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Spatiotemporal variation in natural selection is expected, but difficult to estimate. Pollinator-mediated selection on floral traits
provides a good system for understanding and linking variation in selection to differences in ecological context. We studied
pollinator-mediated selection in five populations of Dalechampia scandens (Euphorbiaceae) in Costa Rica and Mexico. Using a
nonlinear path-analytical approach, we assessed several functional components of selection, and linked variation in pollinator-
mediated selection across time and space to variation in pollinator assemblages. After correcting for estimation error, we detected
moderate variation in net selection on two out of four blossom traits. Both the opportunity for selection and the mean strength of
selection decreased with increasing reliability of cross-pollination. Selection for pollinator attraction was consistently positive and
stronger on advertisement than reward traits. Selection on traits affecting pollen transfer from the pollinator to the stigmas was
strong only when cross-pollination was unreliable and there was a mismatch between pollinator and blossom size. These results
illustrate how consideration of trait function and ecological context can facilitate both the detection and the causal understanding

of spatiotemporal variation in natural selection.

KEY WORDS: Dalechampia scandens, path analysis, phenotypic selection, plant-pollinator interaction, pollen limitation, spatial

variation, temporal variation.
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INTERNAT

Environmental variation in time and space is expected to generate
variation in the strength and mode of natural selection (Thomp-
son 2005; Gosden and Svensson 2008; Hereford 2009; Bell 2010;
Calsbeek et al. 2012; Thompson 2013; Hendry 2017; Siepielski
et al. 2017). These fluctuations may preserve genetic variation
and enhance the adaptive potential of populations (Biirger 1999;
Le Rouzic et al. 2013). Fluctuating selection over time and selec-

tion mosaics across space may therefore influence the resilience
and persistence of biodiversity in the face of environmental
change. Understanding how variation in selection affects biodi-
versity requires assessing the temporal and spatial scales at which
selection varies (Calsbeek et al. 2012). This involves understand-
ing the often complex links between phenotypic traits and fitness
components, and overcoming uncertainties in selection estimates
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(Morrissey and Hadfield 2012; Morrissey 2016). The latter is
important because selection is estimated with error, which must
be accounted for when assessing spatiotemporal variation in se-
lection. The challenge of distinguishing true variation in se-
lection from sampling error is illustrated by the contradictory
views provided by recent meta-analyses of temporal and spa-
tial variation in selection (Hereford 2009; Siepielski et al. 2009,
Siepielski et al. 2013; Morrissey and Hadfield 2012; Morris-
sey 2016; Caruso et al. 2017). Here, we argue that this prob-
lem can be mitigated by identification of ecological factors
that cause variation in selection. If patterns of selection can
be related to variation in ecological context, this provides ad-
ditional support for the existence of biological variation in se-
lection and, in turn, contributes to a more predictive under-
standing of natural selection (Arnold and Wade 1984; Wade
and Kalisz 1990; Herrera et al. 2006; Calsbeek et al. 2012;
Chevin et al. 2015; Siepielski et al. 2017; Gamelon et al. 2018;
Clark et al. 2020).

Studies of flowering plants and their biotic interactors have
yielded insights into geographic and temporal variation in phe-
notypic selection (Wilson 1995; Maad and Alexandersson 2004;
Herrera et al. 2006; Rey et al. 2006; Gémez et al. 2009; Hereford
2009; Reynolds et al. 2010; Benitez-Vieyra et al. 2012; Benkman
and Mezquida 2015; Sun et al. 2016; Emel et al. 2017). De-
spite their complexity, plant-animal interactions often provide
tractable study systems in which both the agents of selection
and the traits important for pollination success or other fitness
components can be identified. For example, the opportunity for
selection on floral advertisement depends on the intensities of
mutualistic and antagonistic interactions (Benkman 2013; Van-
hoenacker et al. 2013). Accordingly, the strength of selection
on pollination traits generally increases with increasing pollen
limitation (Fenster and Ritland 1994; Sletvold and Agren 2014,
2016; Bartkowska and Johnston 2015; Trunschke et al. 2017),
which may result from infrequent visitation by pollinators or in-
efficient pollen transfer (Harder and Aizen 2010). Pollen limita-
tion is therefore expected to affect selection on traits influencing
attraction or efficiency of pollinators. (Armbruster 1988; Solis-
Montero and Vallejo-Marin 2017). Similarly, pollen limitation
due to lack of pollinator service or reproductive interference from
other plant species can generate selection for autonomous self-
pollination (Fishman and Wyatt 1999; Moeller and Geber 2005;
Opedal et al. 2016).

These arguments suggest that selection on floral phenotypes
may be easier to understand by considering the ecological con-
text in which selection is generated, such as local climate and
“interactor communities” of local pollinators, antagonists, and
competitors, and by making predictions about how changes in
each ecological variable will influence selection on floral traits.
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In this respect, it is useful to distinguish among functional classes
of floral traits involved in attraction (e.g., corolla size, fragrance
chemistry, color patterns, quantity and quality of rewards), pol-
linator fit (e.g., spur length, corolla-tube dimensions, distances
of rewards from anthers and stigmas), and reproductive assur-
ance (herkogamy, dichogamy). The causes of selection may dif-
fer between functional classes, and hence the strength of selection
on traits in different functional classes may covary with different
ecological variables.

