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Mechanisms that favour rare species are key to the maintenance of diverse
communities' . One of the most critical tasks for conservation of flowering plant
biodiversity is to understand how plant-pollinator interactions contribute to the

maintenance of rare species*”. Here we show that niche partitioning in pollinator use
and asymmetric facilitation confer fitness advantage of rarer species in a biodiversity
hotspot using phylogenetic structural equation modelling that integrates plant-
pollinator and interspecific pollen transfer networks with floral functional traits.
Co-flowering species filtered pollinators via floral traits, and rarer species showed
greater pollinator specialization leading to higher pollination-mediated male and
female fitness than more abundant species. When plants shared pollinator resources,
asymmetric facilitation via pollen transport dynamics benefitted the rarer species at
the cost of more abundant species, serving as an alternative diversity-promoting
mechanism. Our results emphasize the importance of community-wide plant-
pollinator interactions that affect reproduction for biodiversity maintenance.

How numerous rare species coexist with abundant species is a major
unresolved question in ecology but is essential to understanding the
maintenance of species diversity". Plant-pollinator interactions are
thought to be among the most important drivers of biodiversity on
Earth* but points of controversy remain®. Evidence suggests that the
great majority of flowering plants (approximately 80%) are pollinated
by animals®, and that without pollinators more than half would suffer
marked declines in seed production despite the fact that most have
the capability for autofertility'®. Yet, we still lack a clear view as to how
community-wide interactions between plants and pollinators may
contribute to the persistence of rare plant species that are at greater
risk of extinction than abundant species™ . Mechanisms such as niche
partitioning®and facilitation' can help to maintain rare species. Niche
partitioning can preventinterspecific competitive exclusion between
rare and abundant species. Conversely, facilitation generates positive
interspecificinteractions. Evidence suggests that bothmechanisms can
operate at the pollination stage of the plant life cycle and may confera
pollination-mediated fitness advantage to rare species over abundant
species™ 7, but the relative importance of these mechanisms in natu-
ral communities with numerous coexisting flowering plant species
remains to be elucidated.

Tracking pollination-mediated fitness in diverse plant communities
ismore complex than tracking fitness at later life stages (for example,
seed production or seedling growth). Because most plants are her-
maphrodites', fitness at the pollination stage has both female and
male components (via ovules that house eggs and pollen that houses
sperm). Thus, fitness gainis only achieved from afemale-maleinterac-
tionwhen pollen from conspecific donors reaches conspecific ovules.
The receipt of conspecific pollen (CP) per ovule can therefore reflect
this joint fitness gain mediated by pollinators, when seed production

is limited by the amount of pollen and male fitness is limited by the
number of ovules. By contrast, whenthe pollenreceived is from another
plantspecies (thatis, receipt of heterospecific pollen (HP)), loss of fit-
ness can occur. Specifically, HP can reduce female fitness by clogging
stigmas or usurping ovules”. Likewise, interference of HP with legiti-
mate pollen (CP) can reduce the success of siring. Loss of fitness can
also occur when pollinators misdeliver pollen, that is, transport it to
heterospecific rather than conspecific plants (misplacement of CP)%.
Such transfer lowers siring opportunities. Under pollen-limited condi-
tions, CP misplacement or loss during transport canalso lower female
fitness. Given the multiple pathways of fitness accrual via complex
plant-pollinator interactions, acommunity-wide study is required to
assess how components of pollinator-mediated fitness combine to
potentially contribute to the maintenance of rare plant species; yet,
no such study exists.

As pollinator service is often limited in nature?, competition for
successful pollination predicts limiting similarity in pollinator shar-
ing'2. Because of fitness costs associated with generalization, niche
partitioning of pollinators can potentially favour rare plant species
via their greater specialization than abundant species. In a diverse
co-flowering plant community (Fig. 1a, Table 1, H1), the cost of being
ageneralist plant includes high risks of fitness loss due to misplace-
ment of CP and receipt of HP, which can reduce joint fitness gain'. By
contrast, the benefit of being a specialist plant may include improved
delivery of CP by pollinators and lower risks of fitness loss, provided
that there is adequate visitation.

However, when pollinator niches overlap, asymmetric facilitation
can favour rare plant species'?* (Fig. 1b, Table 1, H2). Rare species
benefit from pollinators being attracted by abundant heterospecific
neighbours”. Although rare species may also receive HP when sharing
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Fig.1|Schematic framework of how pollinator niche partitioning,
asymmetricfacilitation and automatic assurances confer rare species
advantage. a, Pollinator niche partitioning occurs when plants (flowericons)
use different sets of pollinators (insecticons). Generalist plants (for example,
yellow flowers) by virtue of sharing pollinators with other species (for example,
red, white and purple flowers) experience higher risks of misplacement of CP
(more outgoing arrows) and receipt of HP (more incoming arrows), two
processesthat potentially lead to fitness losses. By contrast, specialist plants
(forexample, purple flowers) that were visited by fewer shared pollinators
benefitfromhigher delivery of CP (thickened curved arrow) and lower risks of
fitnesslosses viamisplacement of CP and receipt of HP, provided there was
adequate visitation. Thus, niche partitioning can favour rare plant species via
greater specializationrelative to abundant species. b, When sharing pollinator
niches, abundantspecies (yellow flowers) experience higher misplacement of
CP (thickened outgoing arrows) when pollinators that primarily visit them move
torarespecies (red, white and purple flowers). Inturn, rare species benefit from
pollinators attracted by abundant species, leading to greater receipt of CP than
ifthey were growingalone. ¢, Automatic assurancesinclude ‘pollination
assurance’ of CP delivery viaautonomous self-pollination (the orange circular
arrow of the purple flowersinaandb), which canbenefit rare (purple) species
evenifabundant (yellow) species have the intrinsic numeric advantage
(‘numericassurance’; the orange angled arrow of the yellow flowers inaandb) of
receiving mainly CP by virtue of their high abundance.d, e, These mechanisms
canbe examined by linking pollinator niche breadth (generalization), plant
rarity (abundance) and autofertility viaautonomous self-pollination to fitness
gainand loss duetoreceipt of HP (d) and misplacement of CP (e). The black and
orange arrows indicate positive (solid) and negative (dashed) relationships
between factors thatare involved in pathways of causation for each hypothesis
(Table1): pollinator niche partitioning (H1, black arrows), asymmetric
facilitation (H2, black arrows), pollination assurance (H3, orange arrow) and
numericassurance (H4, orange arrow).

pollinators with abundant species?, they can receive more CP than they
would if growing alone. Thus, a positive relationship between receipt
of HP and CP canreflect the relative strength of this facilitation®>* (see
ref. 2 for caveats). Likewise, abundant species, as facilitators, may
experience more misplacement of CP to heterospecific plants than
they would if growing without the rare species. Thus, asymmetric
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facilitation can potentially increase the joint fitness gain of rare spe-
cies but decrease that of abundant species due to fitness losses of CP
misplacement.

