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a b s t r a c t
In habitats where low ambient temperature limits entomophilous pollination of early-blooming plants,
intraﬂoral warming facilitates pollinator visitation and enhances plant reproductive success. A novel
mechanism for intraﬂoral warming was described recently for the early-blooming, bumblebee pollinated
herb Helleborus foetidus (Ranunculaceae) where the warming agent was the metabolic heat dissipated
by dense populations of the nectar-specialist yeast Metschnikowia reukauﬁi. This paper reports results
of ﬁeld experiments conducted over three consecutive years aimed at (1) ascertaining whether ﬂowers
of H. foetidus with warmed interiors differed in pollination success from ﬂowers experiencing natural
intraﬂoral microclimate; and (2) testing the hypothesis that the pollination effects of intraﬂoral warming
should be stronger during the early stages of the H. foetidus ﬂowering season, when inclement weather
and low ambient temperatures often limit pollinator activity. Intraﬂoral warming resulted in increased
number of pollen tubes per style and reduced probability of pollen limitation early in the ﬂowering
season, while these effects were reversed in late-season ﬂowers. Since the number of pollen tubes was
directly correlated with number of pollen grains on the stigma, fruit set and number of seeds produced
by individual ﬂowers, results of this study are interpreted as indicating that yeast-induced intraﬂoral
warming has the potential to inﬂuence reproductive success in H. foetidus via effects on pollinator activity,
although the nature of effects will vary depending on environmental conditions. Results also stress the
importance of ambient and ﬂoral temperature for the pollination of early-blooming plants.
© 2016 Elsevier GmbH. All rights reserved.

1. Introduction
Ever since early ground-breaking work by Sprengel (1793) and
others (Darwin, 1862; Müller, 1883), the signiﬁcance of both biotic
(e.g., ﬂower features, animal visitors) and abiotic factors (e.g., light,
rain, wind) for the sexual reproduction of plants has been unanimously acknowledged. Unbalanced attention, however, has been
traditionally paid to these two major groups of agents, the extensive
effort devoted to biotic factors standing in sharp contrast with the
relatively modest effort dedicated to abiotic ones (Willmer, 2011).
Despite this imbalance, however, it is well established that physical aspects of the environment can decisively inﬂuence plant sexual
reproduction by conditioning the activity of pollinators (Stone et al.,
1988; Herrera, 1995b; Totland and Matthews, 1998; Kilkenny and
Galloway, 2008), inﬂuencing their behavior at ﬂowers (Stanton and
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Galen, 1989; Herrera, 1995a; Luzar and Gottsberger, 2001; Sapir
et al., 2006), altering features of ﬂoral rewards (Corbet et al., 1979;
Corbet and Willmer, 1981; Corbet and Delfosse, 1984), and affecting directly pollen germination and pollen tube growth (Jakobsen
and Martens, 1994; Lankinen, 2001; Orueta, 2002; Seymour et al.,
2009b; Distefano et al., 2012).
In markedly seasonal habitats of middle and high latitudes,
ﬂowering in early spring is a high-risk option in terms of insectmediated sexual reproduction, and the importance of abiotic agents
as drivers of plant-pollinator systems should be particularly high
for the earliest-blooming plants, which often face adverse weather
periods during which pollinator activity is precluded or severely
restricted (Schemske et al., 1978; Motten, 1986; Herrera, 1995a;
Totland and Matthews, 1998; Vesprini and Pacini, 2010). In arctic
and mountain habitats, for example, where low ambient temperatures frequently impose stringent limits on the pollination of
early-blooming entomophilous plants, ﬂoral warming mechanisms
have been discovered that generate intraﬂoral thermal excesses
relative to the ambient, which facilitate pollinator visitation and
enhance plant reproductive success (Kevan, 1975; Stanton and
Galen, 1989; Corbett et al., 1992; Herrera, 1995a; Kudo, 1995;
Krannitz, 1996; McKee and Richards, 1998; Song et al., 2013). In
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Table 1
Dates and sample sizes for the ﬂoral warming experiments considered in this study. Each year, sample sizes were approximately equal for Control (ﬂowers with unpowered
resistor) and Warmed (ﬂowers with powered resistor) factor levels.
Experimental period
Early

