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Mutualisms between species are interactions in which reciprocal
exploitation results in outcomes that are mutually beneficial. This
reciprocal exploitation is evident in the more than a thousand plant
species that are pollinated exclusively by insects specialized to lay
their eggs in the flowers they pollinate. By pollinating each flower
inwhich she lays eggs, an insect guarantees that her larval offspring
have developing seeds on which to feed, whereas the plant gains
a specialized pollinator at the cost of some seeds. These mutualisms
are often reciprocally obligate, potentially driving not only ongoing
coadaptation but also diversification. The lack of known intermedi-
ate stages in most of these mutualisms, however, makes it difficult
to understand whether these interactions could have begun to
diversify even before they became reciprocally obligate. Experi-
mental studies of the incompletely obligate interactions between
woodland star (Lithophragma; Saxifragaceae) plants and their pol-
linating floral parasites in the moth genusGreya (Prodoxidae) show
that, as these lineages have diversified, the moths and plants have
evolved in ways that maintain effective oviposition and pollination.
Experimental assessment of pollination in divergent species and
quantitative evaluation of time-lapse photographic sequences of
pollination viewed on surgically manipulated flowers show that
various combinations of traits are possible for maintaining the mu-
tualism. The results suggest that at least some forms of mutualism
can persist and even diversify when the interaction is not recipro-
cally obligate.
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Coevolving mutualisms among free-living species often favor
the formation of networks of interacting species rather than

reciprocally specialized pairs of species (1–3). In contrast, mutu-
alisms between species living in intimate (i.e., symbiotic) associa-
tion often favor the evolution of greater degrees of reciprocal
specialization (3). This contrast is evident in pollination mutual-
isms: plants and pollinators generally form complex networks, but
the most consistent deviations from this pattern are the inter-
actions between plants and the insects that lay eggs in the flowers
they pollinate. Pollination by these floral parasites, sometimes
called nursery pollination, involves reciprocally obligate inter-
actions between a plant species and either one insect species or
a small group of insect species within a lineage, potentially driven
by selection imposed on the parasitic component of the in-
teraction. Pollination by floral parasites has arisen and diversified
repeatedly among plant lineages that are common components of
terrestrial communities worldwide (4–9). Examples include yuccas
in North America, figs in tropical environments, globeflowers
(Trollius; Ranunculaceae) in boreal ecosystems, and leafflower
(Glochidion; Phyllanthaceae) trees in Asia and the Pacific islands
(7, 10–12). The pollinators have coradiated with the plants, but
often in ways that reflect the complex historical biogeography of
these interactions (13, 14).
Intermediate stages in the evolution of these obligate inter-

actions are lacking among living species in most of these mutual-
isms. That makes it difficult to assess whether these interactions
could have begun to diversify even before the interactions became
reciprocally obligate for the partners. The interactions between

Greya moths (Prodoxidae) and their woodland star (Litho-
phragma; Saxifragaceae) host plants, however, provide clues to
how these mutualisms can diversify even in the absence of, or
before, the evolution of reciprocally obligate mutualism. Greya
moths are closely related to yucca moths (15), and both of these
prodoxid lineages include pollinating floral parasites (16). Yucca
moths are the sole pollinators of yucca, and Greya moths are
generally the most important pollinators of woodland stars. In
some communities, however, insects other than Greya moths, es-
pecially solitary bees or bombyliid flies, contribute importantly to
the pollination of woodland stars (17–20). Nevertheless, the
interaction between woodland stars and Greya moths has
persisted for millions of years as the plants and moths have
diversified (18, 21).
We studied how the traits involved in the interaction and the

potential for mutualism have changed as woodland stars and their
Greya moth pollinators have diverged geographically in western
North America. Greya moths pollinate at least five woodland star
species within two lineages as they oviposit into the flowers
(Fig. 1). The woodland star species have diverged in many floral
traits, including major changes in the position of the ovary within
flowers (22, 23). The species also differ in stigma structure, style
length and fusion, petal size and shape, and other aspects of
overall floral shape.
We chose six sites that encompassed the latitudinal range of

the interactions between woodland stars and Greya moths. To-
gether the sites included all of the major Lithophragma species
involved in the interaction (Table S1). Lithophragma is a well-
defined genus of seven to nine species restricted to western North
America (24). The species pollinated by Greya moths occur
mostly within two clades. The Lithophragma parviflorum clade
includes two species with indistinct boundaries, L. parviflorum
and Lithophragma affine (24). L. parviflorum is widespread in
western North America, whereas L. affine occurs mostly in the
Coast Ranges of California and some areas of the central Sierra
Nevada. The Lithophragma heterophyllum clade is distributed as
a ring around the Central Valley of California, with L. hetero-
phyllum in habitats north, northeast, and west of the valley,
Lithophragma cymbalaria southwest of the valley in the Coast
Ranges and Transverse Ranges, and Lithophragma bolanderi east
and southeast of the valley in the southern Sierra Nevada
(Table S1).
Woodland star species are pollinated by moths in the Greya