Pollination is one of many processes that affect plant fitness.
Pollinator-mediated selection can be counteracted by selection
mediated by herbivores and seed predators (Gémez et al. 2009;
Pérez-Barrales et al. 2013; Vanhoenacker et al. 2013; Sun et al.
2016), and the nature and intensity of biotic interactions may
depend on spatial or temporal variation in local climate or
other physical factors (Thompson 2005, 2013; Campbell and
Powers 2015; Hendry 2017; Siepielski et al. 2017). To estimate
pollinator-mediated selection, it is therefore necessary to isolate
the fitness consequences of pollination from other sources of
variation in fitness. One approach is to reduce the opportunity
for pollinator-mediated selection experimentally by pollen satu-
ration and subtract the selection gradients so obtained from those
obtained from open-pollinated flowers (e.g., Sletvold and Agren
2014, 2016; Trunschke et al. 2017). An alternative approach is
to isolate the process of pollen transfer statistically by defining
fitness as a direct function of pollen arrival (a fitness-linked per-
formance, see Arnold 1983), thus decoupling the fitness estimate
from other (nonpollination) sources of variation (Cariveau et al.
2004; Armbruster et al. 2005; Bolstad et al. 2010; Pérez-Barrales
et al. 2013).

Here, we quantify spatiotemporal variation in selection on
blossom traits of the neotropical vine Dalechampia scandens.
We estimate several functional components of selection using
the nonlinear, path-analytical fitness-function approach devel-
oped by Bolstad et al. (2010) and Pérez-Barrales et al. (2013).
To isolate pollinator-mediated selection on floral traits, we as-
sume that the fitness component of interest is a direct func-
tion of pollen arrival. We will refer to this fitness component
as “pollination fitness.” Using pollination fitness and spatiotem-
poral variation in selection across populations, we test (H1)
if the opportunity for selection declines with increasing reli-
ability of cross-pollination, (H2) if the mean magnitude and
variance of selection gradients on traits involved in attraction
and fit to the pollinators decline with increasing reliability of
cross-pollination, (H3) if selection for reduced herkogamy, a
trait favoring self-pollination, increases with decreasing reliabil-
ity of cross-pollination, and (H4) if the strength of selection on
a blossom-pollinator fit trait increases with blossom-pollinator
mismatch.
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Figure 1. Traits measured on Dalechampia scandens blossom inflorescences. Gland-stigma distance (GSD) is the minimum distance be-

tween the resin gland and the central stigma, anther-stigma distance (ASD) is the minimum distance between the terminal male flower
and the closest stigma, upper bract area (UBA) is the product of the upper bract length and width, and gland area (GA) is the product of
the total gland width and the average height of the left and right gland halves. Drawings by M. Carlson.

Methods
STUDY SYSTEM
Dalechampia scandens L. (s.l.) (Euphorbiaceae) is a species
complex of tropical vines with mixed mating systems, na-
tive to lowland Central and South America (Armbruster 1985).
Plants are monoecious, but male and female flowers are aggre-
gated into functionally integrated bisexual inflorescences, “blos-
soms” (Fig. 1; Webster and Webster 1972). The male subin-
florescence consists of a cluster of 10 staminate flowers and
a gland composed of tightly packed bractlets secreting a ter-
penoid resin collected by bees for nest construction, primarily
female Hypanthidium (Megachilidae: Anthidiini), Euglossa, Eu-
friesea, and Eulaema (Apidae: Euglossini) (Armbruster 1984).
The female subinflorescence consists of three pistillate flow-
ers, each containing three ovules, resulting in a maximum of
nine seeds per blossom. The male and female subinflorescences
are subtended by a pair of petaloid bracts that open during the
day to allow pollination and close at night. Blossoms are pro-
togynous, with a female phase lasting two-to-three days, dur-
ing which female flowers are receptive, whereas male flowers
are closed. A bisexual phase of approximately six days fol-
lows, during which one-to-three male flowers elongate and open
daily, whereas pistillate flowers remain receptive (Webster and
Webster 1972; Armbruster and Herzig 1984; Hildesheim et al.
2019a).

Previous studies have identified several blossom traits of im-
portance in pollinator attraction and pollen transfer (Fig. 1). Polli-

nator attraction may depend on the size of the resin-secreting sur-
face of the gland (gland area [GA]), which reflects the amount of
resin offered to the pollinator (Bolstad et al. 2010; Pélabon et al.
2012b), and on the size of the bracts (measured here as upper
bract area [UBA]), which provides an honest signal of the amount
of resin and functions as an advertisement to pollinators (Arm-
bruster et al. 2005; Pélabon et al. 2012b; Pérez-Barrales et al.
2013). The fit between blossoms and visiting bees is determined
by the distance between the gland and the stigmas (gland-stigma
distance [GSD]), which establishes the minimum size of bees that
can efficiently transfer pollen to the stigmas (Armbruster 1985,
1988; Armbruster et al. 2009b). Finally, rates of autonomous and
pollinator-facilitated selfing depend on the distance between the
anthers and the stigmas (anther-stigma distance [ASD]) (Arm-
bruster 1988, 1993; Pérez-Barrales et al. 2013; Opedal et al.
2015).