In contrast to pollinator-mediated mechanisms, rare species can
potentially be maintained by autofertility. Autonomous self-pollination
is amechanism of autofertility where pollen transfer from anther to
stigma occurs withinaflower without the aid of a pollinator. Deposition
of self-pollenis more likely when there is only a small physical distance
between stigmas and anthers'®. Thus, autonomousself-pollinationisa
reproductive assurance mechanism that is beneficial when the avail-
ability of pollinators and/or mates is low®. As aresult, autofertility may
increase joint fitness gain and retain rare species? (Fig.1c, Table 1, H3),
evenwhen apresumed numeric advantage of abundance exists, that is,
abundant species mainly receive CP simply by virtue of their high abun-
dance and irrespective of which pollinator visits? (Fig. 1c, Table 1, H4).

Functional trait divergence among species that share pollinator
resources is predicted to assist their coexistence?. In particular, floral
traits related to pollinator attraction and mechanical fit are impor-
tant for filtering pollinators and thus mediating the pollinator niche
of plants®, Floral traits related to the female and male reproductive
organs (for example, stigma and stamen features, respectively) influ-
ence pollen receipt and donation'®?’, However, evidence linking these
floral traits to differences in pollinator niche®, fitness losses via receipt
of HP* or misplacement of CP*, and joint fitness gain beyond pairs
of interacting species is rare and virtually nonexistent across entire
interaction networks in species-richcommunities. Thisis perhaps due
to the challenges of recording pollination-mediated fitness of all the
taxainthese communities, especially identifying and tracking misde-
livered pollen grains®. Thus, the combinations of traits that govern
pollinator diversity and fitness differences among plant species, and
thereby modulate the strength of niche partitioning and facilitation or
pollination assurance, remain entirely unknowninthe very communi-
tieswhere we expect these processes to be the strongest: high-diversity
ecosystems such as global biodiversity hotspots.

Here we evaluated the mechanisms that have been hypothesized
tounderlie advantage in rare species, along with potential functional
trait drivers, in a global biodiversity hotspot®: the serpentine seep
communities of the grassland/scrub habitats of California, USA.
We formulated a modelling framework (Fig. 1d, e, Table 1) to describe
the relationships among floral traits and pathways for fitness gains
and losses associated with pollinator niche breadth (generalization)
and plant species rarity (abundance), and in the context of pollination
assurance (autofertility) and numeric assurance, across all the species
in the co-flowering community. To assess the hypothesis of rare spe-
cies advantage due to pollinator niche partitioning, we first tested
whether plant species are limited in sharing of pollinators. We then
asked whether rarer plant species are more specialized, thus leading
to higher joint fitness gain, than more abundant species (as aresult
of net negative effects of H1.1-H1.3) (Table 1, Fig. 1d, e). To assess the
hypothesis of asymmetric facilitation (Table 1, H2), we asked whether
rarer species are facilitated more than more abundant species by
receiving more CP (along with more HP), leading to increased joint
fitness gain (Table 1, H2.1, Fig. 1d). In turn, we asked whether more
abundant species, as facilitators, experience higher fitness loss via
misplacement of CP, leading to reduced joint fitness gain relative to
rarer species (Table1,H2.2, Fig.1e). To assess the pollination assurance
hypothesis, we asked whether ashorter stigma-anther distance (atrait
that encourages deposition of self-pollen and autofertility)™® leads
to higher joint fitness gain (Table 1, H3), and whether rarer species
possess shorter stigma-anther distances. We tested the pollination
assurance hypothesis along with the pollinator-mediated mechanisms,
as well as the presumed numeric assurance associated with greater
abundance?® (Table 1, H4). Numeric assurance was explicitly tested
by linking abundance directly to joint fitness gain (Fig. 1d, e). These
hypotheses were examined using phylogenetic structural equation



Table 1| Hypotheses of pollination-mediated maintenance of
rare species

Hypotheses Mechanisms Pathways?®

H1: pollinator (1) Abundant species support more H1.1: abundance > @

niche pollinators (more generalized), which pollinator diversity >
partitioning can decrease CP per ovule due to © CP perovule
greater pollen consumption or loss
(2) Rarer species receive less HP H1.2: abundance > @
due to more specialized pollinators.  pollinator diversity >
Yet, the effect of HP on CP perovule @ receipt of HP > @
can be positive due to co-transport CP per ovule
of CP and HP, and deposition of
CP is mediated by the pollinator as
indicated by delivery of HP
(3) Rarer species experience less H1.3: abundance > @
misplacement of CP due to more pollinator diversity >
specialized pollinators, leading to @ misplacement of CP
higher CP per ovule - © CP perovule
H2: (1) When sharing pollinators, rarer H2.1: abundance > o
asymmetric species receive more HP. This receipt of HP > @ CP
facilitation can increase CP per ovule due perovule

to increased deposition of CP
accompanying pollinator visits that
deliver HP

H2.2: abundance > &
misplacement of CP >
© CP perovule

(2) When sharing pollinators,
abundant species experience higher
misplacement of CP when pollinators
that primarily visit abundant species
move to rarer species. This can lower
CP per ovule

H3: pollination Autonomous self-pollination leadsto  Autofertility > @ CP
assurance higher CP per ovule directly per ovule
H4: numeric Abundance leads to higher CP per Abundance »> @ CP
assurance ovule directly per ovule

Pollinator niche partitioning is the limiting similarity in pollinator sharing among plant spe-
cies. The pollinator niche of a plant species is a set of animal species that visit and effectively
pollinate the plant relative to the total pool of available pollinators. When plants are visited

by different sets of pollinators, they partition pollinator niches. Asymmetric facilitation is

a positive species interaction where the benefits are not equal among interacting species.
Here coexistence with abundant species leads to more benefits for rare species, relative to
abundant species that act as facilitators for pollinator attraction. Pollination assurance is the
assurance of pollination even in the absence of pollinator visitation and/or conspecific mates.
It is often mediated by autofertility mechanisms such as autonomous self-pollen deposition.
Numeric assurance is the result of numerically dominant species receiving more CP simply by
virtue of high abundance. @ and & indicate positive and negative relationships, respectively.
“Pathways are shown in Fig. 1d, e.

modelling (PSEM) at two levels: (1) nested model selection was used
to validate the inclusion of a hypothesized mechanism; and (2) paths
withinthe selected models were used to assess the relative strength of
hypothesized pathways. Our PSEM leveraged species-specific metrics
derived from community-wide plant-pollinator and interspecific pol-
len transfer networks, and a suite of floral traits.