politella species complex, which includes up to four geographically
separated, and molecularly divergent, cryptic species (21). The
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study sites included all four lineages, hereafter labeled G. politella
PNW, OR, CA, and SN for Pacific Northwest, southern Oregon,
California, and southern Sierra Nevada, respectively. These di-
vergent lineages are separated geographically and generally differ
in the Lithophragma species they use as hosts. Most G. politella
populations, including all of the populations in this study, visit,
pollinate, and lay eggs only in Lithophragma (25).
As in other prodoxid moths that are the major pollinators of

their host plants (i.e., yucca moths), the entire life history of
G. politella moths is closely associated with the local host plant
population. Adults mate on the host plants and take nectar only
from flowers of the host plants. When a female inserts her abdo-
men through the corolla to oviposit, pollen adhering to one or
more parts of her abdomen rubs off onto the stigma, thereby
pollinating the flower (Fig. 1). Larvae complete their development
on a single host individual. Movie S1 shows examples of moths
ovipositing into two Lithophragma species.
At three of the study sites (Turnbull, Taylor, and Marble)

G. politella was the only Greya species. At the other three sites an
inefficient pollinator of Lithophragma, Greya obscura, cooccurred
with G. politella. The inefficient pollinator contributes to pollina-
tion only during nectaring, because it does not oviposit directly
into the flowers (18). G. obscura is normally found only in pop-
ulations that also have G. politella and may depend on the

interaction between G. politella and woodland stars for its local
persistence. The study therefore encompassed a broad range of
the ecological contexts in which Lithophragma interacts with its
major pollinator, G. politella.

Fig. 1. Divergence in morphology and the interaction between woodland star (Lithophragma spp.) species and their Greyamoth pollinators. A window has been
surgically cut into the side of each flower to show how pollination occurs during oviposition. As she punctures the floral ovary with her ovipositor, or slides through
an opening in the side of the style to lay eggs, a moth simultaneously pollinates the flower with pollen adhering to her abdomen. Flowers vary among species from
those having a completely inferior ovary, short style, and a stigma receptive only along the sides (Upper Left) to those having a completely superior ovary, a long
style, and a stigma receptive over the upper stigmatic surface (Lower Right). For scale, length of a moth wing averages 6.6–7.7 mm among these populations, and
floral width averages 3.0–4.0 mm. (Upper, Left to Right) Plants in the L. parviflorum clade: L. parviflorum North, L. parviflorum South, and L. affine. (Lower, Left
to Right) Plants in the L. heterophyllum clade: L. bolanderi, L. cymbalaria, and L. heterophyllum. Moths are all members of the G. politella species complex.

-6

-4

-2

0

2

4

6

Co
m

po
ne

nt
 2

  (
12

.2
%

)

-6 -4 -2 0 2 4 6

Greya politella on:
N
S

Component 1 (73.3%)

L. heterophyllum
L. cymbalaria
L. bolanderi

-4

-2

0

2

4

Co
m

po
ne

nt
 2

  (
19

.2
%

)

-4 -2 0 2 4
Component 1 (51.1%)

N
S

L. heterophyllum
L. cymbalaria
L. bolanderi

Fig. 2. Divergence in size and shape among Lithophragma plant pop-
ulations (Left) and G. politella moth populations (Right) analyzed using
principal component analysis. Values in parentheses after the axis labels are
the percentage of variance attributable to that principal component axis.
n = (plants; moths): L. parviflorum North (36; 200), L. parviflorum South
(40; 20), L. affine (42; 48), L. heterophyllum (30; 12), L. cymbalaria (30; 48),
L. bolanderi (30; 40).
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For each of the six sites, we assessed morphological divergence
and codivergence in the local woodland star andG. politella popu-
lations. We then used time-lapse photography on experimentally
manipulated flowers to determine how the mechanisms of ovipo-
sition and pollination have changed as populations have diverged
in traits. In addition, we experimentally evaluated the efficacy of
the moths as pollinators in each population.

Results
Multitrait Divergence. The two Lithophragma lineages differed in
traits associated with overall floral length, the size and shape of
the stigma and style, and petal width (principal component 2),
whereas species within each lineage differed in a highly correlated
combination of traits associated with overall size and shape
(principal component 1) (Fig. 2). Divergence within the G. poli-
tella species complex occurred through a suite of correlated traits
affecting overall shape and size along a single principal compo-
nent axis (Fig. 2). Discriminant analyses indicated that mouthpart

(i.e., proboscis) length and ovipositor length showed especially
strong divergence among populations, as would be expected from
traits associated directly with nectaring and oviposition in flowers
(Table S2).

Codivergence of Traits. Hierarchical assessment of divergence in
plant and moth traits suggested that the codivergence of plant and
moth traits is structured geographically and phylogenetically. The
models providing the best fit to the data were those taking into
account the identity of the local population and the genetic rela-
tionships among populations (Fig. 3). Hence, contrasting combi-
nations of trait values have arisen in the two plant lineages and their
associated moth lineages, and additional codivergence of plants
and moths has arisen among populations within these lineages.