DATA RECORDED

We studied phenotypic selection on the blossom traits in five pop-
ulations, three in Costa Rica and two in Mexico. Both Mexican
populations and one Costa Rican population were studied in two
consecutive years (Table 1). The data from the La Mancha pop-
ulation in 2007 were from Pérez-Barrales et al. (2013). In each
population, we identified distinct patches, 1-50 m apart, of one
to several intertwined individuals. For the larger patches, it was
sometimes difficult to distinguish individual plants, and we re-
fer here to a patch as a collective unit of blossoms situated close
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to each other. The plants flower for an extended period, and we
selected multiple blossoms per patch as they came into flower
(median n = 4 blossoms per patch, range = 1-29).

We followed each focal blossom throughout the female
phase and for the first day of the bisexual phase. Each day, we
recorded the number of pollen grains on the three stigmas with
the aid of a LED light and a 10x hand lens, and whether resin had
been collected. Dalechampia scandens pollen grains are large (c.
75-85 pm) and have a characteristic shape and exine, making
them easy to discriminate from heterogeneric pollen. The resin is
replenished daily, but its surface has an uneven texture after col-
lection by bees. On the first day of the bisexual phase, when the
first male flower was open, we counted pollen on the stigmas one
last time, and we measured gland-stigma distance (GSD), anther-
stigma distance (ASD), gland area (GA), and upper bract area
(UBA). All distance traits were measured in millimeters using
digital calipers. For the Costa Rican populations, we also mea-
sured the height of the blossom above the ground. After com-
pleting the measurements, we marked the blossoms with a small
tag tied around the peduncle. We collected the marked blossoms
three to four weeks later and recorded the number of seeds set
(seed set). For logistical reasons, we could not collect seeds at
the Puerto Morelos site.

ECOLOGICAL VARIABLES

We characterized the ecological context of pollinator-mediated
selection through the reliability of cross pollination and the
population-level mismatch between blossom and pollinator size.

We define cross-pollination as any pollinator-mediated
pollen transfer between blossoms, including geitonogamy. We
treated the mean pollen load at the end of the female phase in
each population and year as a measure of cross-pollination relia-
bility, assuming that it is inversely related to cross-pollen limita-
tion (Opedal et al. 2016).

The methods of observing pollinator visits to blossoms var-
ied somewhat across sites and years (Table 1). Timed observa-
tion bouts were conducted in La Mancha and Puerto Morelos
when blossoms were fully open (~1500h to 1800h). At the Costa
Rican sites, we noted all pollinators observed during the collec-
tion of other data. In 2015, we supplemented these opportunis-
tic observations with observations made along systematic polli-
nator transects. All bee species observed visiting blossoms were
recorded. When possible, we observed whether blossom visitors
contacted the stigmas. Only species observed contacting the stig-
mas were considered pollinators. This is a reasonable simplifica-
tion, because the population mean gland-stigma distance is usu-
ally larger than the population mean gland-anther distance in D.
scandens (e.g., Armbruster 1985), and, as a result, any pollinator
large enough to contact stigmas will likely also have contacted
anthers and carry pollen. Mean pollinator size in each population

was computed by weighting the mean body length of each pol-
linator species, based on Michener (2000) and Roubik and Han-
son (2004), by its relative proportion of visits. As an estimate of
blossom-pollinator mismatch at the population level, we calcu-
lated the difference between the weighted average length of the
pollinators and the average gland-stigma distance in each pop-
ulation and year. Note that this ignores individual variation in
both blossom size and pollinator size, and is thus an incomplete
measure of adaptive inaccuracy (Armbruster et al. 2004, 2009a;
Pélabon et al. 2012a). Pollination efficiency is reduced when pol-
linators are smaller than the gland-stigma distance (Armbruster
1988, 1990), and if blossom-pollinator mismatch is the main
driver of pollen limitation in the population, we might expect a
correlation between pollination reliability and mismatch. We also
hypothesized that pollination efficiency is reduced when pollina-
tor size substantially exceeds gland-stigma distance. Therefore,
if blossom-pollinator mismatch generates selection, we predict
an increase in the strength of selection on gland-stigma distance
with increasing blossom-pollinator mismatch.

PHENOTYPIC-SELECTION ANALYSIS

Levels of pollinator-mediated selection

Due to the difficulties in obtaining data on male reproductive suc-
cess in natural populations (see Opedal et al. 2017), our fitness
currency was based on the female reproductive success measured
as the number of seeds produced by a blossom. This fitness esti-
mate is only a component of the total fitness of the plant, and we
refer to this as “pollination fitness.” Although partly imposed by
the biology of a perennial plant with intertwined individuals, the
choice of estimating fitness and therefore selection at the level of
the single blossom also entails some advantages.