Late
Sample sizes

Sample sizes

Year

Dates

Plants

Flowers

Follicles

Dates

Plants

Flowers

Follicles

2010
2011
2012
Total

5 Mar–9 Mar
4 Mar–12 Mar
28 Feb–3 Mar

12
5
13
30

47
20
28
95

95
36
55
186

19 Mar–3 Apr
16 Mar–24 Mar
18 Mar–23 Mar

17
5
13
35

127
20
31
178

280
44
68
392

the vast majority of well-studied instances, ﬂoral warming either
is the outcome of active, respiration-based thermogenesis by the
ﬂowers themselves (Knutson, 1974; Lamprecht et al., 2002;
Seymour and Matthews, 2006; Seymour et al., 2009a) or arises from
passive absorption of incident solar irradiance, often enhanced by
ﬂoral heliotropism (sun-tracking), ﬂower color and perianth architecture (Stanton and Galen, 1989; Herrera, 1995a; Kudo, 1995;
Krannitz, 1996; Totland, 1996; McKee and Richards, 1998; Orueta,
2002; Sapir et al., 2006). One third, fundamentally different mechanism producing intraﬂoral warming was recently documented for
the ﬁrst time by Herrera and Pozo (2010) for the early-blooming
herb Helleborus foetidus. In this understory plant, the metabolic
heat dissipated by dense populations of the nectar-specialist yeast
Metschnikowia reukauﬁi can increase the temperature of nectaries
relative to the air outside ﬂowers by as much as 3–5 ◦ C (Herrera and
Pozo, 2010). That earlier study, however, did not address the possible pollination consequences to H. foetidus plants of yeast-induced
ﬂoral warming.
In this paper we report the results of manipulative ﬁeld experiments conducted over three consecutive years primarily aimed
at ascertaining whether, under natural ﬁeld conditions, ﬂowers of
H. foetidus with warmed interiors mimicking the thermal effects
of nectar-dwelling yeasts differed in pollination success from
those experiencing natural intraﬂoral microclimates. A secondary
objective of our study was to test the ancillary prediction that
the putative pollination effects of intraﬂoral warming should be
stronger during the early stages of the H. foetidus ﬂowering season, when spells of severe weather limiting pollinator activity are
most frequent. To this end, experiments were replicated each year
during the early and late periods of the ﬂowering season.

2. Materials and methods
2.1. Study system
Helleborus foetidus L. (Ranunculaceae) is a perennial herb widely
distributed in western and southwestern Europe, where it can
be found from sea level to 2100 m elevation in diverse habitat
types ranging from open scrub to conifer and broad-leaved forests
(Mathew, 1989). Plants produce one or a few inﬂorescences in early
winter, and in our southern Spanish study area (see below) ﬂowering mostly takes place during February-April. Individual ﬂowers
are self-compatible, protogynous, last for up to four weeks, and are
mostly pollinated by bumblebees (Bombus terrestris and B. pratorum). Insufﬁcient pollination limits seed production in some years
and locations. During the early ﬂowering period, spells of inclement
weather including freezing temperatures and snowfalls are frequent (Fig. 1), which preclude pollinator activity and result in
pollen limitation. As weather improves from early to late stages
over the long ﬂowering period, pollen limitation likewise tends to
decline as a consequence of increased pollinator visitation. Flowers are apocarpous, generally bearing 1–3 carpels. For convenience,

the term ‘follicle’ will be used here to designate either ﬂower
carpels (= gynoecium) or true follicles (= developing fruits). The
large globular perianth (length = 15–17 mm, width = 13–15 mm)
consists exclusively of ﬁve large, overlapping green sepals, since
the petals have become modiﬁed into nectaries. Each ﬂower generally contains ﬁve nectaries shaped like ﬂattened horns and hidden
deeply inside the perianth. These form a distinct ring between the
stamens and the sepals and, if unvisited, each nectary may contain up to 5 L of sucrose-dominated nectar. The ﬂower-specialist
yeast Metschnikowia reukauﬁi (Metschnikowiaceae, Ascomycota) is
a regular inhabitant of the ﬂoral nectar of H. foetidus, its populations
often reaching densities >105 cells/mm3 . The internal structure of
H. foetidus ﬂowers is depicted in Plate 1a of Herrera et al. (2008)
and Fig. 1a of Herrera and Pozo (2010). Extensive information on
the ﬂoral biology, pollination ecology and ﬂoral microbiology of H.
foetidus is provided, among other, by Vesprini et al. (1999), Vesprini
and Pacini (2000, 2010), Herrera (2002), Herrera et al. (2001, 2008,
2013), Brysch-Herzberg (2004), Herrera and Pozo (2010), Canto
et al. (2011), and Pozo et al. (2014).