We observed plant-pollinator interactions during two consecutive
flowering seasons in a system of serpentine seeps (10,000 m?) at the
McLaughlin Natural Reserve (38.8582°N,122.4093° W) (Extended Data
Table1). Amongthe 7,324 pollinators that visited 79 co-flowering plant
species (of 62 generafrom 29 families) (Extended DataFig.1), 416 spe-
cies were identified (Supplementary Table 1): 192 bees (n = 4,951 indi-
viduals, Hymenoptera), 131 flies (n = 1,409, Diptera), 35 beetles (n = 428,
Coleoptera), 30 butterflies and moths (n =244, Lepidoptera), 14 wasps
(n=104, Hymenoptera), 3 ants (n = 22, Hymenoptera), 10 other insect
species (n=25) and 1 hummingbird species (n =141, Trochilidae). The
plant-pollinator network (Extended Data Fig. 1), based on sufficient
field observations (Extended Data Fig. 2), revealed substantial variation
inpollinator niche breadth among plant species, ranging from a plant
interacting with 1to 77 pollinator species (mean = 23). In contrast to
the nested structure of many ecological networks* where specialist

plants share and interact with only subsets of the partners of general-
ist plants, the network was significantly less nested and more modular
thanrandom expectations (Methods; Supplementary Table 2), reducing
pollinator sharing. These plants that flowered largely simultaneously
(Supplementary Table 3) showed significantly less niche overlap (Horn’s
index =0.086, nullmean = 0.412, two-sided P < 0.001) and fewer shared
pollinator partners (observed mean = 3, nullmean =17, P < 0.001) than
expected by chance. For individual plant species, the majority (85%)
exhibited significantly higher degrees of specialization than random
expectations (Supplementary Table 2). As hypothesized, rarer species
were more specialized than more abundant species (PSEM, r=0.42,
two-sided bootstrap P < 0.05) (Fig. 2). Overall, these plant-pollina-
tor interactions strongly demonstrate differences in pollinator niche
among coexisting plants.

Tolink functional traits to differencesin pollinator niche, we scored
20 floral traits (Supplementary Table 3), revealing substantial pheno-
typic variation among coexisting plants independent of abundance
(Extended DataFig.3). We categorized these traits by function, that s,
pollinator attraction (Extended Data Fig. 4), and male (Extended Data
Fig.5) and female (Extended Data Fig. 6) organs, and performed mul-
tivariate analyses to obtainindependent dimensions of trait variation
within each group. We found multiple trait dimensions that reflected
floral advertisement and mechanical fit to promote differences in pol-
linator niche among coexisting plants (Fig. 2). Specifically, the degree
of pollination generalization, which was evolutionarily labile (Pagel’s
A=0.075,P=0.50; Supplementary Table 4), was predicted by the first
two dimensions of attraction traits (‘Dim’1-2, PSEM, r=0.43 and -0.25,
respectively, P< 0.05) (Fig. 2); that is, species with open, funnelform
(Dim 1) or aster-shaped (Dim 2) flowers were more generalized than
pea (Dim 1) or salverform (Dim 2) flowers. Flower symmetry also pre-
dicted pollinator niche, with bilateral flowers more specialized than
radial flowers (Extended Data Fig. 4), probably due to mechanical fit
of pollinators®. Similarly, longer flower tubes that filter pollinators by
tongue length®® were associated with less generalization. In contrast
to these floral traits, male organ traits that potentially signal pollen
rewards did not predict pollinator niche (Methods).

To track fitness at the pollination stage in the community, we taxo-
nomically identified 3.1 million pollen grains that were deposited on
stigmas of co-flowering species (n = 54 stigmas each of 66 species;
Supplementary Table 5), over the 2 years of pollinator observations. We
quantified fitness loss viamisplacement of CP (delivered to coexisting
heterospecific plants) and receipt of HP from the community-wide pol-
len transfer network (Extended Data Fig. 7), based on sufficient stigma
sampling (Extended Data Fig. 8).

Nested model selection showed that the model considering pollina-
tor niche partitioning and asymmetric facilitation alone often received
thebest support (Extended DataFig. 9, Supplementary Table 6). When
assessing mechanisms viareceipt of HP (Fig.1d), the model of pollina-
tor niche partitioning and asymmetric facilitation was best supported
(withthelowest Cstatisticinformation criterion) (Extended Data Fig. 9).
Yet, the competing model that alsoincluded numeric assurance could
not be rejected (Extended Data Fig. 9), and thus the model-averaged
path diagram is presented (Fig. 2a). When assessing mechanisms via
misplacement of CP (Fig. 1e), the model of pollinator niche partitioning
and asymmetric facilitation was best supported (Fig. 2b, Extended Data
Fig.9).Model selectionrejected the hypotheses of numeric assurance
and pollination assurance (Extended Data Fig. 9). We further found that
rarer species possessed longer stigma-anther distances that discourage
self-pollination’® than more abundant species (phylogenetic general-
ized least-squares model (PGLS); x> =8.17,d.f.=1, two-sided P=0.004).
This result refutes arole for autonomous self-pollinationin favouring
rarer species in this community that has high pollinator diversity.

Using the averaged or best-supported model (Fig.2a, b, respectively),
we assessed the relative strength and sign of paths associated with sup-
ported hypotheses. For the pollinator niche partitioning hypothesis
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Fig.2|Plant-pollinatorinteractions favour rare species through pollinator
niche partitioning and asymmetric facilitation, which are mediated by floral
traits.a,b Theresults of PSEM demonstrate how pollinator niche breadth
(generalization) and plantrarity (abundance) affect fitness loss viareceipt of HP
(a) and misplacement of CP (b) and thus joint fitness gain. After model selection
toidentify the single best-supported or average of the top models (Extended
DataFig.9, Supplementary Table 6), the best path diagram models are
presented (n = 64 plant species; Fisher’s C=30.8,d.f.=26,P=0.236 (a); Fisher’s
C=32.0,d.f.=26,P=0.195(b) ; Source Data). Significant positive (solid arrows)
and negative (dashed arrows) relationships between factors are indicated with
asterisks (two-sided bootstrap P< 0.05). The arrow widths depict the effect
sizes (standardized coefficients, r) of these relationships. The strength and sign
of neteffects of causal paths associated with hypotheses (Table1) are calculated
asthe productofthe standardized coefficients along the paths, which indicate
onestandard deviation change of a predictor leading to an runit standard
deviation change of aresponse variable (see Supplementary Notes for
unstandardized net effects). The orange arrow indicates numeric assurance as
inFig.1d.Floralattractiontraits (red), and female (brown) and male (purple)
organtraitsareindicated, where ‘Dim’indicates the multivariate dimension
from factor analysis (Extended DataFigs. 4-6).

(Table 1, H1), we found that pollinator niche mediated fitness costs,
with generalist plants receiving more HP and thus had the potential
for higher fitness loss than specialist plants (r= 0.22, P < 0.05) (Fig. 2a),
whichisinlinewith previous studies®*. Although the co-transport and
receipt of HP-CP??* contributed positively (r= 0.19, P< 0.05) (Fig. 2a)
tojointfitness gain (CP per ovule), pollinator diversity directly reduced
jointfitness gain (r=-0.14, P= 0.05), possibly due to pollen consump-
tion or other mechanisms of pollen loss during transport®. Asaresult,
there was a net negative fitness effect of generalization (r=-0.10
(-0.14 + 0.22 x 0.19)) (Fig. 2a, Supplementary Notes: 24% reductionin
CPperovulewith aone unitincreasein generalization), inline with the
niche partitioning hypothesis. Thus, in support of rare species advan-
tage mediated by pollinator niche differentiation (Fig.1d, Table 1, H1),
we found that rarer species were more specialized and thus had higher
netjoint fitness gain (net effect of abundance:r=-0.04 (0.42 x -0.14 +
0.42 x 0.22 % 0.19)) (Fig. 2a, Supplementary Notes: 19% reductionin CP
perovule withal00-foldincreasein floralabundance). Generalization,
however, showed no direct effect on pollen misplacement (r=0.01,
P>0.05) (Fig. 2b), which is in contrast to our hypothesis that it would
lead to higher fitness loss (Fig. 1e, Table 1, H1.3). This suggests that
pollinator diversity and visit quantity®are perhapslessimportant than
other factors such as pollinator quality in mediating misplacement of
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pollen to heterospecific plants. Together, these results demonstrate
ameasurable fitness cost of species abundance via generalization in
the supported models.