Pollinators may make foraging decisions at different levels,
for example, by first choosing the plant or patch of plants to
visit and then which flowers to visit on a multi-flowered plant
or patch. This complicates studies of pollinator-mediated selec-
tion. We chose to focus on the average pattern of selection within
patches because we were interested in the foraging decisions that
generated selection on blossom traits involved in pollinator at-
traction, that is, traits representing advertisement (bract area) and
reward (gland area). Furthermore, selection on pollination effi-
ciency involving anther-stigma and gland-stigma distances will
result from variation in the efficiency of pollen transfer within
blossoms and from pollinator bodies to individual flowers, not
pollinator behavior at the among-patch level.

The fitness component and the selection we infer are on the
level of the individual blossom. As in any study based on fit-
ness components, and not total fitness, the inferred selection is
partial, and our measured phenotypes may be correlated with un-
measured fitness components either on the level of the blossom
or on the level of the whole plant. For example, positive direct
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Pollinator fit
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Figure 2. Graphicalillustration of the pollination fitness function linking each D. scandens blossom trait to pollination fitness (see eqgs. 1-

3). The solid arrows represent hypothesized positive effects, and dashed arrows hypothesized negative effects. The number of seeds
produced can increase through attraction of pollinators responding to the advertisement (UBA) or reward (GA) traits. During visitation,
pollination efficiency is determined by the fit of the pollinator to the flower (GSD interacting with pollinator length). Last, pollen may be
deposited onto the stigmas of the same blossom depending on the degree of herkogamy (ASD), with greater herkogamy hypothesized
to reduce self-pollen load. The three pollination fitness measures, Seedssemale: S€€dSpisexual: aNd Seedsyet, Uused to estimate female-phase,

bisexual-phase, and net selection are shown in blue, purple, and red, respectively.

selection on blossom size may be counteracted by a negative cor-
relation between blossom size and the number of blossoms the
plant can produce. Nevertheless, by including patch as a random
effect in our analysis (see below) we correct for residual corre-
lations due to local environment and plants, and our inferences
about direct selection on the blossom level should be accurate.

Selection analysis
We estimated selection gradients following Lande and Arnold
(1983). Instead of analyzing observed fitness (seed set) directly,
we developed a fitness function to predict the seed set for each
blossom as a function of the blossom traits, that is, the num-
ber of seeds that a blossom was predicted to produce given its
phenotype. This means that we first establish a set of functions
describing the relationships between blossom traits and pollen
load. We then obtain the predicted pollination fitness by con-
verting the pollen load into seed set using an independently es-
tablished deterministic function. The pollination-fitness function
describes how phenotypic traits affect pollen deposition and in-
corporates functional relationships between each phenotypic trait
and three sequential components: pollinator visitation, pollen
load, and seed set (Fig. 2). These relationships are combined into
a single predicted pollination fitness value following the meth-
ods developed by Bolstad et al. (2010) and Pérez-Barrales et al.
(2013). All parameters of the path-analytical function were esti-
mated jointly (see below). We then calculated selection gradients
using the observed phenotypes and the predicted relative fitness
of each blossom.

Because pollination fitness as defined here is a direct func-
tion of pollen arrival onto stigmas, it screens off all other sources
of variation in pollination-related female fitness. Pollen arriving

6 EVOLUTION 2020

during the female phase is deposited only by pollinators. Thus,
variation in pollen load during this phase reflects variation in
visitation rate and pollinator efficiency. The female-phase selec-
tion gradients obtained from the fitness function can therefore
be interpreted as pollinator-mediated selection. Pollen arriving
during the bisexual phase may also result from autonomous or
pollinator-facilitated autogamy. Thus, the bisexual-phase and net
selection gradients can be interpreted as pollination-mediated, but
not necessarily as pollinator-mediated, selection.

We estimated the effects of the traits on each component of
the fitness function using generalized linear mixed-effects mod-
els. For all models, patch and measurement date were included
as random factors. The trait values were centered on their patch
mean (Z), and then standardized on the population grand mean
(Z) as 7 = (z —7)/Z. By centering traits on the patch means,
we removed among-patch differences and fitness-trait correla-
tions resulting from local variation in pollinator abundance and
other environmental variables. Standardization by the popula-
tion grand mean yields mean-scaled selection gradients that can
be interpreted as the strength of selection relative to selection
on fitness itself, as a trait, a useful benchmark for comparison
across traits and populations (Hansen et al. 2003; Hereford et al.
2004).