2.2. Field and laboratory methods
This study was carried out at a large, essentially continuous
population of H. foetidus in the understory of mature Pinus nigra
forests of mountain habitats in the Sierra de Cazorla, Jaén province,
southeastern Spain (‘Las Navillas’ site of Herrera and Pozo, 2010;
Herrera et al., 2013). Experiments were conducted there between
late February–early April of 2010, 2011 and 2012 (see Table 1 for
experimental dates), which encompassed the main part of the local
ﬂowering season of H. foetidus and was largely concident with
the period of previous experiments on ﬂoral warming by yeasts
(Herrera and Pozo, 2010).
Each year, between 5 and 17 widely-spaced H. foetidus plants
bearing inﬂorescences were randomly chosen in the study population (Table 1). Different plants were chosen on different years, since
not all individuals ﬂowered every year. Two experimental series
(‘Early’ and ‘Late’ hereafter; to avoid ambiguity, factor level designations will always be capitalized) were run every year on each
plant. Dates chosen roughly corresponded to the initial and ﬁnal
third of the local ﬂowering period. In each series, newly-opened,
female-stage ﬂowers without dehisced anthers were chosen in each
plant for experimentation (see Table 1 for sample sizes). The purpose of conducting experiments only on female-stage ﬂowers was
(i) to avoid unintentional self-pollination during ﬂower manipulation; and (ii) to minimize any possible interference of naturally
occurring yeasts on experimental results, since yeasts are absent
from nectar at early ﬂoral stages or, if present, occur at negligible densities (Herrera et al., 2008). One axial carbon ﬁlm resistor
(150 , 3.5 mm long, 1.85 mm wide; reference RS 135–796, RS Amidata, Madrid) was carefully inserted into each ﬂower. Resistor wires
(each 28 mm long, 0.45 mm diameter) were bent 90◦ until they
were parallel to each other, and the base of sepals was then gently
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Fig. 1. Spells of inclement weather with snowfalls and freezing temperatures are frequent at our study site during the early stages of the blooming period of Helleborus
foetidus. The plant at the right was one of our 2010 experimental individuals (photograph taken on 9 March 2010).

Fig. 2. Experimental setup used in this study. Location of resistor within an experimental ﬂower (a; sepals partly removed to show ﬂower interior); external view of Warmed
(b) and Control (c) ﬂowers; bumblebees (Bombus terrestris) visiting Warmed (d) and Control (e) ﬂowers; and experimental plant being tested for circuitry continuity and
battery voltage (f).

pierced from inside with the tips of resistor wires. Pulling from the
externally protruding wire tips using a ﬁne pliers, resistor wires
were taken out of the ﬂower as far as possible until the resistor
rested ﬁrmly stuck at the ﬂower interior’s bottom with its main axis
perpendicular to the longitudinal ﬂoral axis (Fig. 2a). Special attention was paid to avoid damaging ﬂower parts or contacting stigmas
during manipulation. As a protection against short-circuiting by
snow, rain drops or ﬂoral tissue, resistor wires were coated prior to
installation with fast-drying, isolating acrylic lac (reference RS 569290, RS Amidata, Madrid). Within each plant, a similar number of
experimental ﬂowers were randomly assigned to either Warmed or
Control (unwarmed) treatment levels. Resistors in the ﬁrst group
were powered by wiring to sealed lead-acid batteries (6 V, 4 Ah;
reference 537–5422, RS Amidata, Madrid), while resistors in Control ﬂowers remained unpowered (Fig. 2b,c). Batteries were laid on
the ground close to the plant, and each experimental run on a given
set of Warmed plus Control ﬂowers lasted for 5–6 days, throughout
which most ﬂowers remained in female stage. Circuitry continuity
and battery voltage were checked daily over experimental runs, and
batteries replaced whenever voltage fell under ∼4 V (Fig. 2f). Casual