To assess the strength of asymmetric facilitation, we differentiated
abundance-based causes from trait-based causes of fitness differences
among coexisting plants (Fig. 2). We found that traits of the female
organ mediated fitness loss via receipt of HP (Fig. 2a), whereas traits of
the male organinfluenced fitness loss viamisplacement of CP (Fig. 2b).
Larger stigmas and longer styles (r = 0.44, P< 0.05) (Fig. 2a) or stig-
mas that did not extend beyond the corolla (r=-0.28, P< 0.05) led
to higher receipt of HP. Pollen morphology explained a substantial
amount of variation among species in CP misplacement (r=0.48,
P<0.05, Dim3) (Fig. 2b). Textured (for example, spiky or granulate)
or regular-shaped (for example, round) pollen was more likely to be
misplaced (that is, deposited on heterospecific plants) than smooth
orirregular-shaped pollen. After accounting for the influence of floral
traits, we isolated abundance-dependent effects on pollen transport
and pollinator-mediated fitness and revealed evidence for facilitation.
In line with the asymmetric facilitation hypothesis (Fig. 1d, Table 1,
H2.1), rarer species tended toreceive slightly more HP from coexisting
heterospecific plants than more abundant species (r = -0.14) (Fig. 2a).
Yet, pollinators that delivered HP also enhanced delivery of CP?4,
contributingto a positive effect onjoint fitness gain (r=0.19, P < 0.05)
(Fig.2a), whichled to agreater benefit for rarer species (or greater cost
for more abundant species; r=-0.03 (-0.14 x 0.19) (Supplementary
Notes: 15% reduction in CP per ovule with a100-fold increase in floral
abundance). In addition, higher abundance led to greater fitness loss
via misplacement of CP (r=0.62, P< 0.05) (Fig. 2b), which translated
into lowered joint fitness gain for more abundant species (r=-0.12
(0.62 x -0.19) (Supplementary Notes: 48% reduction in CP per ovule
with a100-foldincreasein floral abundance), as hypothesized (Fig. 1e,
Table1,H2.2).In contrast to the numeric assurance hypothesis (Fig. 1,
Table 1, H4), abundance did not directly enhance joint fitness gain
butin fact showed a weak negative effect (r=-0.08) (Fig. 2a). Overall,
the results suggest that rarer species experience a slight increase in
receipt of HP but benefit from more CP fromthe co-transport of HP-CP,
whereas more abundant species experience greater misplacement of
CPand donotautomatically have higher joint fitness gain vianumeric
assurance.

Our findings support the hypothesis that plant-pollinator inter-
actions favour rare species in species-rich co-flowering communi-
ties, and this has the potential to contribute to the maintenance of
flowering plant diversity. Specifically, we showed that the net effects
of generalization and abundance cause appreciable reduction in CP
per ovule, which may affect seed quantity or quality (Supplementary
Notes). To our knowledge, no other study to date has contrasted multi-
ple pollination-mediated mechanisms of diversity maintenance. Here
pollinator niche partitioning that leads to non-nestedness and modu-
larity is essential for coexistence between rare and abundant species
inthis co-flowering community, where temporal niche partitioningis
limited by rapid seasonal drying (Methods). When plants do share some
pollinator resources, asymmetric facilitation can serve as an alterna-
tive diversity-promoting mechanism, as seenin diverse highlands and
semi-desert plant communities”?2. By contrast, the presumed benefits
of numeric abundance and self-pollination were not well supported
in this community. The lack of numeric assurance may point to the
complexity in spatial distributions of diverse co-flowering plant spe-
cies, whichrarely fit the situations that promote numeric advantage
(randomly distributed or monocultures®?*) but rather intermingle
withinthe community, promoting pollinator visitsamong species and
facilitation®*. The lack of pollination assurance in this community may
reflect the fact that rarer species had lower abilities for autonomous
self-pollination than more abundant species, and thus they required,
and benefitted from, pollinator-mediated processes described above.
Whether therelative strengths of these mechanisms are universal awaits



further community-level studies. Our findings are probably relevant
in species-rich communities or communities of low phenotypic com-
plementarity or environmental seasonality where the nestedness of
plant-pollinator interactions is probably low>>>¢.

Our results demonstrate the importance of considering
community-wide interactions between plants and pollinators that
affect fertilization success™", which set the stage for mechanisms that
operate at later life stages (for example, seedling survival and growth)
to ultimately contribute to the population dynamics of coexisting
plant species. We note that a full understanding of diversity-promoting
mechanisms during plant reproduction requires further exploration
of whether reproduction is limited most by pollination processes
documented here or by ovule or resource availability. Nevertheless,
considering pollination in the maintenance of plant diversity has
immediate application for conservation as it indicates that function-
ing communities of plants and pollinators—not just plant species—need
to be conserved. These considerations are more urgent than ever for
conservation of biodiversity as changes in plant-pollinator mutual-
isms are becoming commonplace®. Inlight of pollinator losses world-
wide’, overall diminished pollinator niche space may intensify plant
competition and do so at the detriment of rare species that are more
specialized thanabundant species. Furthermore, climatically induced
shifts in plant abundance® may alter community-wide floral trait varia-
tion thatis key to pollinator niche partitioning and subsequent pollen
transport dynamics, and may also affect the strength of asymmetric
facilitationifrare and abundant species respond differently to climate
change. Thus, our results argue for arefocusing on the importance of
plant-pollinator interactions for the persistence of rare species and
biodiversity conservationin the rapidly changing communities of the
Anthropocene®,
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Methods

Study site and co-flowering community

The co-flowering community of the species-rich serpentine seep sys-
tem at the McLaughlin Natural Reserve in California, USA (38.8582°N,
122.4093° W) is the subject of this study. The unique soil chemistry of
these serpentine seeps (small ephemeral streams) and late summer
moisture are important determinants of species that can survive in
this grassland/scrub environment. Many of these small herbaceous
annualsand perennials® are serpentine endemics (approximately 20%),
whichareregionally rare species. In this system, pollinationis astrong
force acting on successful reproduction and probably coexistence,
because seep drying restricts flowering and fruiting time, enforcing
substantial flowering overlap and pollinator-mediated plant-plant
interactions®*, Asaresult, temporal niche partitioning among plant
species is limited in terms of pollinator resources. We focused on a
systemthat consisted of fives seeps (Extended Data Table 1), separated
by 0.3-5km (ref. *°). Each seep was visited once every week during the
peak of flowering season (April-June) for a total of 9-10 weeks per
year in 2016 and 2017. Despite some differences in flowering phenol-
ogy (Supplementary Table 3), our study captured the major flowering
periods across the herbaceous, non-graminoid species, as flowering
generally tapers off after the end of June for the majority of speciesin
these seeps®.

