
in the invasive plant C. solstitialis and whether infec-
tion by a biocontrol pathogen alters the degree of pollen 
limitation the plant experienced. I conducted this experi-
ment on plants growing on drier, south-facing slopes, and 
on north-facing slopes with higher soil moisture levels. 
Pathogen infection reduced the number of inflorescences 
plants produced on both north- and south-facing slopes. 
This is consistent with previous work that has shown that 
pathogen infection has a direct negative effect on C. sol-
stitialis performance (Swope and Parker 2010a; Swope 
and Stein 2012). Plants on the south-facing slopes suf-
fered from greater water stress than plants on the north-
facing slopes, but pathogen infection did not increase 
water stress on either slope. Plants on the north-facing 
slopes experienced pollen-limited seed set but plants in 
the south-facing slopes did not. When measured on a per 
capita basis, pathogen infection increased pollen limita-
tion, an effect that appears to be driven entirely by the 
direct effect of the pathogen on the number of inflores-
cences plants produced.

Table 2  Results from ANOVA 
testing for effects of infection 
by the biocontrol pathogen 
Puccinia jaceae f.s. solstitialis 
and pollen supplementation 
on proportional seed set in 
the invasive weed Centaurea 
solstitialis growing on 
north-facing slopes where 
the reproduction was pollen-
limited, with (upper table) 
and without (lower table) the 
number of inflorescences as a 
covariate

Source df SS III MS F P

Total inflorescences 1 0.466 0.466 5.695 0.019

Pathogen infection 1 0.911 0.911 11.129 0.001

Pollen supplementation 1 0.937 0.937 11.446 0.001

Pathogen × pollination 1 0.086 0.086 1.055 0.306

Residual 117 9.574 0.082

Source df SS III MS F P

Pathogen infection 1 0.593 0.593 6.975 0.009

Pollen supplementation 1 0.905 0.905 10.642 0.001

Pathogen × pollination 1 0.086 0.086 1.013 0.316

Residual 118 10.040 0.085

Table 3  Summary of effect of 
slope aspect, infection by the 
biocontrol pathogen Puccinia 
jaceae f.s. solstitialis and pollen 
supplementation on whole-
plant viable seed production in 
the invasive weed Centaurea 
solstitialis

Source df SS III MS F P

Total inflorescences 1 44.415 44.415 709.497 <0.0001

Slope aspect 1 0.861 0.861 13.751 <0.0001

Pathogen infection 1 0.342 0.342 5.469 0.02

Pollen supplementation 1 1.201 1.201 19.183 <0.0001

Slope aspect × pathogen 1 0.462 0.462 7.375 0.007

Slope aspect × pollination 1 1.069 1.069 17.072 <0.0001

Pathogen × pollination 1 0.543 0.543 8.673 0.004

Slope aspect × pathogen ×  
pollination

1 0.506 0.506 8.081 0.005

Residual 197 12.332 0.063
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Resource limitation

Plants on the south-facing slopes did not experience pol-
len limitation in either the presence or the absence of the 
pathogen, a finding that is consistent with resource-limited 
reproduction. Infected plants on these drier slopes set a 
lower percentage of seed and produced fewer total seeds 
than their uninfected counterparts. The fact that there was 
no difference in the total number of ovules per inflores-
cence (maximum reproductive potential) suggests that 
infected plants may suffer from greater resource limitation 
than uninfected plants on these drier slopes, although these 
data cannot conclusively answer this question. During the 
flowering season, soil moisture was lower on the south-
facing slopes than it was on the north-facing slopes, and 
plants growing there suffered greater water stress as indi-
cated by their significantly higher δ13C. Surprisingly, plants 
infected with the pathogen did not have higher δ13C values 
than uninfected plants as would be expected if pathogen 
infection reduces the plant’s access to soil moisture. These 
results could be interpreted to mean that pathogen infec-
tion has no influence on plants’ access to soil water or that 
soil moisture is not the limiting resource, but this seems 
unlikely as it is contrary to previous work (Shishkoff and 
Bruckart 1996; DiTomaso and Healy 2007) that explicitly 
tested for resource limitation, which this study did not.

Alternatively, these results may be attributable to the 
timing of leaf collection for this analysis. During the rainy 
season, soil moisture was high and may not have been lim-
iting to either infected or uninfected plants at that time. 
Leaves were collected for the δ13C analysis shortly after 
the rains had stopped but before the summer drought had 
begun in earnest, and it is possible that differences in the 
degree of water stress experienced by infected and unin-
fected plants had not yet emerged. Because C. solstitialis 
drops its leaves before it flowers, it was not possible to col-
lect leaves for this analysis when soil moisture was lowest 
and drought stress highest, and thus failed to capture the 

real differences in water stress plants infected and unin-
fected plants experienced during flowering. One way to 
resolve this would be to explicitly test for resource limita-
tion by adding resources (water) that might be limiting seed 
production during flowering.