observations revealed that foraging bumblebees visited Warmed
and Control ﬂowers normally during experiments (Fig. 2d,e).
To verify the efﬁcacy of the manipulation of intraﬂoral temperature in Warmed ﬂowers and quantify temperature increase,
we measured air temperature outside (Toutside ; ∼25 mm away
from the ﬂower opening) and within (Twithin ) Warmed (with powered resistors) and Control (with unpowered resistors) ﬂowers at
haphazardly-chosen times during daytime on different dates of
the 2010 experimental period. Ultra fast (time constant = 0.005 s),
ﬁne (tip diameter = 0.22 mm) Type T thermocouples (model IT-23,
Physitemp Instruments, Clifton, New Jersey) connected to a digital thermometer were used for air temperature measurements.
To avoid possible effects of direct solar radiation, air temperatures
were always recorded after experimental plants had been in the
shade for at least one hour.
The number of pollen tubes in the style of experimental ﬂowers was used in this study as a proxy for maternal pollination
sucess (Alonso et al., 2012; Arceo-Gómez et al., 2016) and seed
fecundity (Herrera, 2002). These assumptions were validated during the experiments of 2012 (see below). Every year, all styles were
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Table 2
Summary of selected weather variables during Early and Late experimental periods, the three study years combined (see Table 1 for dates), for the four nearest weather
stations around the study site (see text). Means shown are model-adjusted cell means obtained from linear mixed models having Period (Early vs. Late) as main factor and
year as random effect.
Experimental period (mean ± SE)

◦

Daily maximum temperature ( C)
Daily mean temperature (◦ C)
Daily total irradiance (mJ/m2 )

Difference between periods

Early

Late

Chi-squared

P-value

12.1 ± 0.6
6.9 ± 0.3
11.3 ± 1.0

15.7 ± 0.5
9.5 ± 0.3
17.3 ± 0.9

31.73
37.48
45.98

<0.0001
<0.0001
<0.0001

collected from withered experimental ﬂowers 20–25 days after
completion of experimental runs, and stored in microcentrifuge
tubes ﬁlled with 2.5-2.5-95% formaldehyde-acetic acid-ethyl alcohol solution. The number of fully developed pollen tubes in
collected styles that had penetrated the stigma and were in the
stylar canal were counted using epiﬂuorescence microscopy, following methods detailed in Herrera (2002). Style preparation
involved treating at 65 ◦ C for 20 min in 5 mol/L NaOH for softening, rinsing in distilled water, and staining for 20 min at 65 ◦ C in
decolorized aniline blue.
The presumed relationships between pollen tube numbers, on
one side, and pollination success and maternal fecundity, on the
other, were veriﬁed in 2012 for experimental ﬂowers. The number of pollen grains on the stigma of each collected style was
counted using a differential staining technique. Individual aniline
blue-stained styles were placed on a microscope slide with a drop of
0.05% aqueous toluidine blue for less than 1 min and immediately
rinsed with one or two drops of tap water. Liquid excess around
each style was carefully removed with absorbent paper, and styles
ﬁnally mounted under a coverslip with a drop of decolorized aniline blue solution containing 10% glycerin. Pollen grains were then
counted using ordinary bright-ﬁeld microscopy. In this way, paired
pollen grain and pollen tube counts were obtained for all individual
styles of experimental ﬂowers in 2012. The relationship between
number of pollen tubes and realized maternal fecundity was also
evaluated that year by collecting all follicles from experimental
ﬂowers in mid June, shortly before they would have dehisced naturally. Follicles were dissected individually and the number of seeds
counted.
2.3. Data analysis
All statistical analyses were carried out using the R environment
(R Development Core Team, 2015). Two complementary analyses were applied to evaluate the effects of warming (Warmed vs.
Control ﬂowers), experimental period (Early vs. Late), and their
interaction on pollination success. Mixed models were ﬁtted to
data, where individual styles of experimental ﬂowers were treated
as the sampling units, and study year, plant, and ﬂower were
included as hierarchically nested random effects. In one analysis,
the response variable was the number of pollen tubes in the style,
and a linear mixed model was ﬁtted using function lmer in the lme4
package (Bates et al., 2015). In the second analysis, the response was
a binary variable indicating whether the number of pollen tubes in
the style was <11 (=mean number of ovules per follicle; Herrera,
2002), which provided a conservative estimate of pollen limitation
at the individual follicle level. A generalized linear mixed model
was ﬁtted to data using function glmer in lme4 package. Distribution of residuals revealed that the two models ﬁtted the data
satisfactorily. Analysis of deviance (Type III Wald chi-square tests)
were used to test for the statistical signiﬁcance of main effects and
their interaction. Least-squares, model-adjusted means and associated standard errors for the different factor level combinations
were obtained with the lsmeans function in the lsmeans package
(Lenth, 2016).