Plant-pollinator interactions

Eachweek, plants at each seep were scored for plant-pollinator interac-
tions. Observations were conducted between 0800 and 1700 hours by
two to three people simultaneously. For the two species with crepuscu-
lar flowers (Linanthus dichotomus and Chlorogalum pomeridianum),
pollinator observations were extended to19:00 hours. All pollinators
visitingaplant species were collected with asweep net foridentification
withthe exception of hummingbirds. We considered alegitimate plant-
pollinatorinteraction only whena pollinator contacted the reproduc-
tive parts of aflower, although we note that this interaction alone does
not confirmthatagiven visitor has a positive effect on pollination and/
or reproductive success. Lepidopteran insects were preserved dry,
and non-lepidopteran insects were preserved with 100% ethanol in
1.5-mI microcentrifuge tubes in a—20 °C freezer until processed and
pinned. Pinned or ethanol-preserved specimens were identified by
expertstothe lowest taxonomic level possible (typically species level;
Supplementary Methods). Vouchered specimens were deposited at the
Carnegie Museum of Natural History (Pittsburgh, PA, USA).

As we aimed to collect an equal number of pollinators per plant
species (n =150 on average) evenly across seeps and years, each plant
species was observed for 20-30 min per day. More time was invested
(1-2 hper day) observing plants that were infrequently visited. Despite
additional timeinvested, it did not yield more pollinator observations
for some species, including the species that flowered in the evening
(for example, L. dichotomus) or had exceptionally small flowers (for
example, Hesperolinin californicum, Heterocodon rariflorus and Githop-
sis specularioides). Rarefaction analysis (Extended Data Fig. 2) using
the package iNEXT*?in R v.3.6.0** showed that our sampling effort
captured the majority of pollinator diversity for each of the 79 plant spe-
cies (Extended DataFig. 2a, b), especially for the plant species (n = 64;
Extended DataFig. 2c, d) that were included in the downstream PSEMs.

Style collection

To characterize interspecific pollen transfer, styles from spent flowers
of each species were collected on the same day as pollinator observa-
tions. Styles were collected from different individuals of each species
inall cases except the very rare species. Three styles per species were
stored together inal.5-mlmicrocentrifuge tube with 70% ethanol. For
species with flowers that were too small to remove styles in the field
(n=9), we collected and stored whole flowers, and then styles were

taken from these flowers in the laboratory with the aid of a dissecting
microscope. From this vast collection of styles, we used a stratified
random subsampling across all seeps and both years to achieve 90 (18
x 5) date-seep combinations, and a total of 54 styles per species for
stigma pollen identification following the recommendation**. Four-
teenspecies (Supplementary Methods) were below our sampling goal
(at least 36 styles per species; mean = 54 styles) and were excluded
from downstream interspecific pollen transfer network and PSEMs.

Abundance/rarity

Floralabundances were determined from weekly surveys of fixed plots
(Imx3 meach)ateach seep in both years (Extended Data Table 1).
Plots were positioned along the length of each seep 1-20 m apart to
capture plant species diversity withinasite. At each sampling date, we
recorded all open flowers for each species withina plot. For Asteraceae,
we counted compact ‘heads’ as individual floral units. These surveys
were carried out primarily during12:30-14:00 hours and were extended
t019:00 hours for species with crepuscular flowers. Floral abundance
of each species was summed across fixed plots, seeps and years for
downstream PSEMs. Here species rarity based on floralabundance was
correlated with species occurrence (in the number of surveyed plots,
two-sided Pearson’s correlationtest,r=0.64,t=6.9,d.f.=70,P=1.8 x
107%; Extended Data Fig. 3b).

Floral traits

Flowers were collected from separate individuals of each species across
one or more seeps, depending on rarity and stored in 70% ethanol. For
10 flowers per species, we measured 20 floral traits and subsequently
categorized themaccordingto their functions: attraction traits (n =7),
male (n = 8) and female (n = 5) organ traits (Extended Data Figs. 4-6).
Three (Adenostoma fasciculatum, Collomia diversifolia and Hoita mac-
rostachya) of the 72 species that were measured for floral traits (Sup-
plementary Table 3) had no pollinator observations and were excluded
fromadditional analyses.

Theattraction traitsincluded flower colour, shape, symmetry, restric-
tiveness, inflorescencetype, flower tube length and corollalimb length.
Male organtraitsincluded anther length, stamen number, height and
exertion, and pollen shape, texture, area and width-to-length ratio.
Female organ traitsincluded style length, stigma-anther distance, and
stigma shape, area and exposure. The definitions and measurements
of individual traits are described in Supplementary Methods.

Pollenidentification on stigmas

To taxonomically identify pollen grains on stigmas, we created a pollen
library for all flowering plant species in the seeps* (R.A.H., N. Cullen,
R.L.K.andT.-L.A., inreview). Species-specific pollen traits (that is, size,
shape, texture and aperture numbers) were obtained for acetolysed
pollen collected from anthers of flowers in the seeps. Flowers from
non-focal plants outside the seeps (for example, grasses and trees)
were also collected to facilitate the identification of pollen communi-
ties received by individual stigmas.

To characterize CP and HP received by stigmas, we acetolysed* on
average 54 styles (range = 36-57) from each species sampled in a strati-
fiedrandom manner across all seeps and years, as described above (see
‘Style collection’). Specifically, we acetolysed the contents of each
sample tube (three styles and their pollen grains) to achieve avolume
of 20 pl. We then enumerated pollen of a 5 pl aliquot using a haemo-
cytometer and calculated the total amount of pollen grains per style.
When pollen was too dense to count, we diluted the 20 pl to 100 or 200
pland adjusted final counts accordingly. Each pollen grain wasidenti-
fied to species (including both CP and HP) on the basis of the pollen
library. When pollen was from species not presentin the pollenlibrary,
we designated it as from a specific unknown species (for example, U1,
U2,and so on). However, in cases in which we were unable to distinguish
apollen grain among congeners or morphologically similar species,



we assigned it to acongener or morphospecies group. We then used a
fractionalidentity approachtoassign pollengrains within these groups.
Fractional identity was based on relative probabilities as a function
of floral abundance at the sampling seep and date. To examine how
fractional identity influenced the estimate of HP on stigmas, we com-
pared therichness of HP when fractional identities were excluded and
included. A strong positive relationship between the two approaches
was observed (general linear model, slope =0.73, t=17.1, P<2 x107%;
Extended Data Fig. 8a), supporting the use of fractional identity. Rar-
efactionanalysis of pollen grains (with fractional identity) showed that
our sampling effort of styles captured the majority of HP donor species
for eachrecipient species (Extended Data Fig. 8b, c).

To account for variation in the number of sampled styles among
species, we standardized pollen data to the same number of styles
(n=54) across species, which outperforms standardization based on
rarefaction in preventing information loss and detecting differences
amongsamples (thatis, pollenloads of individual species on stigmas)*’.
The standardized pollen data (Supplementary Table 5) were used for
the interspecific pollen transfer network.