Functional Morphology. When visiting a flower, a female first takes
nectar, then turns around and oviposits through the corolla. After
she has completed the sequence, she usually rests for minutes to
hours on that flower. We called each such a sequence a “bout,”
and we removed the female after she had completed one bout on
a flower. The time-lapse digital sequences of bouts showed that
G. politella PNW, OR, and CA moths (n = 28) pierce the ovary
through or just above the nectary disk. In contrast,G. politella SN
moths (n = 10), which oviposit only into flowers of L. bolanderi,
slide the ovipositor through a slit between the uniquely elongated
unfused styles of this species (Fig. 1).
We used additional time-lapse sequences to determine how

moths probe when presented with a woodland star population with
a different floral morphology. We were specifically interested in
testing how G. politella SN moths would probe flowers during
a bout when presented with the closely related L. cymbalaria,
which lacks the wide slit found in its normal host. All of the SN
moths (n= 5) attempted to oviposit by searching along the style for
a slit between the styles, as they would do when probing their
normal host. In the inverse experiment,G. politellaCAmoths (n =
4) locally adapted toL. cymbalariawere offeredL. bolanderi.All of
the CA moths oviposited directly through the nectary disk rather
than through the slits between the styles.
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Fig. 3. Relative accuracy of fit of models to the observed data for geo-
graphic covariation of woodland star floral traits and Greya moth traits. The
observed data are the pattern of geographic covariation in local plant traits
compared with local moth traits (plant traits vs. moth traits). The alternative
models include either random assignment of individuals to populations or
random assignment of individuals only to populations within the larger
clade from which they were drawn (e.g., assignment of L. bolanderimoths to
plants within the L. heterophyllum, L. cymbalaria, and L. bolanderi clade).
Models based on these assignments are called random, local, and structured.
Accuracy is defined here as A = 1 − j(observed − expected)/observedj, in
which observed = observed value, expected = mean value of a given model,
and jxj is the absolute value of the number. The higher the value of A, the
higher the accuracy, scaled to a maximum value of 1.

Table 1. Differences among sites in the probability of contact
between moth body parts and either the stigma or an anther
during nectaring and oviposition obtained through time-lapse
photography of surgically modified flowers

Parameter

Percentage of bouts resulting in contact

Proboscis Head Abdomen Membrane

Lithophragma
parviflorum N 45.5 0.0 27.3 72.7
parviflorum S 66.7 11.1 88.9 66.7
affine 100.0 0.0 70.0 90.0
bolanderi 69.2 0.0 100.0 84.6
cymbalaria 27.3 0.0 54.6 54.6
χ2 (df = 4) 17.03 6.32 17.55 5.80
P 0.002 0.18 0.002 0.208

“Membrane” refers to the membrane by which the ovipositor is attached
to the terminal segment of the abdomen. Trials with L. heterophyllum were
insufficient to include in the analysis. Number of scored images and bouts:
L. parviflorum N (1056, 11), L. parviflorum S (886, 9), L. affine (1523, 10),
L. bolanderi (1344, 13), L. cymbalaria (2782, 22). Statistical differences among
populations were evaluated using χ2 contingency analyses.
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Fig. 4. Distribution of the number of developing seeds after a single pol-
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the L. heterophyllum clade. Values are means ± 1 SE. n = 62 flowers for
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Populations differed in the moth body parts that touched an
anther or the stigma during a bout (Table 1). For example, moths
visiting L. bolanderi always touched either the anther or the
stigma with the abdomen, whereas moths visiting L. parviflorum
N did so only 27% of the time. The probability of a moth part
touching the stigma or an anther did not depend on bout dura-
tion (i.e., number of photos) (length effect: P = 0.414, χ2 = 0.67,
df = 1, logistic regression including effects of population and
duration). Despite the differences among populations in plant
morphology and in moth morphology and behavior, moths vis-
iting plants from their local population touched either an anther
or the stigma during 82–100% of bouts in all populations. The
percentages did not differ significantly among populations (Ta-
ble S3). Hence, different combinations of plant and moth traits
all resulted in a high probability that a moth would contact the
floral reproductive parts.

Pollination Efficacy. Even with these different oviposition behaviors
and interactions between plant and moth body parts, every moth
population was an effective pollinator of its local Lithophragma
population. The mean number of developing seeds resulting from
a single bout, however, differed significantly among populations,
ranging from 85 seeds for L. affine to 523 for L. bolanderi (Fig. 4).
Moreover, a pollination bout resulted in significantly more de-
veloping seeds in plants from the L. heterophyllum clade than in
plants from the L. parviflorum clade (Fig. 4; P < 0.001 for clade
effect, generalized linear model; Table S4).
The distribution of the number of seeds resulting from a bout

also differed among populations and clades (Fig. 4). These dis-
tributions are, in effect, the distributions of ecological outcome of
the interaction from the perspective of plant fitness. The dis-
tributions were strongly skewed toward a smaller number of seeds
in the L. parviflorum/affine lineage, but not in the other lineage.
To the extent that the number of seeds is an index of fitness, then,
the potential strength of the mutualism differs between these
lineages, but the moths are effective pollinators of both lineages.
Analysis of generalized linear models suggested that the dif-