Pollen limitation

Plants growing on the north-facing slopes were pollen-lim-
ited, but plants on the south-facing slopes were not. I tested 
whether pathogen infection increased pollen limitation 
for plants on north-facing slopes using two response vari-
ables, percent seed set and per capita seed set. Percent seed 
set describes the complex direct and indirect interactions 
between plants, their enemies and their mutualists. For 
both infected and uninfected plants, the addition of pollen 
increased percent seed set, while pathogen infection inde-
pendently reduced the percentage of seeds set. Although 
uninfected plants appeared to have a larger response to pol-
len addition (uninfected plants set 7.3 % more seed when 
they received supplemental pollen and infected plants set 
14.7 % more seed when pollen was added), the interac-
tion between pathogen infection and pollen addition was 
not significant. In other words, the effect of adding the 
pathogen biocontrol agent was additive rather than super-
additive. This was true even when I controlled for reduced 
inflorescence production among infected plants by includ-
ing the number of inflorescences per plant as a covariate 
in the analysis. In sum, when measured on a proportional 
basis, plants were pollen-limited, and pathogen infection 
had the additional, independent effect of reducing percent 
seed set, though pathogen infection did not increase the 
degree of pollen limitation.

Per capita seed production is the metric of greatest rel-
evance to invasive species management using biocontrol 
agents. As with percent seed set, both infected and unin-
fected plants on the north-facing slopes produced sig-
nificantly more seed when pollen was added. But, unlike 

Table 4  Tests of significant 
effects of infection by the 
biocontrol pathogen Puccinia 
jaceae f.s. solstitialis and pollen 
supplementation on whole-
plant viable seed production in 
the invasive weed Centaurea 
solstitialis growing on north-
facing slopes where the plant 
was pollen-limited, with (upper 
table) and without (lower table) 
the number of inflorescences as 
a covariate

Source df SS III MS F P

Total inflorescences 1 10.623 10.623 163.473 0.0001

Pathogen infection 1 0.141 0.141 2.163 0.144

Pollen supplementation 1 3.231 3.231 49.722 0.0001

Pathogen × pollination 1 1.485 1.485 22.849 0.0001

Residual 117 7.603 0.065

Source df SS III MS F P

Pathogen infection 1 54.691 54.691 354.067 0.0001

Pollen supplementation 1 3.523 3.523 22.805 0.0001

Pathogen × pollination 1 1.488 1.488 9.630 0.002

Residual 118 18.227 0.154
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percent seed set, infected plants had a significantly larger 
response to pollen addition than uninfected plants. Infected 
plants increased seed production by 77 % when pollen was 
added, while uninfected plants increased seed production 
by only 10 %. When measured on a per capita basis, patho-
gen infection had a direct effect on seed production as well 
as an indirect effect by increasing the degree of pollen limi-
tation. Pathogen infection increased pollen limitation solely 
by reducing the number of inflorescences that plants pro-
duced, as indicated by the fact that the main effect of the 
pathogen was not significant when inflorescence number 
was included as a covariate in the analysis but had a large 
and highly significant effect when it was not.

Biocontrol practitioners and resource managers are most 
interested in the effect of pathogen infection on seed pro-
duction under natural conditions, i.e., open pollination. In 
this study, when exposed to natural pollination, infected 
plants produced only 21 % as many seeds as uninfected 
plants. This reduction is driven in part by the direct effect 
of the pathogen as well as by its indirect effect via polli-
nation. Previous work has found that the number of inflo-
rescences correlates with pollinator visitation (Swope and 
Parker 2012), suggesting that the greater degree of pollen 
limitation found among infected plants is likely due to 
declines in pollinator visits as a result of producing fewer 
inflorescences.

Although plants on the north-facing slopes set a higher 
percentage of seed than plants on the south-facing slopes, 
they produced fewer total seeds. This non-intuitive result 
arises because of differences in the total number of inflores-
cences made by plants on the different slopes. C. solstitialis 
density is approximately three times higher on the north-
facing slopes, and this reduces plant size and the number 
of inflorescences per plant (Swope et al., in review; Swope, 
unpublished data). Pathogen infection also reduced plant 
size and the number of inflorescences that plants made, 
so that infected plants on the north-facing slopes made 
the fewest inflorescences and therefore the fewest seeds, 
despite having the highest proportional seed set. Reproduc-
tion in plants on the south-facing slopes is not pollen-lim-
ited and instead appears to be resource-limited. Plants on 
south-facing slopes produced on average more seeds than 
those on north-facing slopes, and this appears to be due to 
the fact that they also produce more inflorescences in these 
lower density populations.

Implications for biocontrol

Infection by the pathogen biocontrol agent reduced per 
capita seed set in C. solstitialis both directly (on both 
slopes) and indirectly via pollen limitation on the north-
facing slopes. Because indirect interactions are ubiquitous 
in nature (see reviews by Stout et al. 2006; Morris et al. 