Plant phylogeny

The phylogenetic tree of all 79 co-flowering species was constructed
on the basis of PhytoPhylo megaphylogeny of vascular plants***° and
the Open Tree of Life* using the R packages ape™, rotl’> and phytools®,
as described in Supplementary Methods.

Multivariate analyses of floral traits

To examine floral trait variation among co-flowering species, we used
the trait mean averaged across the 10 flowers of each species. We first
assessed the overall floral trait variation by performing a factor analysis
of mixed data (FAMD) of all the 20 quantitative and qualitative traits
using the package FactoMineR>* (Extended Data Fig. 3a). Instead of
imputation, missing data were omitted from the FAMD. We then per-
formed FAMD for attraction, male and female organ traits indepen-
dently, and used the first three dimensions from each for subsequent
PSEMs. Our choice of the first three dimensions aimed to capture a
large amount of trait variation (48-71% here) while avoiding overpa-
rameterizing PSEMs. It is worth noting that different from multivari-
ate analyses of quantitative data (for example, principal component
analysis), in FAMD, the same qualitative trait can contribute to more
than one independent FAMD dimension, because of multiple (more
than two, not binary) categories within each qualitative trait.

Plant-pollinator network

We constructed the network based on 7,324 total plant-pollinator
interactions observed across all seeps in both years using the pack-
age bipartite®. To evaluate pollinator niche partitioning, we assessed
whether co-flowering plant species were limited in pollinator sharing,
that is, more specialized than expected by random interactions with
pollinator partners, at the species, group (of plants as a whole) and
network levels using multiple metrics. At the species level, we used the
metrics of (1) pollinator Shannon diversity, which considers both pol-
linator richness and interaction frequencies, and (2) similarity between
pollinator use and availability (that is, proportional similarity)*, which
indicates increased generalization when it increases from O to 1. At
the group level, we used the metrics of (3) mean number of shared
pollinator partners between any two plants, and (4) mean similarity
in pollinator assemblage between any two plants (that is, niche over-
lap using Horn’s index in bipartite)*’, which considers both pollinator
identity and interaction frequencies. At the network level, we used (5)
NODF (nestedness overlap and decreasing fill)*® and (6) its weighted
version that takesintoaccountinteraction frequenciesin bipartite, and
(7) modularity in package igraph®. Unweighted and weighted NODF
reflect specialization asymmetry (that is, specialist plants interact-
ing with the subset of pollinator partners of generalist plants), with

increased nestedness when the metrics increase from 0 to 100. To
estimate modularity, we converted the two-mode plant-pollinator
network into one-mode network using bipartite, and then estimated
modularity based on the fast greedy modularity optimization algorithm
implementedinigraph. For the next step, we compared these observed
metrics to null models. We constructed the null model by rewiring
interactions while keeping total interaction frequencies of individual
plantsand pollinators constant (that is, the r2dtable algorithm)®® using
the packages bipartite and vegan®. For modularity, the ‘r2dtable’ null
model was converted to one mode as described above. On the basis
0f1,000 random replications of the null model, we obtained null dis-
tributions of individual metrics, and calculated the null mean and the
95% confidence intervals (that is, the 2.5th and 97.5th percentiles).
The statistical significance of each observed metric was obtained by
comparing the observed value to the null confidence intervals. The
two-sided Pvalue was calculated as how often the observed metric was
greater or smaller than all 1,000 random replicates.

The plant-pollinator network was visualized as aninteraction matrix
(Extended Data Fig.1) using the package ggplot2°. Plant species were
arranged according to their phylogenetic positions. Pollinator species
were arranged according to the number and community assemblage
of the plant species that they visited, the latter of which was obtained
using the first axis of a canonical correspondence analysis in the pack-
age vegan.

Interspecific pollen transfer network and pollination-mediated
fitness

A pollen transfer network that describes pollinator-mediated pollen
delivery among co-flowering plants was constructed using the package
igraph®’, on the basis of pollen data standardized to the same number
of styles per species (n = 54) and using fractional identity as described
above (see ‘Pollenidentification on stigmas’; Supplementary Table 5).
The standardized pollen receipt can remove variation in sampling
effort and effectively reflect per capita estimates of pollen received
and donated for each species. In this directed pollen transfer network
(Extended DataFig. 7), visualized using Gephiv0.9.2%, the arrows link
pollen donor to recipient species. For a focal species, the number of
incoming arrows represents the number of heterospecific plant species
from which the focal plant species receives pollen. The arrow widths
represent the amount of pollen from individual donors, the sum of
which (‘strength-in’ inigraph) indicates total receipt of HP for that
plant species. By contrast, outgoing arrows indicate the number of
heterospecific species to which a focal species donates pollen, and
the total amount (‘strength-out’) indicates its CP that is misdelivered
to coexisting heterospecific plants (that is, misplacement of CP). These
estimates of species-level pollinator-mediated receipt of HP and mis-
placement of CP were used in the PSEMs described below.

The successful pollination outcome of pollen transport is
deposition of CP on conspecific stigmas

Thisis aper capita estimate of joint (male and female) fitness gain asit
represents their mating success (viamale and female gametes), based
onthestandardized pollen receipt data. We normalized this estimate
ofjoint fitness gain by accounting for the differences across speciesin
female gametes (thatis, ovule number), as CP per ovule. Ovule number
was obtained fromfield-collected, ethanol-preserved flowers that were
collected for floral trait measurements (see ‘Floral traits’) or from our
previous greenhouse studies (Diplacus layneae, Erythranthe guttata
and Erythranthe nudata)®*.

Phylogenetic signal

To test for evolutionary dependence among co-flowering species,
we first examined the phylogenetic signals of floral traits (20 traits as
wellas the first three FAMD dimensions of attraction, male and female
organtraits separately), pollinator niche breadth (species-level metrics
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from the plant-pollinator network) and pollination-mediated fitness
estimates (receipt of HP, misplacement of CP and CP per ovule), using
the packages phylosignal® and caper® (Supplementary Methods). In
contrast to pollinator niche breadth and pollination-mediated fitness,
floral traitsincluding FAMD dimensions exhibited strong phylogenetic
signals (Supplementary Table 4). Such evolutionary dependence was
considered in subsequent PSEMs.

PSEMs

We conducted PSEMs to link floral traits and plant rarity (abundance)
to pollination niche breadth (generalization) and pollination-mediated
fitnesslosses and gains, and thereby we could test explicitly the paths
associated with pollinator niche partitioning, asymmetric facilita-
tion and automatic assurances (pollination assurance and numeric
assurance) (Fig. 1, Table 1). This resulted in a complete dataset on
64 plant species for the PSEMs. Specifically, we built four nested models
(Extended DataFig. 9). Model1described pollinator niche partitioning
and asymmetric facilitation. Relative to model 1, model 2 added the
hypothesis of pollination assurance via autonomous self-pollination
inlight of numeric assurance of abundance® (collectively referred to as
automatic assurances), whereas model 3 added pollination assurance
alone and model 4 added numeric assurance alone.