ferences among populations in the number of developing seeds
were due primarily to the interaction of plant and moth traits (i.e.,
significant clade and site effects) rather than to other factors
(Table S4). The total number of ovules available for pollination
also contributed a significant, but smaller, effect. In all popula-

tions, however, a single bout resulted in pollination of less than
two-thirds of ovules in all populations. Hence, in no population
was seed set in the moth pollination trials limited by the number of
available ovules. The duration of a bout, pollen load on a moth,
and the number of eggs deposited during oviposition did not sig-
nificantly affect the number of developing seeds. There were no
significant interaction effects among the factors (Table S4).
In separate experiments, hand pollination of flowers rein-

forced the conclusion that the number of seeds produced per
flower in the moth pollination trials was determined primarily by
pollination efficacy rather than by factors extrinsic to the plant–
moth interaction (Table S5). Selfed flowers produced on average
five or fewer seeds in all populations (n = 165 crosses). Flowers
outcrossed by hand to other individuals within the same pop-
ulation produced on average more than 100 more seeds than
moth-pollinated flowers (n = 166 crosses). Hence, flowers of all
populations were capable of developing more seeds on average
than the number produced during a single moth visit. The ratio
of the number of seeds resulting from a moth pollination bout
compared with hand pollination of outcrossed plants was 38%
in L. parviflorum North, 56% in L. parviflorum South, 27% in
L. affine, 76% in L. bolanderi, 48% in L. cymbalaria, and 37% in
L. heterophyllum (Table S5).
We further analyzed how moth and plant traits affect polli-

nation efficacy by allowing moths from the L. cymbalaria-feeding
population and the L. bolanderi-feeding population to oviposit
into flowers from the other population. Although these two plant
species are phylogenetically close relatives, the functional mor-
phology trials had shown that moths associated with these two
species differ in where they insert the ovipositor within a flower,
and the pollination efficacy experiments had shown that these
two species differ in pollination efficacy. G. politella SN moths
from the L. bolanderi population pollinated L. cymbalaria plants
as effectively as moths from the L. cymbalaria population, but
moths from the L. cymbalaria population were poorer pollinators
of L. bolanderi than L. bolanderi moths (Fig. 5). Hence, the
evolution of an unusual oviposition behavior in the G. politella
SN population has not resulted in specialization so strong that it
would prevent it from being an effective pollinator of a Litho-
phragma population with a different combination of floral traits.

Discussion
The combined analyses of morphology, time-lapse photographic
sequences, and pollination efficacy experiments suggest that the
interactions between woodland star plants and Greya moths have
retained the potential for mutualism even as populations have
diverged in morphology, the moths have diverged in behavior,
and the taxa have undergone speciation. This complex pollina-
tion mutualism has persisted and diversified over millions of
years even without the interaction becoming reciprocally obligate
in these two genera.
The view that these interactions are robust is further reinforced

by ecological studies showing thatGreyamoths are the major, and
sometimes almost the sole, pollinator in most populations that
have been studied in detail, even though the interaction is
swamped in some localities by unrelated copollinators (18, 20,
26). The results therefore provide insight into how the early
stages of mutualisms between plants and pollinating floral para-
sites can evolve and persist. These mutualisms can remain robust
even as populations diverge in suites of correlated traits and as
some plant populations continue to be pollinated at least some-
times by other taxa.
Prodoxid moths have evolved relationships with plants that

range in ecological outcome from parasitism to mutualism (25).
Most species are parasitic as larvae on floral, leaf, or stem tissues.
The two lineages that have evolved pollination mutualisms with
plants, Greya moths and yucca moths, include a combination of
parasitic and mutualistic species. Mutualistic species have evolved
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from parasitic species, and parasitic species have evolved from
mutualistic species. Locally parasitic or weakly mutualistic spe-
cies, however, do not necessarily compromise these mutualisms.
Within Greya, relatively inefficient G. obscura moths cooccur and
contribute to pollination at some sites along with the more effi-
cient G. politella moths (18). Within the yucca moths, some
nonpollinating cheater species have evolved from mutualistic
species (27, 28), but the cheater moths persist only where the
mutualistic moth species are present to pollinate the flowers.
Hence, although some local interactions between these plant and
moth lineages may include species that are poor mutualists or
even parasites, the pollination mutualism has persisted as the
lineages have continued to diversify.
There is, however, nothing inevitable about the evolution of

mutualism once plants have been colonized by floral parasites.
Parasitism of flowers or seeds is common among insects, but many
plant linages have flowers poorly suited to pollination by ovipo-
siting insects (25). Interactions between some plant and insect
lineages, such as Silene plants and Hadenamoths, seem to remain
at the interface between parasitism and mutualism; however, like
Lithophragma and Greya, they may possibly vary in ecological
outcome among populations (4, 29). It is likely, though, that more
plants are pollinated by floral parasites than is currently known.
For example, only within the past decade has pollination by insects
during oviposition been discovered in the Phyllanthaceae in the
tropical Pacific, involving possibly hundreds of plant species, and
discovery of similar pollination mutualisms within this and other
plant families continues (6, 11, 30, 31).
The matching of floral and pollinator traits has long been con-