STIGMATIC POLLEN LOADS

Pollen arrival during the female phase
Pollinator-mediated pollen arrival during the female phase was
split into two multiplicative fitness components: (1) probability
of being visited by a pollinator during the female phase, V, and
(2) predicted pollen load in the female phase conditional on be-
ing visited, Pg. The visitation component, V(7'), was estimated
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from the presence of pollen on the stigmas and/or resin removal
from the gland surface. The resin-removal criterion may include
resin-collecting bee visits that did not lead to pollen deposition.
We modeled the probability of visitation as a function of the at-
traction traits, bract area and gland area, through a logit link and
binomial error distribution. The minimal model describing the
probability of visitation as a function of the traits was

ef1]+b|1UliA+b120A

14 (Z) =1 F @1 thi UBAThGA” ey

where a is an intercept and the bs are slopes for the variables
UBA (upper bract area) and GA (gland area). The first subscripts
refer to the component model of the fitness function (eqs. 1-3)
and the second to the trait. As discussed further below, we also
fitted more complex models including interaction terms between
predictor variables. At Palo Verde in 2014, all 59 blossoms but
one were visited during the female phase. This prevented formal
model fitting, and we used V(z') = 58/59 ~ 0.98 as the constant
visitation probability for all blossoms.

The second component of the pollination fitness function is
the amount of pollen arriving onto the stigmas during the fe-
male phase given that the blossom received at least one visit.
The pollen load reflects both the number of visits received (En-
gel and Irwin 2003) and the efficiency of pollen deposition. The
latter depends on the fit between the pollinator and the posi-
tion of the male and female organs (Armbruster 1988; Arm-
bruster et al. 2009b). We modeled pollen arrival during the female
phase, Pr(Z’), in units of pollen grains, as a function of bract area,
gland area, and gland-stigma distance through a log link with a
negative-binomial error distribution. The minimal model describ-
ing the predicted pollen load on the last day of the female phase
was

PF (Z/) — eaz+b2]UBA+b22GA+bggGSD. (2)

Pollen arrival during the bisexual phase

During the bisexual phase, pollen load increases as a result
of additional cross-pollen arrival as well as autonomous and
pollinator-facilitated self-pollination. We computed bisexual-
phase pollen load, Pg = P — Pp, as the difference between the
pollen load on the first day of the bisexual phase, P, and that on
the last day of the female phase, Pr. Negative values due to loss of
pollen grains or estimation error were set to zero because they in-
dicated no new pollen arrival during the bisexual phase. Because
we recorded bisexual-phase pollen arrival only on the first day of
the bisexual phase, the recorded within-blossom pollen transfer
most likely resulted from pollinator-facilitated self-pollination.
Autogamy is more likely to occur at a later stage during blos-
som ontogeny, when male flowers abscise and contact stigmas
as they fall. We modeled pollen arrival in the bisexual phase,

Pg(z’), in units of pollen grains, as a function of bract area, gland
area, gland-stigma distance, and anther-stigma distance through a
log link with a negative-binomial error distribution. The minimal
model describing the predicted pollen load at the end of the first
day of the bisexual phase was

PB (Z/) — eag+hx|UBA+h;zGA+huGSD+bq4ASD' (3)

Seed set

Considering that female-phase pollen load is conditional on the
blossom being visited, whereas bisexual pollen load is not neces-
sarily so, we defined total predicted pollen load as P = V x Pg
+ Pg (Fig. 2, purple), female-phase pollen load as P = V x Pg
(Fig. 2, blue) and bisexual-phase pollen load as P = Py (Fig. 2,
red). To estimate pollination fitness in terms of seed number, we
converted the total, female-phase, and bisexual-phase predicted
pollen loads into predicted seed set using the asymptotic func-
tion:

, aP(z)

S(P()) = T ar@)’ O]
which gives the number of seeds produced by a given pollen load,
P(Z)), for a given shape parameter «. We estimated the shape pa-
rameter as the exponent of the intercept of a model describing the
effect of pollen load (log scaled) on the probability of an ovule
producing a seed, fitted with binomially distributed errors and
a slope fixed to one (see Pérez-Barrales et al. 2013 for details).
We pooled data from all populations in this analysis. We calcu-
lated the opportunity for selection, /, as the variance in the relative
number of predicted seeds.

Because the relationship between pollen load and seed set is
nonlinear, and seed set is bounded between zero and nine (Fig. 2),
pollination during the bisexual phase may produce different num-
bers of seeds depending on the pre-existing, female-phase pollen
load. The bisexual-phase selection gradients thus represent po-
tential selection during the bisexual phase, assuming no prior
pollination. In the Supporting Information, we estimate realized
bisexual selection by predicting seed set resulting from bisexual-
phase pollination, Sg, as the difference between predicted net, S,
and female-phase seed set, Sg, that is, Sg = S — Sp (Fig. S1).