The seasonal dynamics of environmental conditions from
Early to Late experimental periods was assessed using meteorological data (daily mean and maximum temperature, daily
total radiation) from the four nearest weather stations around
the study site (Pozo Alcón, Huesa, Villacarrillo and Puebla de
Don Fadrique; mean distance = 29 km) from Red de Información Agroclimática de Andalucía (https://www.juntadeandalucia.
es/agriculturaypesca/ifapa/ria; accessed 7 October 2016). Separate
linear mixed models for each weather variable were ﬁtted to the
combined data set for all experimental dates. Experimental period
(Early vs. Late), weather station, and their interaction were treated
as ﬁxed factors, and year was included as a random effect. Differences between experimental periods were tested using analyses of
deviance.
3. Results
Weather conditions improved signiﬁcantly as the H. foetidus
ﬂowering season progressed. In 2010, mean air temperature (± SE)
outside ﬂowers at the study site rised from 3.4 ± 0.2 ◦ C (range = 1.37.0 ◦ C) to 8.3 ± 0.3 ◦ C (range = 2.2-15.3 ◦ C) from Early to Late periods
(chi-squared = 78.5, P < 0.0001, Kruskal-Wallis rank sum test).
Meteorological data for 2010–2012 from neighboring weather stations likewise revealed a consistent weather improvement from
Early to Late periods at regional level. Separate mixed-model analyses showed signiﬁcant effects of experimental period (Early vs. Late)
on every weather variable considered (Table 2). Daily maximum
temperature, mean daily temperature, and daily solar irradiance all
increased from Early to Late periods. The weather station x period
interaction was not statistically signiﬁcant for any weather variable (P ≥ 0.91), thus denoting a consistent weather improvement
through the H. foetidus ﬂowering season across locations.
Air temperature measurements taken in 2010 within (Twithin )
and outside (Toutside ) Warmed (with powered resistors) and Control
ﬂowers (with unpowered resistors) demonstrated that heat dissipated from powered resistors produced a measurable increase of
intraﬂoral air temperature relative to both the external air immediately surrounding ﬂowers and the interior of Control ﬂowers.
Air temperature excess of ﬂower interior relative to the surrounding air outside ﬂower (Texcess = Twithin − Toutside ) was signiﬁcantly
higher for Warmed than for Control ﬂowers (F = 593.3, df = 1, 229,
P < 0.0001). Twithin was signiﬁcantly higher than Toutside in Warmed
ﬂowers (t = 25.89, df = 115, P < 0.0001; paired t-test), while it did not
differ signiﬁcantly from Toutside in Control ones (t = 0.66, df = 114,
P = 0.51; paired t-test). Mean Texcess (± SE) of Warmed ﬂowers
was 5.4 ± 0.2 ◦ C, and no signiﬁcant difference in Texcess was found
between Early (Texcess = 5.7 ± 0.3 ◦ C) and Late (Texcess = 5.2 ± 0.3 ◦ C)
ﬂowers (F = 1.26, df = 1, 114, P = 0.26).
The number of pollen tubes in individual styles was a valid
proxy for both female pollination success and maternal fecundity of H. foetidus in the 2012 sample of experimental ﬂowers.
At the level of individual styles, there existed a close linear correlation between number of pollen grains and number of pollen
tubes (r = 0.798, df = 115, t = 14.21, P < 0.0001). Linear regressions of
pollen tube number against pollen grain number ﬁtted separately
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Control