sidered evidence for coevolution and illustrative of the intricate,
and potentially fragile, mutualistic relationships between species
(32–36). Plant species often have pollinators whose body parts
closely complement the flowers they visit, resulting in effective
pollination (37–40). Evolution of the presence, size, or shape of
some characters can alter pollination efficacy by creating mis-
matches in traits (41–44). The results for woodland stars andGreya
moths, however, indicate that there is a wide range of trait com-
binations that can sustain mutualisms in codiverging lineages. No
simple pattern of matching of plant and moth traits is required to
maintain the mutualism, even though some local interactions re-
sult in greater pollination efficiency than others. In addition to the
morphological traits assessed here, woodland stars also produce
a complex array of floral volatiles that vary among species and
populations (45). Hence, the number of potentially coevolving
and geographically varying traits is even greater than those
assessed here.
More generally, these results suggest that mutualisms between

species may have become so pervasive worldwide because they
often show considerable evolutionary flexibility rather than fra-
gility. Divergence of all coevolving species is undoubtedly driven
by multiple selection pressures and also by other evolutionary
processes, such as genetic drift acting from time to time on traits
in some small populations. The interplay of many evolutionary
processes during population divergence and speciation, however,
does not necessarily undermine the ability of coevolutionary
selection to maintain mutualisms between pairs of species even
when those interactions are not reciprocally obligate. Once
formed, these mutualisms may often be malleable in the trait
combinations that allow the maintenance of the mutualism. Any
fitness advantage gained through interacting with another spe-
cies can be favored by selection, even if the traits do not match
optimally. In that sense, it is no wonder that all eukaryotic spe-
cies have evolved mutualisms with other taxa.

Materials and Methods
Multitrait Divergence. Floral measurements included petal length, petal width,
overall flower length, floral width, internal floral depth, floral flair, stigma
diameter, and pistil height above the nectary disk (Fig. S1). Moth measure-

ments included wingspan, proboscis length, sixth abdominal segment length,
seventh abdominal segment length, and ovipositor length. On the basis of
preliminary studies, these were the traits that, directly or indirectly, were
likely to affect pollination. The abdominal segments were included because,
in G. politella females, the seventh segment is two to three times longer than
other abdominal segments. This unusual abdominal elongation is not found
in G. politella males or in other Greya species. Floral and moth measurements
were made on individuals collected at the study sites. Floral measurements
were on the second flower produced on each plant. Morphology was ana-
lyzed using principal component analysis on the correlations among traits,
with principal component 1 capturing primarily variation in size and overall
shape and principal component 2 capturing primarily variation in compo-
nents of shape orthogonal to principal component 1.

Codivergence of Traits. We assessed codivergence of traits initially by com-
paringplantandmothprincipal componentvalues.Wethengroupedplantand
moth individuals hierarchically according todifferent assumptions to assess the
combined contributions of local trait matching and larger phylogenetic effects
on theobservedpatterns.Webeganby combiningall individuals intooneplant
population and one moth population. We then hierarchically grouped indi-
viduals according to the known patterns of genetic divergence among the
sampled populations: three plant species in each of the two lineages, and four
cryptic moth species within the G. politella species complex. Using randomi-
zation and model selection procedures based on likelihood approximations,
we assessed whether a grouping of plant and/or moth populations based on
patterns of genetic divergence explained the data better than a completely
randomized distribution of traits among populations. The full randomization
sampled all individuals without replacement and randomly assigned them
among populations. The structured randomization constrained assignments
based on genetic relatedness among populations. The models evaluated var-
iation in the values of the first principal component of the moth traits relative
to either the first or second principal component of the plant traits. Collec-
tively, the models analyzed how much genetic structuring of populations
beyond a random model was needed to approach the observed pattern of
plant and moth trait combinations in the data (further details in SI Materials
and Methods).

Functional Morphology. Assessment of how pollination occurs during ovipo-
sitionwasmadeusing time-lapsephotographyonflowers intowhichawindow
had been cut into the side of the calyx (Fig. 1). Females, which are unusually
docile for moths, were gently placed on a flower and allowed to nectar and
oviposit. Nectaring almost invariably precedes oviposition, and a single se-
quence of nectaring and oviposition (hereafter bout) by amoth takes up to an
hour. Each digital image was analyzed to determine which moth part (pro-
boscis, head, side of the abdomen, terminal abdominal membrane) touched
which plant part (stigma, anthers) during the entire bout. Terminal abdominal
membrane refers to the membrane by which the ovipositor is attached to the
terminal abdominal segment. This membrane expands beyond the terminal
abdominal segment when a moth extends its ovipositor. The final analysis
included 7,591 scorable frames distributed over 65 bouts. Scorable frames
were those in which it was possible to determine with certainty whether
a female touched an anther or the stigma.