Model selection for pollination fitness components

We considered models including all blossom traits as well as all
combinations of pairwise interaction terms. For parameter esti-
mation, we retained all linear terms from equations 1-3 and used
AICc (small-sample-corrected Akaike criterion) to choose which
pairwise interaction terms to include in the model (Tables S1-S3).
For the Costa Rican populations, we also included the height of
the blossom above ground.
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In a second step, we evaluated the support of the complete
pollination fitness model by comparing the sum of the stan-
dard AIC (i.e., not AICc) of the component submodels (i.e.,
V(Z),Pr(Z), and Pg(z')), with the AIC of a model including only
the intercept. This assumes that the pollination data are indepen-
dent across submodels. We also computed the R” for each compo-
nent of the pollination fitness function by calculating the residual
variance o2, between the predicted and the observed value for
each component of the fitness function (i.e., V(z'),Pr(z'), and
Pgs(z')) for each blossom, and compared this to the total variance
of the pollination fitness component, oy, as R? = 1 — o2, /0%,

Estimating strength and variation in selection
All parameters of the path-analytical fitness function were esti-
mated jointly using the template model builder (TMB) R pack-
age (Kristensen et al. 2016), which fits nonlinear mixed-effects
models with maximum likelihood. The template model builder
allows estimation of derived parameters, and we obtained mean-
scaled selection gradients, Bpet, Bremates a0d Boisexual, With standard
errors by including the derived parameter § = P~' S, where P
is the phenotypic variance matrix and S is the (vector) selection
differential.

To assess whether the observed variation in selection across
populations and years exceeded that expected from estimation
variance, we computed the spatiotemporal variance of the par-

tial selection gradients on each trait as O‘éc = Var(p) — SEB2’
where Var(p) is the observed variance of the selection-gradient
estimates among populations and years, and SiEﬁ2 is their aver-
age squared standard error. We subtracted the average sampling
variance because variances are additive, but to express variation
in selection on the same scale as the mean-scaled selection gra-
dients, we report this as a standard deviation, Opes which can
be interpreted as the mean dispersion of the selection estimates
in units of the strength of selection on pollination fitness itself.
The wsighted mean of the selection gradients was calculated as

B. = D uiBi/ > u; , where u; is the inverse squared standard er-
i=1 i=1
ror (u; =1/ SEBZ[ ) and n is the number of selection estimates.

Results

STRENGTH AND VARIATION IN SELECTION

The component models in the path analysis explained little vari-
ance within populations, with R? ranging from 0% to 24% (mean:
5%, median: 3%; Table 2). Nevertheless, there was still evidence
that some floral traits affected net pollination fitness in five out
of the eight replicate studies (Table 2). The three exceptions were
La Mancha and Puerto Morelos in 2007 and Palo Verde in 2014,
where we did not detect net selection on floral traits.

8 EVOLUTION 2020

The median magnitude of the net selection gradients in
Table 3 taken over all traits, sites, and years was 11% of unit
selection. This is weak when compared to the median magnitude
selection gradient of 54% found in a meta-analysis of 340 multi-
variate selection gradients (Hereford et al. 2004). Selection varied
across sites and years, but most of the spatiotemporal variation
could be attributed to estimation errors in the gradients. After
correcting for this, evidence for moderate spatiotemporal varia-
tion in selection remained for two of four traits (Table 3). For
these two traits, gland area and gland-stigma distance, the aver-
age net selection gradients were close to zero, and their standard
deviations were 13% and 17% of unit selection, respectively. In
contrast, bract area, an advertisement trait, was under consistent
positive directional selection across years and study sites, with an
average selection gradient of 9% of unit selection. Anther-stigma
distance was under negative selection at La Mancha in 2006 and
at Horizontes in 2015, but overall there was no consistent evi-
dence of directional selection on this trait.

Decomposing selection into female- and bisexual-phase
components revealed a different picture, with much stronger and
more variable selection within each phase. The average magni-
tude of selection gradients for the female and bisexual phases
were 88% and 42% of unit selection, respectively, compared to
21% for net selection. Part of the variation across time and space
was again due to estimation error, but substantial variation re-
mained in female-phase selection after correcting for estimation
error (Table 3). For gland-stigma distance, directional selection
tended to change sign between the female and bisexual phases
with average selection gradients of —20% and 19% of unit se-
lection in the female and bisexual phases, respectively (Fig. 4;
Table 3).

ECOLOGICAL CONTEXT AND SELECTION
Cross-pollination reliability as measured by the mean female-
phase pollen load varied across populations from 3.2 pollen
grains per blossom at Puerto Morelos in 2006 to 48.8 pollen
grains per blossom at Horizontes in 2015, whereas variation
across years was more limited. This range translates into consid-
erable variation in predicted seed set. The shape parameter of the
diminishing-return function that translates the number of pollen
grains into number of seeds (eq. 4) was estimated at « = 0.138
odds of producing a seed per pollen grain. Because the maximum
number of seeds is nine, this translates 5 pollen grains into 3.67
seeds, and 50 pollen grains into 7.86 seeds.