Warmed

Pollen tubes

15

10

5

0
0

50

100

150

0

50

100

150

Pollen grains

Response variable
Number of pollen tubes

Probability of pollen limitation

Source

Chi-square

P-value

Chi-square

P-value

Warming (W)
Period (P)
WxP

1.97
12.52
5.71

0.16
0.0004
0.016

2.83
8.47
5.88

0.092
0.004
0.015

for Warmed and Control ﬂowers (Fig. 3) were statistically indistinguishable with regard to both slope (chi-square = 0.0034, df = 1,
P = 0.95) and intercept (chi-square = 0.027, df = 1, P = 0.87). Close linear relationships were likewise found at the individual ﬂower level
between total pollen tube numbers per ﬂower, on one side, and
total pollen grains per ﬂower (r = 0.844, df = 53, t = 11.48, P < 0.0001),
proportion of initial follicles in a ﬂower eventually setting seeds
(r = 0.703, df = 54, t = 7.27, P < 0.0001), and total number of seeds
produced per ﬂower (r = 0.745, df = 51, t = 7.98, P < 0.0001).
After statistically accounting for variance in pollen tube numbers due to differences between years, plants and ﬂowers (i.e., by
including these variables as random effects in the mixed models), the main effects of experimental warming on number of
pollen tubes in individual styles and follicle-level probability of
pollen limitation were both statistically nonsigniﬁcant (Table 3).
Most importantly, however, the corresponding Warming x Period
interaction effects were signiﬁcant (Table 3), which precludes a
simple interpretation of main effects and reﬂects the contrasting
effects of intraﬂoral warming for Early and Late ﬂowers. Seasonal
dependence of the nature of warming effects is illustrated by the
interaction plots in Fig. 4. Warming increased pollen tube numbers and reduced the probability of pollen limitation among Early
ﬂowers, while the reverse was true for Late ﬂowers. This seasonal
shift in the pollination consequences of intraﬂoral warming, from

10

Late flowers

9
8
7

Early flowers

6
Control

Warmed

Experimental treatment
Probability of pollen limitation

Table 3
Analysis of deviance tables (Type III Wald chi-square tests; df = 1 in all cases) for
mixed models testing for the effects of ﬂoral warming (Warmed vs. Control), experimental period (Early vs. Late), and their interaction on number of pollen tubes and
probability of pollen limitation (number of pollen tubes < mean number of ovules per
follicle) in the style of experimental ﬂowers of Helleborus foetidus. Year, plant within
year, and ﬂower within plant and year, were included in models as hierarchically
nested random effects.

Pollen tubes per style

Fig. 3. Least-squares ﬁtted linear regressions of pollen tubes against pollen grains in the styles of individual follicles of Warmed and Control (unwarmed) experimental
ﬂowers in 2012 (shaded areas depict 95% conﬁdence intervals). Each symbol corresponds to a different follicle (N = 69 and 54 for Control and Warmed, respectively). See text
for results of slope and intercept homogeneity tests.

0.9

Early flowers
0.8
0.7

Late flowers

0.6
0.5
Control

Warmed

Experimental treatment
Fig. 4. Interaction graphs showing the joint effects of experimental period (Early
vs. Late in the ﬂowering season) and intraﬂoral warming (Warmed vs. Control) on
number of pollen tubes and probability of pollen limitation (number of tubes < mean
number of ovules per follicle) in individual styles of experimental ﬂowers of Helleborus foetidus. Circles denote model-adjusted, least-squares cell means for Early
(open dots, dashed line) and Late (ﬁlled dots, continuous line) ﬂowers, and vertical segments extend over ± 1 SE. Signiﬁcance tests of main effects and interaction
shown in Table 3.

enhancement to reduction, ran parallel to a seasonal improvement
in the pollination success of Control ﬂowers, as shown by their
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increased pollen tube numbers and reduced probability of pollen
limitation from Early to Late dates (Fig. 4).