Inmodell, thejoint fitness gain (CP per ovule) was hypothesized tobe
influenced by pollinator niche (generalization) and pollinator-mediated
receipt of HP (Extended DataFig. 9a) and misplacement of CP (Extended
DataFig.9b).In models2-4 (Extended Data Fig. 9c-h), thejoint fitness
gain was hypothesized to be directly influenced by a trait that affects
the potential for self-pollen deposition (stigma-anther distance)®’
and/or abundance as well, to test for the influence of pollination and/or
numeric assurance. Inall models, to assess the floral traits that govern
pollinator niche (generalization), we tested the roles of attraction traits
and male organ traits that potentially signal pollen reward. We found
that male organ traits either resulted in a poor model fit or did not
improve amodel fitin PSEMs. Thus, we only considered attraction traits
influencing pollinator niche (Extended Data Fig.9). Pollinator-mediated
receipt of HP was hypothesized to be influenced by female organtraits,
whereas misplacement of CP was hypothesized to be influenced by
male organ traits (Extended Data Fig. 9). In these models, the positive
unidirectional (rather than bidirectional) arrow from abundance to
generalizationreflected that generalizationis not a sufficient condition
forabundance®®, due to processes that operate at the pollination stage
(for example, potential fitness costs of generalization, this study) and
at later life stages (for example, seedling survival and growth).

The PSEMs comprised PGLSs (using the gls function with Pagel’s
algorithm in the package nime®) to account for evolutionary depend-
enceamong species and were fitted using the package piecewiseSEM™.
Toimprove normality in PSEMs, we power transformed the variables
when necessary, with the optimal power parameter determined using
the Box-Cox method in the package car’ before PGLSs. Specifically,
natural logarithm transformation was applied to floral abundance,
CPperovule andreceipt of HP, and the optimal power parameter was
0.2 for misplacement of CP. For pollination generalization at the spe-
cies level, we used pollinator Shannon diversity as described above,
because this metric considered both pollinator richness and inter-
action frequencies and showed a strong correlation with the other
species-level metric (thatis, similarity between pollinator use and avail-
ability; two-sided Pearson’s correlationtest,r=0.79,¢t=11.3,d.f. =77,
P<2.2x107%), withthe least assumptions relative to derived metrics’™
The estimate of pollinator Shannon diversity based on the original data
of plant-pollinatorinteractions was used, as it was consistent with the
estimate based on the standardized data (to the median pollinator
observations across species; two-sided Pearson’s correlation test,
r=1,t=974,d.f.=77, P< 2.2 x107). For stigma-anther distance, we
used the fourth dimension (Dim 4) of female function traits (Extended
DataFig. 6) instead of the raw datato ensure the absence of collinearity

among predictors in PGLSs, which was confirmed using variance infla-
tion factors in the package car”. The goodness-of-fit of each PSEM
was evaluated using two-sided Fisher’s Cstatistic based on Shipley’s
d-separation (directed separation) test of conditional independen-
cies”. Good model fits were confirmed in all the PSEMs (P> 0.05 for
Fisher’s Cstatistic; Extended Data Fig. 9). Nested model comparisons
in piecewiseSEM used Akaike’s information criterion (AIC)”>.

We further fitted the same set of PSEMs using the package phy-
lopath™ that is also based on Shipley’s d-separation, to ensure the
robustness of the estimation of standardized coefficients (r) and to
facilitate model averaging when more than one competing model
was supported. Different from piecewiseSEM, the 95% confidence
intervals of individual standardized coefficients were obtained via
bootstrapping (n =1,000) in phylopath. Nested model comparisons
in phylopath used the Cstatistic information criterion corrected for
small sample sizes (CICc)™.

Following recommendations’™, the best-supported model pro-
duces the lowest AIC or the lowest CICc, whereas models are rejected
with greater than 3 units difference from the best model (AAIC or
ACICc). For models assessing mechanisms via receipt of HP, model 1
and model 4 were consistently identified as the supported models in
both piecewiseSEM and phylopath (Extended Data Fig. 9), and thus
model averaging was performed using phylopath in which the path
coefficients were averaged across the supported models while taking
intoaccount the CICc weights of each model™, and presented in Fig. 2a.
For models assessing mechanisms via misplacement of CP, model 1
was consistently identified as the best-supported model (Extended
Data Fig. 9), and reported in Fig. 2b (phylopath) and Supplementary
Table 6 (piecewiseSEM).

On the basis of the model-averaged or single path diagram after
modelselection, the strength and sign of individual paths for hypoth-
eses were calculated as the product of the standardized coefficients.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

All datathat support the findings of this study areincluded in this pub-
lished article and its Supplementary Information files and source data
files. Source data are provided with this paper.

Code availability

All software used in this study are provided in the Methods, Supple-
mentary Information and the accompanying Reporting Summary.
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Extended DataFig. 7| Pollen transfer network. The network was constructed speciesthat pollenisreceived from, and node colour darkness indicates the
based on pollendeposited on 54 stigmas of 66 individual plant species number of flowering plant species that pollenis donated to. Thatis, larger
(Supplementary Table 5). Plant species (nodes) are abbreviated as the first two nodesrepresentbetter recipients and darker nodes better donors. Arrows and
letters of genus and species names (Supplementary Table 3), with unidentified their sizesindicate the direction and amount (counts) of pollen transfer,
species denoted with ‘U’. Node size indicates the number of flowering plant respectively.
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b, ¢, Rarefaction analysis using the R package iNEXT** showed that the majority
of pollenspecies richness (b) and Chao’s Shannon diversity (c) were captured
by the sampled styles (n =54 on average) for each plant species (n =66,
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Extended Data Table 1| Serpentine seep system within the McLaughlin Natural Reserve study area

Number of survey Number of survey

Seep Seep name Latitude Longitude  Seep area (m?) plots in 2016 plots in 2017
BS Banana Slug 38.8622°N 122.3992°W 2200 13* 13
RHA Research Hill A 38.8589°N 122.4103°W 2200 12 11
RHB Research Hill B 38.8572°N 122.4075°W 2200 16 15
TPW Tailings Pond West 38.8661°N 122.4511°W 2300 1 11
TP9 Tailings Pond Site 9 38.8639°N 122.4272°W 1300 9* 8

Pollinators, floral abundances and styles were surveyed and collected across this system. Within each seep, floral abundances were recorded 9* to 10 times
each year across 8-16 1 m x 3 m plots per seep, depending on seep size and flowering duration.
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Data collection No software was used for data collection.
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Study description The study consisted of field observations of plant—pollinator interactions and collection of insect pollinators for taxonomic
identification, field survey of floral abundance, collection of flowers for floral trait measurements, and collection of styles for stigma
pollen identification. The study was carried out in the co-flowering community of the species-rich serpentine seep system at the
McLaughlin Natural Reserve in California, USA (38.85822N, 122.40932W). In this system, field work was conducted in fives seeps
separated by 0.3-5 km. Each seep (area = 1300 — 2300 square meters; Extended Data Table 1) was visited once every week during
the peak of flowering season (April—June) for a total of 9 to 10 weeks each year in 2016 and 2017.