The spatiotemporal variation in pollination reliability was
related to the strength and opportunity for selection. As expected
from hypothesis H1, the opportunity for pollinator-mediated se-
lection during the female phase declined with increasing cross-
pollination reliability (Fig. 3A). Furthermore, both the mean
magnitude and variation in selection during the female phase
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effects of cross-pollination reliability, measured as average pollinator-mediated pollen load, on
for selection (lfemales Ibisexuals @Nd Inet; A, C,andE) and on the magnitude of selection gradients

(IBfemale s IBbisexualls @nd |Bnet|; B, D, and F). Opportunity for selection is the variance in relative pollination fitness (relative number of

seeds). The mean-standardized selection gradients are given in %, where 100% is the strength of selection on pollination fitness as a

trait.

decreased with increasing cross-pollination reliability, as pre-
dicted from hypothesis H2 (Fig. 3B). We observed a similar pat-
tern for selection during the bisexual phase and for net selection
on those traits for which selection varied (Figs. 3C-F). In contrast,
we found no evidence for hypothesis H3; selection on anther-
stigma distance, which affects self-pollination, was not clearly
related to the reliability of cross pollination.

The diversity and composition of pollinator assemblages
varied across years and populations, with the number of visiting
pollinator species ranging from one (either Euglossa cf. dilemma
or Hypanthidium cf. melanopterum) to three (E. cf. dilemma,
H. cf. melanopterum, and Eufriesea sp.; Table 1). This gener-
ated differences in average pollinator lengths among study sites,
with a maximum difference of 7.7 mm between La Mancha 2006
and Puente la Amistad 2014, and between years within study

10 EVOLUTION 2020

sites ranging from 1.1 mm at La Mancha to 3.6 mm at Palo
Verde. Blossom-pollinator mismatch ranged from pollinators be-
ing 2.6 to 10.4 mm longer than the average gland-stigma distance
(Table 1). Given these differences, we expected to see a positive
relationship between mismatch and the strength of selection on
gland-stigma distance (hypothesis H4). Net selection on gland-
stigma distance to decrease mismatch tended to be stronger when
substantial mismatch occurred in combination with low pollina-
tion reliability, as at Puerto Morelos in 2006 and Puente la Amis-
tad in 2014 (Fig. 4B). This result held also for realized bisexual-
phase selection (Fig. S3), and the combined effect indicates that
blossom-pollinator mismatch is unlikely to be the main driver
of pollination reliability. This is further supported by our fail-
ure to detect consistent negative correlations between mismatch
and pollen arrival onto stigmas during either the female phase
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likely to affect fitness and trait-fitness relationships. In the present
study, we were able to link variation in pollinator-mediated
selection to variation in ecological context across time and space,
and by decomposing the selection into ecological components,
we were able to estimate and test hypotheses about subcompo-
nents of selection, even when they balanced out so that the net
selection was too weak to be statistically detectable.

The opportunity for pollinator-mediated selection is ex-
pected to increase with decreasing rates (reliability) of pollina-
tion, because average seed set will increase at a diminishing rate
with the number of pollen grains deposited onto stigmas. When
all ovules are fertilized, there is no more room for variation in fe-
male fitness, at least in terms of seed quantity, and, consequently,
no opportunity for pollinator-mediated selection through seed
number. Thus, if specific floral traits affect pollinator attraction
or the efficiency of pollen transfer, low rates of cross-pollination
will be associated with greater opportunity for selection (Van-
hoenacker et al. 2013). Our results are largely consistent with
these expectations, because both the opportunity for selection and
the average strength of pollinator-mediated selection decreased
with increasing reliability of cross-pollination at the population
level.

Most studies demonstrating relationships between pollen
limitation and the strength of pollinator-mediated selection are
based on cross-species comparisons (Sletvold and Agren 2014;
Bartkowska and Johnston 2015; Trunschke et al. 2017). Ex-
cept under experimental conditions (Sletvold and Agren 2016;
Panique and Caruso 2020), studies comparing conspecific pop-
ulations have rarely detected the expected patterns, possibly
due to limited variation in pollen limitation among populations
(Sletvold and Agren 2014; Bartkowska and Johnston 2015). Our
study is the first to examine pollinator-mediated selection across
a large natural gradient in cross-pollination reliability within a
species. This large range of cross-pollination reliability also in-
creases variation in seed production among populations and, thus,
our ability to detect a relationship between cross-pollination reli-
ability and strength of selection.

We also observed increased variation in selection strength
when cross-pollination reliability was low. Similar patterns have
been observed in orchids (Sletvold and Agren 2014; Trunschke
et al. 2017) and in comparisons across more disparate taxa (Ash-
man et al. 2004; Bartkowska and Johnston 2015), suggesting a
general relationship between ecological context and variation in
selection on floral traits. Specifically, selection is always weak
when pollination reliability is high, whereas selection at low
pollination reliability may or may not be strong, depending on
factors such as variation in the functional relationships between
traits and fitness (Sletvold and Agren 2014). Indeed, low cross-
pollination reliability, as captured by low conspecific pollen loads
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on stigmas at the end of the female phase, integrates two semi-
independent processes, pollinator-visitation rate and pollination
efficiency (e.g., Armbruster 1988).