4. Discussion
By means of manipulative and observational ﬁeld experiments, Herrera and Pozo (2010) tested and veriﬁed the hypothesis
that heat produced by the extremely fast sugar catabolism of
Metschnikowia reukauﬁi populations inhabiting ﬂoral nectar of H.
foetidus increased the temperature excess of nectaries (Tnect ) in
relation to the air just outside the ﬂowers. In these experiments,
some of which were conducted in the same H. foetidus population
used in the present study, exclusion of yeasts from the nectaries
reduced, and addition of yeasts to virgin ﬂowers increased Tnect .
In unmanipulated ﬂowers exposed in the ﬁeld to natural pollinator visitation, Tnect was found to be linearly related to log yeast
cell density in nectar, often reaching +3.5-6 ◦ C in nectaries with
the densest M. reukauﬁi populations ( > 104 cells/mm3 ; Fig. 2b in
Herrera and Pozo, 2010). This yeast-induced temperature excess is
roughly similar to the mean Texcess obtained in the present study
for artiﬁcially Warmed ﬂowers (+5.4 ◦ C). This indicates that heat
dissipation by powered resistors in our experiments provided a
realistic imitation of metabolic heat dissipation by M. reukauﬁi in
ﬂowers with yeast populations >104 cells/mm3 of nectar, which in
our study area may represent ∼40-90% of all ﬂowers depending on
year, site and period of the blooming season (Herrera et al., 2008;
Herrera and Pozo, 2010; Pozo et al., 2014). Insofar as the intraﬂoral
thermal environment is concerned, therefore, this provides justiﬁcation for discussing results of the present study in the context of
the ecological interaction between H. foetidus ﬂowers and its nectarivorous yeast inhabitants. It must be noted, however, that our
ﬁnding that intraﬂoral warming was consequential for pollination
success and fecundity in H. foetidus is also relevant in the broader
context of the role played by abiotic factors in the ﬂoral biology and
pollination of early-blooming plants.
Experiments revealed an effect of intraﬂoral warming on the
pollination success of H. foetidus ﬂowers. Statistical signiﬁcance
of the Warming x Period interaction on pollen tube numbers and
probability of pollen limitation, however, indicated that the effect
of Warming was not simple. Early in the ﬂowering season Warming enhanced the number of pollen tubes per style and reduced the
probability of pollen limitation, while these effect were reversed
in late-season ﬂowers. These results support the hypothesis that,
everything else being equal, yeast-induced ﬂoral warming should
have a deﬁnite effect on the pollination success of H. foetidus ﬂowers (Herrera and Pozo, 2010), but also reveal a context-dependence
of the phenomenon. This latter ﬁnding is consistent with the expectation formulated in the Introduction that, among early-blooming
plants, positive pollination effects of intraﬂoral warming should
be most apparent during the early phase of the ﬂowering season, when pollen limitation should be most frequent due to longer
and more frequent spells of inclement weather precluding pollinator activity (Schemske et al., 1978; Vesprini and Pacini, 2010).
Our results support these premises for H. foetidus. The higher
ambient temperature and nearly doubled daily solar irradiance
during the Late experimental period represented a substantial,
predictable weather improvement along the H. foetidus ﬂowering
season. Furthermore, Control ﬂowers exhibited increased pollen
tube numbers and reduced pollen limitation probabilities from
Early to Late periods. In addition to the biological aspects discussed
below, one obvious practical implication arising from our results is
that selection of experimental dates is bound to acquire particular
importance in pollination studies of early-ﬂowering plants (see also
Schemske et al., 1978). In these cases, yielding to the natural inclination to make ﬁeld work coincide with periods of predictably ﬁner
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weather may increase the risk of obtaining partial, and possibly
distorted, views of the system under study.
The close correlation found here between the number of pollen
grains on the stigma and pollen tubes in the style of H. foetidus ﬂowers is similar to that reported frequently for other animal-pollinated
plants (Alonso et al., 2012; Arceo-Gómez et al., 2016; Wagner
et al., 2016), and further highlights the practical value of pollen
tube counts as a convenient proxy for assessing maternal pollination and reproductive success, particularly in self-compatible
species or in situations where pollen grain counts are impractical or
unreliable (Herrera, 2002, 2004). The ﬁnding that the tubes-grains
relationships for Warmed and Control ﬂowers were statistically
undistinguishable rules out the possibility that differences between