Pollination Efficacy. Pollination efficacy was assessed in the laboratory by
placing a female moth directly on a previously unvisited flower in a mesh cage
(1m inheightandwidthand0.5m indepth).After shecontacted thepetals, the
moth would either rest for some time or immediately lower her head to begin
nectaring.Eachfemalewasobserved throughout thenectaringandoviposition
bout (hereafter bout) tomake certain that the trial assessed the effect on seed
set of a single time that a female insertedherabdomen into theflower.As soon
as she withdrew her abdomen from the flower, the trial ended. The entire
procedure was then repeated using the same female but on a new flower of
a plant from a different maternal lineage of the same plant population. Only
virgin flowers receiving newly collected pollen were used in the assessment of
pollination efficacy. Separate experiments used hand-pollination offlowers to
test for self-compatibility and maximum potential seed set. Emasculated
flowerswerepollinatedeitherwithanthers fromadifferentfloweronthesame
plant or anthers from three different plants of the same population. More
details in SI Materials and Methods.
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Study Sites. The location of the study sites is shown in Table S1.

Methods. Statistical analyses were performed using JMP 10 (1).
Likelihood models for trait matching were evaluated using
MATLAB (2).

Multitrait Divergence. The plant traits measured for the analyses
included petal length, petal width, overall flower length, floral
width, internal floral depth, floral flair, stigma diameter, and pistil
height above the nectary disk (Fig. S1). Measurements were on
the second flower produced by plants at the study sites. Plants
flower sequentially from bottom to top on a scape. Flowers were
collected at their base using forceps and placed into separate vials
containing 70% ethanol. Preliminary studies showed that Litho-
phragma flowers preserved in this way did not differ significantly
in the measured traits from flowers collected into formalin-acetic
acid-alcohol solution (FAA), which is another solution commonly
used to preserve plant tissues for measurements (ANOVA, P >
0.05 for individual or composite trait measurements across plant
species). The number of measured flowers was as follows: Lith-
ophragma parviflorum North (36), Lithophragma parviflorum
South (40), Lithophragma affine (42), Lithophragma heterophyllum
(30), Lithophragma cymbalaria (30), Lithophragma bolanderi (30).
Moth measurements were on individuals collected at each of

the study sites and included wingspan, proboscis length, sixth
abdominal segment length, seventh abdominal segment length,
and ovipositor length. These traits were chosen because obser-
vations of the interaction suggested that, except for wingspan,
these were the traits most likely to affect the mutualism. Wing-
span was measured because it is a standard measure of overall
body size in Lepidoptera. We used correlation-based principal
component analysis of the plant and moth traits to analyze
correlations among traits and to evaluate multitrait differences
among populations. We used discriminant analysis to evaluate
which moth traits contributed most strongly to the differences
(Table S2).

Codivergence of Traits. We evaluated multivariate trait matching
between the plants and the moths by performing correlation-
based principal component analysis on the plant and moth traits
and then using principal components 1 and 2 for the plants and
principal component 1 for the moths in the subsequent analyses.
The first principal component for the plants accounted for 51.5%
of the variance, and the second accounted for 19.2%. The first
principal component for the moths accounted for 73.3% of the
variance, and the second accounted for 12.2%.
We evaluated how plant and moth traits covaried among

populations by using models that combined three distinct ran-
domization approaches. For the random models, we sampled
without replacement all moths or plants and randomly assigned
each individual to one population until all populations had the
same number of sampled individuals as the actual data. For the
phylogenetically structured models, we randomly sampled indi-
viduals within groups of populations based on their previously
determined phylogenetic relationships and restricted their as-
signment to that clade (3–5). We tried all combinations of plant
and moth population groupings. For moths we included four
groups: Pacific Northwest, southern Oregon, central California,
and southern Sierra Nevada. For the plants we included two
clades: the L. parviflorum clade included L. parviflorum North,
L. parviflorum South, and L. affine; the L. heterophyllum clade

included L. bolanderi, L. cymbalaria, and L. heterophyllum. All
values in each clade were pooled and then randomly assigned to
any of the component populations without replacement until all
populations had the same number of sampled individuals as the
actual data. Finally, we used as the baseline model the observed
data, grouped only according to the six local sites. We called the
three models random, local, and structured.
These procedures resulted in eight models beyond the observed

data (e.g., random for plants vs. observed data for moths, random
model for plants vs. structured model for moths, etc.). We per-
formed model selection using likelihood approximations, gen-
erating 10,000 simulations for each model and computing the
likelihood of each model reproducing the correlation coefficient.
These analyses resulted in the selection of one model that per-
formed better than all other models according to Akaike’s in-
formation criterion (AIC) when comparing plant principal
component 1 values and moth principal component 1 values: the
observed plant data and the structured moth data. For com-
parison of principal component 2 for the plants and principal
component 1 for the moths, two models performed best, showing
similar values for AIC: the structured plant data combined with
the observed moth data (AIC = 24.01); and the structured plant
data combined with the structured moth data.
Although this model selection allowed us to select among

distinct models, it did not provide direct evaluation of each model
relative to the observed results. We therefore performed a second
set of analyses to evaluate the accuracy of fit of the models to the
observed data. We defined accuracy as A = 1 − j(obs-exp)/obsj, in
which obs is observed value, exp is the mean value of a given
model, and jxj is the absolute value of the number. By this
measure, higher values of A indicate higher accuracy, assuming
a maximum value of one.