Unsurprisingly, we found that variation in pollination relia-
bility influenced variation in selection on traits related to attrac-
tion and efficiency of pollinators. To disentangle these effects, we
further assessed the role of fit to the pollinator by relating selec-
tion to variation in blossom-pollinator mismatch. As expected,
we detected net selection in populations with low rates of polli-
nation and poor match between pollinator size and blossom mor-
phology; for example, at Puente la Amistad in 2014 and Puerto
Morelos in 2007. Interestingly, at Puente la Amistad positive net
selection on gland-stigma distance was driven primarily by posi-
tive selection during the bisexual phase, whereas at Puerto More-
los it was driven by positive selection during the female phase.
We can only speculate about the causes of this difference, but
field observations suggest that the pollinator species differed in
their relative preference for bisexual blossoms. In particular, 86%
of the foraging bouts of Eufriesea, the largest pollinator, were
initiated on bisexual blossoms, which could explain the positive
bisexual-phase selection for larger gland-stigma distances in the
Eufriesea-pollinated Puente la Amistad population. Indeed, open
male flowers of D. scandens are comparatively showy, relative to
other blossom parts, with ample pollen of a pale yellow hue, a
color known to elicit landing responses in pollinators as diverse
as bumblebees and syrphid flies (Lunau 1991, 1992, 2000). Dif-
ferences in selection to match pollinators have also been docu-
mented in other systems in which pollinator identity varies over
time or space (Sahli and Conner 2011; Kulbaba and Worley 2013;
Campbell and Powers 2015; Chapurlat et al. 2015). More data
on how selection to fit the size, shape, and behavior of pollina-
tors relates to the composition of the pollinator community are
needed both for understanding pollinator-mediated selection and
for predicting the consequences of local extinctions in pollinator
communities (Opedal 2019).

Lack of pollinator service can also generate selection for au-
tonomous self-pollination (Fishman and Wyatt 1999; Moeller and
Geber 2005; Opedal et al. 2016), and therefore we expect nega-
tive selection on anther-stigma distance when cross-pollination is
unreliable. Given that autonomous selfing is more likely to occur
during the end of the bisexual phase, our focus on pollen arrival
during the early bisexual phase may be the reason we were unable
to detect the expected pattern.

The arguments above assume that seed quality is indepen-
dent of pollen quality, but this is unlikely to be the case (Aizen
and Harder 2007; Harder et al. 2016). In D. scandens, seed size
tends to increase at larger pollen loads, suggesting an effect of
sampling from pollen grains of unequal quality (Hildesheim et al.
2019b). Thus, the common use of seed number as a proxy for
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female fitness may underestimate the strength of selection for
pollinator attraction and efficiency. Variation in post-pollination
selection of pollen may further add to spatiotemporal variation in
natural selection.

The causal basis of selection on flowers can be studied
experimentally with trait manipulation (e.g., Armbruster et al.
2005), pollinator exclusion (Fishman and Willis 2008), or sup-
plemental pollination (e.g., Caruso et al. 2019). As an alternative
to experimental manipulations, one can also test causal hypothe-
ses by studying how selection gradients change with environmen-
tal variables (Wade and Kalisz 1990). A variety of methodolog-
ical tools to conduct such analyses are now available, including
path-analytical approaches (Schemske and Horvitz 1988; Crespi
and Bookstein 1989; Mitchell-Olds and Bergelson 1990; Mitchell
1994; Scheiner et al. 2000; Morrissey 2014) and other methods
that partition selection among hierarchical levels or functional
components (Heisler and Damuth 1987; Armbruster 1988, 1991;
Arnold 2003; Ridenhour 2005; Walker 2007; see also Chenoweth
et al. 2012; Frank 2013). In our study, we have used the non-
linear causal fitness-modelling approach developed by Bolstad
et al. (2010) and Pérez-Barrales et al. (2013). This approach al-
lowed us to integrate knowledge of trait function with observa-
tional data to understand how the strength and mode of selection
varied across sites and years. Compared with experimental ap-
proaches, this approach is more flexible in combining quantita-
tive results across selection events, which may be difficult in face
of the context specificity of experimental results. See also Shaw
and Geyer (2010) and Morrissey and Sakrejda (2013) for related
approaches.

A predictive understanding of adaptive evolution requires
the identification of general factors associated with variation in
the strength and mode of natural selection. For example, a recent
global-scale meta-analysis found that variation in precipitation
explained a substantial proportion of variation in selection gradi-
ents (Siepielski et al. 2017). Regarding selection on floral traits,
effects of climate may often be mediated by variation in the com-
munities of interacting species. For example, if a pollinator re-
sponds to variation in climate, an effect of climate on selection
might appear. Our study of selection on D. scandens blossoms
has revealed temporal and spatial variation in selection that can
be partly explained by ecological variation in biotic interactions.
These results support the hypothesis that cross-pollen limitation
is a key modifier of selection on floral traits at the level of the
blossom. They further suggest that spatiotemporal variation in
pollinator-assemblage composition, as well as pollinator abun-
dance, may drive variation in pollen limitation and pollinator-
mediated selection on floral traits. This demonstrates that explicit
consideration of ecological and functional contexts can facilitate
identification of the causes of variation in natural selection.
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