Research sample The observations of plant—pollination interactions were conducted between 0800-1700 h by two to three persons simultaneously
and extended to 1900 h for crepuscular flowers, once per week at each seep at McLaughlin Natural Reserve in California, USA. Across
seeps and both years (2016 and 2017), insect pollinators that visited the 79 co-flowering plant species were captured and identified
to the lowest taxonomic level possible (typically species level). As we aimed to collect an equal number of pollinators per plant
species (n = 150 on average) evenly across seeps and years, each plant species was observed for 20-30 min per day. More time was
invested (1-2 hours per day) observing plants that were infrequently visited. Despite additional time invested, it did not yield more
pollinator observations for some species, including the ones that flowered in the evening (e.g. Linanthus dichotomus) or had
exceptionally small flowers (e.g. Hesperolinin californicum, Heterocodon rariflorus, Githopsis specularioides).

For 73 out of the 79 co-flowering plant species, we scored 20 floral functional traits, including seven attraction traits, eight male
organ traits, and five female organ traits for each plant species (Supplementary Table 3).

To identify pollen deposition on stigmas, three styles (from different individuals) per species were collected from spent flowers on
the same day as pollinator observations. From this vast collection, we used a stratified random subsampling across all seeps and both
years to achieve 90 (18 x 5) date—seep combinations, and a total of 54 styles per species for stigma pollen identification, and 14
species (Supplementary Methods) were excluded because they did not meet the sampling goals. In total, we taxonomically identified
3.1 million pollen grains.

Floral abundance survey was conducted weekly in fixed plots (1 m x 3 m each) at each seep in both years. Plots (n = 8-16 each site;
Extended Data Table 1) were positioned along the length of each seep 1-20 m apart to capture plant species diversity within a site.

Sampling strategy For plant species, we focused on all the 79 co-flowering plant species within the seeps in the two years. This represents a complete
sampling of the animal-pollinated plants within the seeps, so no statistical test was run to determine the sample size.

For pollinator observations, we aimed to collect an equal number of pollinators per plant species (n = 150 on average). We used the
rarefaction analysis to confirm that our sampling effort captured the majority of pollinator diversity for each of the 79 plant species
(Extended Data Fig. 2a, b), especially for the plant species (n = 64, Extended Data Fig. 2¢c, d) that were included in the downstream
phylogenetic structural equation modeling.

For style collections for stigma pollen identification, we used the rarefaction analysis to confirm that our sampling effort of styles (n =
54 per species on average) captured the majority of heterospecific donor species for each recipient plant species (Extended Data Fig.
8).

Data collection Pollinator observation and collection and floral abundance survey were conducted by eye by R.L.K., E.IM.O., R.AH.,, G.A.-G., and T.-
L.A. Floral functional traits were taken by R.L.K., R.A.H., and research assistants (see Acknowledgements). Floral traits were measured
with a digital caliper (+ 0.1 mm), Leica DM500 microscope, dissecting microscope, Imagel) v1.47, and/or visual inspection. Pollen
grains were identified by R.L.K., E.M.O., R.A.H., and research assistants (see Acknowledgements) using a Leica DM500 microscope
(Leica Microsystems, Wetzlar, Germany). Pinned or ethanol preserved insect pollinator specimens were identified by experts using
eye and steromicroscopes (Leica EZ4 W): bees (Anthophila) by Jaime Pawelek (Wild Bee Garden Designs), beetles (Coleoptera) by
Robert Androw (Carnegie Museum of Natural History, Pittsburgh, PA), flies (Diptera) by Ben Coulter (Carnegie Museum of Natural
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History, Pittsburgh, PA), and moths and butterflies (Lepidoptera), as well as remaining insects, by John Rawlins (Carnegie Museum of
Natural History, Pittsburgh, PA).

Timing and spatial scale Data were collected across five seeps (separated by 0.3—5 km); total area = 1300 — 2300 square meters; Extended Data Table 1)
during the peak of flowering season (April-June) over two years in 2016 and 2017. Each seep was visited once every week for a total
of 9 to 10 weeks each year. The study captured the major flowering periods across the herbaceous, non-graminoid species, and
ceased when flowering was tapering off for the majority of species in these seeps (Supplementary Table 3).

Data exclusions Because we aimed for a total of 54 styles per species for stigma pollen identification, 14 species (Achillea millefolium, Aquilegia
eximia, Castilleja attenuata, Dichelostemma congestum, Eriogonum vimineum, Grindelia hirsutula, Hesperolinon californicum,
Hemizonia congesta, Lomatium macrocarpum, Lupinus microcarpus, Micropus californicus, Microseris douglasii, Minuartia douglasii,
and Vicia sativa) did not meet our sampling goals (mean = 54 styles per species, minimum = 36 styles per species, Supplementary
Table 5) and were excluded from downstream interspecific pollen transfer network and phylogenetic structural equation modeling.
This was described in Supplementary Methods.

Reproducibility The data were collected during the field study over two years, and were not repeated as in experiments. We described the methods
of data collection and analyses in detail, allowing the work to be repeated.

Randomization The order of visiting different seeps for field data collection was randomized each week.
Within each seep, the fixed plots for surveying floral abundances were randomly placed along the length of each seep to capture
plant species diversity.
To select styles (n = 54 per species on average) for stigma pollen identification, we used a stratified random subsampling across all
seeps and both years to achieve 90 (18 x 5) date—seep combinations.

Blinding Blinding was not relevant to our field study because it was observational in nature. Although samples were not blinded, components
of the study were collected by different team members who did not have knowledge of the associated data.

Did the study involve field work? [ Yes [ no

Field work, collection and transport

Field conditions Field data collection was conducted between 0800-1700 h each day and were extended to 1900 h for two species with crepuscular
flowers (Linanthus dichotomus and Chlorogalum pomeridianum), during the peak of flowering season (April-June) in the serpentine
seep system.

Location The serpentine seep system is at the McLaughlin Natural Reserve in California, USA (38.85829N, 122.40932W; see also Extended Data
Table 1).

Access & import/export  Permissions to access seeps, conduct research and to collect insect and plants were granted by the McLaughlin Natural Reserve
(UCNRS #30941) April 6, 2015

Disturbance The seeps and organisms were not disturbed by other means than the sampling.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies X[ ] chip-seq

Eukaryotic cell lines |Z| |:| Flow cytometry
Palaeontology and archaeology |Z| |:| MRI-based neuroimaging
Animals and other organisms

Human research participants

Clinical data

XNXXOXXX s
OOoOooOood

Dual use research of concern

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals No laboratory animals were used in the study.

Wild animals ,Insects visiting a plant species were collected with a sweep net, chilled and then preserved. Lepidopteran insects were preserved
dry, and non-Lepidopteran insects were euthanized and preserved with 100% ethanol in a -20 ©C freezer and transported on ice to
the laboratory at the University of Pittsburgh, where they were pinned and later sent out for taxonomic identification by experts.
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Only Hymenoptera were identified by sex (males = 841, females = 4108).

Field-collected samples  The vast majority of preserved insect specimens were deposited at the Carnegie Museum of Natural History (Pittsburgh, PA), and a
small subset of was kept by Jaime Pawelek (Wild Bee Garden Designs). No live animals were retained.

Ethics oversight The study did not require ethical oversight.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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