Functional Morphology. Time-lapse photographs of the moths
ovipositing into flowers allowed an assessment of how plant and
moth morphology, and moth behavior, affected pollination
(Table S3). We grew plants from seed in a greenhouse. For each
trial a flowering individual was placed into a 1 m × 1 m × 0.5 m
cage in the laboratory. The side walls of the cage were covered
with white fine polyester mesh, and the back was covered with
a flat black fabric. Field-collected moths were kept in Eppendorf
tubes in a refrigerator until approximately half an hour before
the beginning of a trial. A moth was introduced into the cage by
inverting the tube such that the opening touched a flower petal,
and then lightly tapping the tube. The moth would then walk
down the tube onto the floral petal. Typically, as the moth’s legs
touched the petal, her proboscis would unfurl and she would
begin to move it around in search of the corolla opening. Each
moth was observed throughout the bout and then collected back
into the tube.
By cutting a window into the side of the flower, it was possible to

determine which moth body parts touched which floral re-
productive parts during a bout. The experiments used a Nikon
D300 camera mounted with a 105-mm macro lens. Three syn-
chronized flashes, one mounted on the camera and two mounted
on either side of the camera, illuminated the flower. The camera
was operated from an attached computer, and each image was
immediately stored on the computer. Initial trials showed that
a time-lapse sampling rate of one frame every 8 s captured the
pattern of moth behavior in these trials. At that rate, a half-hour
bout included 225 images that could then be scored for the
pattern of contact between plant and moth body parts. Each
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image was analyzed separately to determine whichmoth body part
(s) touches plant reproductive part(s) during a bout. Final
analyses were based on assessment of 7,591 images. The analyses
included all species except for L. heterophyllum, because sample
sizes were insufficient for that species. In recent years, when this
part of the work has been done, flowering of this population has
been very low.

Pollination Efficacy. We evaluated how well the plant and moth
traits matched by experimentally determining the number of
seeds resulting from a single nectaring and oviposition bout by
a female. The overall protocol was the same as that explained
above for assessment of functional morphology, except that no
window was cut into the side of the flower, and the sequence
involved two flowers. The first flower was used as a pollen donor
flower, allowing the female to pick up fresh pollen. She was then
transferred to a flower on a different plant, which was used for
assessment of pollination efficacy. This procedure guaranteed
that each female carried fresh pollen when she visited the flower
used to assess pollination efficacy. Each virgin flower used in
assessment of pollination efficacy was inspected before the trial to
determine whether the flower was in the female-receptive phase,
as could be clearly seen by the glistening surface of the stigma.
The flowers are fully receptive once the stigmatic exudate is visible.
Other details are given in the methods section of the main text.
The pollination trials allowed a direct assessment of the mor-

phological and behavioral factors contributing to pollination effi-

cacy (Table S4). Factors contributing to the number of developing
seeds were analyzed using a generalized linear model based on
a Poisson distribution and adjusted for overdispersion of the data.
Model selectionwasbasedonminimizationof thevalueofAICwith
correction for finite sample sizes. Initial analysis indicated non-
significant interaction effects. Thefinalmodel includedplant clade,
total number of ovules, pollen load onmoths, oviposition duration,
and number of eggs deposited during oviposition as main effects
and plant species as a nested effect within the two clades. The
maximum likelihood model included correction for data over-
dispersion estimated by Pearson χ2.
Before the trials we tested each population for self-compati-

bility. All populations were self-incompatible according to hand-
pollination experiments (Table S5). We also tested whether
flowers of each population were capable of developingmore seeds
on average than produced through pollination by the moths. That
is, were flowers producing seeds at limits imposed by factors other
than the efficacy of their pollinators? Selfed flowers were polli-
nated by coating the stigma with pollen from a different flower on
the same plant. This was done by holding the base of the anthers
with forceps and touching the stigma directly with the anthers.
Outcrossed flowers were pollinated using pollen from a different
plant in the same population. Hand-pollinations were performed
on emasculated flowers by coating the stigma with pollen anthers
from three different plants.

1. SAS Institute Inc (2012) JMP 10 Modeling and Multivariate Methods (SAS Institute Inc.,
Cary, NC).

2. The Mathworks Inc (2010) MATLAB, Version R2010b (The Mathworks Inc, Natick, MA).
3. Rich KA, Thompson JN, Fernandez CC (2008) Diverse historical processes shape deep

phylogeographic divergence in a pollinating seed parasite. Mol Ecol 17(10):2430–2448.