2007) and their effects can be large in magnitude, as seen 
here and elsewhere (Swope and Parker 2012), they ought 
to be explicitly considered when assessing a prospective 
biocontrol agent. Doing so will reduce the likelihood of 
selecting agents that interfere with one another (an argu-
ment that has been made elsewhere; e.g., Swope and Parker 
2010a), but may also allow us to identify unexpected path-
ways that practitioners can exploit to increase agent impact 
(as in Swope and Parker 2012). This may be an especially 
rewarding approach for pollinator-dependent invaders 
given that pollinators have been shown to be sensitive to 
herbivore damage across a broad taxonomic range (e.g., 
Euler and Baldwin 1996; Strauss et al. 1996; Lehtilä and 
Strauss 1997; Mothershead and Marquis 2000).

Nevertheless, a cautionary note is warranted. The out-
come of indirect interactions may be sensitive to abiotic 
factors that can vary over short distances and time scales. 
Here, the impact of the pathogen via the pollinators was 
dependent on slope aspect. Swope and Parker (2010a) 
found no effect of Puccinia infection on C. solstitialis 
seed production via pollinators but that experiment was 
performed only on a south-facing slope, i.e., those results 
are consistent with the results from the south-facing slopes 
reported here and different from the results from the adja-
cent north-facing slopes. Similarly, it has been shown that 
indirect interactions between Puccinia and the insect bio-
control agents E. villosus and C. succinea are dependent on 
soil type, which can vary over a few meters (Swope and 
Stein 2012). It is possible that the net impact of interactions 
with pollinators on plant fitness might be similarly affected 
by soil type or other factors that affect the plant’s access to 
essential resources.

The outcome may also vary in time. Precipitation totals 
were well above average in the year in which this experi-
ment was conducted, and this led to higher levels of patho-
gen infection than is seen in drought years, as well as larger 
direct effects of the infection on plant performance (Swope, 
unpublished data). It is possible that, in drier years, when 
infection levels are lower and the pathogen’s direct impact 
on the plant is also less pronounced, the indirect effect via 
the pollinators will also be less pronounced or even disap-
pear. It is also possible that, in drought years, reproduction 
will be resource-limited even on the more benign north-fac-
ing slopes (as it was on the south-facing slopes), eliminat-
ing the indirect effect altogether.

Finally, the outcome may vary not only in response to 
fine-scale spatial variation or short-term temporal variation 
in abiotic factors but also in response to differences in the 
biotic context, specifically the pollinator community. The 
majority of floral visitors in both study populations were 
A. mellifera, and this is consistent with other work done 
at Mt. Diablo State Park (Swope and Parker 2010a, 2012) 
and elsewhere in California (Barthell et al. 2001; Swope 
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and Parker 2012). Although there appears to be relatively 
little variation in the pollinator community for C. solstitia-
lis, other invaders may depend on a variety of native pol-
linators which may show species-specific responses to bio-
control damage, which may in turn translate into indirect 
effects of a greater or lesser magnitude.

Individual- vs. population- level impacts

Whether reduced seed set due to attack by biocontrol 
agents, pollen limitation, or an interaction between the 
two, leads to population-level control of the invader will 
depend on a number of factors. Reduced seed set is not 
likely to lead to control of the invader if the population 
growth rate has a low sensitivity to seed set (as is likely to 
occur in long-lived, iteroparous species; e.g., Parker 2000), 
when microsites rather than seed input limits recruitment, 
or when survival is strongly density-dependent (Myers and 
Bazely 2003; Garren and Strauss 2009). In the particular 
case of C. solstitialis, recruitment is frequently seed-lim-
ited at this site as well as at sites elsewhere across Cali-
fornia (Swope and Parker 2010b), meaning that an agent 
that reduces per capita seed production, directly or indi-
rectly, by deterring pollinators, has the potential to contrib-
ute to control of C. solstitialis. However, Puccinia itself 
is not likely to contribute to the control of C. solstitialis 
because, while it may increase pollen limitation under 
some circumstances, it also reduces seed predation by the 
well-established, higher impact insect biocontrol agents 
(Swope and Parker 2010a; Swope and Stein 2012). This 
study excluded those insect agents in order to examine 
biocontrol–pollinator interactions, so it remains unknown 
how their inclusion in the interaction web might alter the 
net impact on the plant. As the number of interacting spe-
cies increases so does the complexity of the interactions 
and the potential for indirect interactions, making it very 
difficult to predict the outcome. This makes a strong argu-
ment for testing prospective agents in the presence of other 
key interacting species, including other biocontrol agents 
and pollinators. Whether agents that deter pollinators exert 
a meaningful measure of control in other invasive plant 
species will depend not only on the degree to which this 
indirect interaction reduces seed production but also on 
how strongly seed input influences plant density and popu-
lation growth rate.
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