4. Kuzoff RK, Soltis DE, Hufford L, Soltis PS (1999) Phylogenetic relationships with
Lithophragma (Saxifragaceae): Hybridization, allopolyploidy and ovary diversification.
Syst Bot 24(4):598–615.

5. Thompson JN (2010) In Search of the Causes of Evolution: From Field Observations to
Mechanisms, eds Grant PR, Grant BR (Princeton Univ Press, Princeton), pp 228–245.

Fig. S1. Morphological measurement of Lithophragma flowers: petal length, petal width, overall flower length (A), floral width (B), internal floral depth (C),
floral flair (D), stigma diameter (E), and pistil height above the nectary disk (F).
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Table S1. Study sites for interactions between woodland stars (Lithophragma spp.) and Greya
moths in western North America

Site Latitude Longitude G. politella clade Host plant

Turnbull 47 24.185’N 117 34.103’W Pacific Northwest L. parviflorum N
Taylor 42 31.290’N 123 36.394’W Southwest Oregon L. parviflorum S
Applegate 42 6.393’N 123 5.897’W Southwest Oregon L. affine
Hastings 36 23.037’N 121 33.618’W Central California L. heterophyllum
Sedgwick 34 42.871’N 120 2.999’W Central California L. cymbalaria
Marble 36 31.198’N 118 48.024’W S. Sierra Nevada L. bolanderi

Table S2. Discriminant analysis of morphological traits of Greya
politella

Trait F ratio P

Proboscis 276.14 <0.0001
Ovipositor length 191.86 <0.0001
Wingspan 51.16 <0.0001
Seventh abdominal segment length 24.60 <0.0001
Sixth abdominal segment length 13.62 <0.0001

n = 368 individuals among the six populations collected from L. parviflo-
rum n = 200, L. parviflorum South = 20, L. affine = 48, L. heterophyllum = 12,
L. cymbalaria = 48, and L. bolanderi = 40.

Table S3. Differences among sites in the probability of contact between any moth body part
and an anther or stigma, at least the stigma, at least the anther, or an anther and the stigma
during an oviposition bout

Plant part

Percentage of bouts resulting in contact

χ2 analysis (df = 4)L. par. N L. par. S L. aff. L. bol. L. cym.

Anther or stigma 81.8 100.0 100.0 100.0 81.8 P = 0.1706, χ2 = 6.41
Anther 81.8 100.0 100.0 100.0 63.4 P = 0.0098, χ2 = 13.32
Stigma 27.3 66.7 90.0 100.0 50.0 P = 0.0009, χ2 = 18.72
Anther and stigma 27.3 66.7 90.0 100.0 31.8 P < 0.0001, χ2 = 24.42

Number of scored images and bouts: L. parviflorum N (1056, 11), L. parviflorum S (886, 9), L. affine (1523, 10),
L. bolanderi (1344, 13), L. cymbalaria (2782, 22).

Table S4. Factors contributing to the number of developing
Lithophragma seeds analyzed using a generalized linear model

Parameter -loglikelihood df χ2 Prob>χ2

Overall model
Difference 105.37 12 210.735 <0.0001
Full 108.14
Reduced 213.51

Effect tests
Plant clade 1 34.286 <0.0001
Site nested within clade 4 37.349 <0.0001
Total number of ovules 1 7.642 0.006
Pollen load 4 5.704 0.222
Oviposition duration 1 1.515 0.218
No. of eggs laid 1 0.633 0.426
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Table S5. Mean number of developing Lithophragma seeds produced from hand-pollinated
selfed flowers and hand-pollinated outcrossed flowers

Population

Mean no of developing seeds

Moth/hand ratio

Hand-polllinated
selfed flowers

Hand-pollinated
outcrossed flowers

Moth-pollinated
outcrossed flowers

Mean SE N Mean SE N Mean SE N

L. parviflorum N 1.8 0.73 28 273.7 27.82 28 102.8 16.72 62 0.376
L. parviflorum S 5.4 3.36 13 256.7 23.29 13 144.0 26.33 25 0.561
L. affine 2.9 2.71 14 313.2 30.91 15 85.1 26.33 25 0.272
L. bolanderi 3.5 1.20 40 693.3 35.99 40 523.2 24.88 28 0.755
L. cymbalaria 4.4 1.69 30 522.3 33.47 30 248.5 19.63 45 0.476
L. heterophyllum 1.7 0.52 40 733.0 27.16 40 273.4 29.44 20 0.373

Values from the moth-pollinated trials are shown for comparison. n, number of flowers. Moth/hand ratio is
the mean number of seeds from moth pollination relative to the mean number of seeds from hand pollination
of out-crossed flowers.

Movie S1. Nectaring and oviposition by Greya moths into Lithophragma flowers. The movie includes two sequences: Greya politella on L. bolanderi, and
G. politella on L. parviflorum. A full bout of nectaring and oviposition can last up to 1 h, during which the moth barely moves for many minutes as it takes
nectar from the nectary disk or oviposits into the ovary. The sequences have been edited to delete the periods of time during which the moths show little or no
movement.

Movie S1

Other Supporting Information Files

Dataset S1 (XLSX)
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