Warmed and Control ﬂowers in pollen tube numbers were due
to pollen grain germination being enhanced by higher intraﬂoral
temperature. Consequently, the most parsimonious explanation for
our ﬁnding that early in the ﬂowering season intraﬂoral warming
increased pollen tube numbers and reduced pollen limitation is that
during that period Warmed ﬂowers received more pollen grains
than Control ones. This pollination advantage eventually resulted
also in a fecundity advantage in terms of fruit set and seed production, as shown by the close linear correlations found between these
two variables and number of pollen tubes.
The greater pollination success of Warmed ﬂowers early in
the season most likely reﬂected a positive foraging response to
raised intraﬂoral temperature by bumblebees, the main pollinators
of H. foetidus. Such positive foraging responses towards Warmed
ﬂowers could reﬂect increased visitation rate, longer visit durations, or some combination of these. Bumblebees are well-known
for their endothermic abilities, which allow them to forage in
overcast weather and under relatively low ambient temperatures
(Heinrich, 1979; Goulson, 2003). In our study area, queens and
workers of B. terrestris and B. pratorum visited H. foetidus ﬂowers throughout the long ﬂowering season of the species, including
periods of harsh weather insofar as ambient temperature did not
fall below ∼6 ◦ C (see also Vesprini and Pacini, 2010). Despite its
endothermic ability, however, controlled experiments have shown
that B. terrestris prefers to land on warmer ﬂowers when given a
choice between artiﬁcial ﬂowers that differ slightly in temperature but are otherwise similar in nectar rewards (Dyer et al., 2006;
Whitney et al., 2008). A similar preference for warmer nectar and/or
warmer ﬂowers has been also documented for other endothermic (Nicolson et al., 2013; Tan et al., 2013) and ectothermic insect
pollinators (Herrera, 1995a; Krannitz, 1996). Increased duration
of pollinator visits to individual ﬂowers, which generally results
in increased pollen deposition per visit (Thomson and Plowright,
1980; Thøstesen and Olesen, 1996), has been also found to increase
with increasing intraﬂoral temperature (Luzar and Gottsberger,
2001). A combination of bumblebee preference and longer visit
durations can therefore parsimoniously account for the improved
pollination success of Warmed H. foetidus ﬂowers early in the season.
By the same token, the seasonal shift from positive to negative
effects of ﬂoral warming on pollination success from Early to Late
H. foetidus ﬂowers found here could be accounted for by a seasonal
reversal in the response of bumblebees to warmer ﬂowers. Under
controlled laboratory conditions, foraging bees may exhibit complex context-dependent behavioral shifts in response to variations
in ﬂower and ambient temperature, nectar sugar concentration
and nectar viscosity (Whitney et al., 2008; Norgate et al., 2010;
Nicolson et al., 2013; Tan et al., 2013). In particular, bee foraging
responses to warmer food rewards may shift from positive to negative with increasing ambient temperature (Norgate et al., 2010),
such as that occurring from Early to Late experimental periods in
our study. With due reservations, we tentatively argue that a similar
context-dependent shift in the response of bumblebees to warmer
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ﬂowers may have contributed to the contrasting effects of ﬂoral
warming for Early and Late H. foetidus ﬂowers. Regardless of the
actual mechanisms involved, seasonal dependence of ﬂoral warming effects provides another instance of a simple biological feature
having context-dependent effects on plant reproduction (Kalisz
et al., 2004; Yu and Huang, 2006; Herrera, 2011). Furthermore,
context-dependence of pollinator responses to intraﬂoral warmth
(i.e., ﬂoral warming being advantageous only under a relatively narrow range of weather conditions) could help to explain the failure
of some experiments to detect ﬂoral warming effects on pollination
success (Totland, 1996).
Results of the present study are consistent with theoretical
expectations that, under certain environmental conditions, ﬂoral
heat may act as a reward for pollinators (Rands and Whitney,
2008). In contrast to previous investigations, however, the natural agent of intraﬂoral warming in H. foetidus is neither the plant
itself (via metabolic thermogenesis) nor an external abiotic factor (solar irradiance), but it is instead a microbial agent occurring
at high densities as noted in the Introduction. Some yeasts produce signiﬁcant amounts of metabolic heat during the exponential
growth phase, particularly when exposed to high carbon:nitrogen
ratios (Gustafsson, 1991; Cooney et al., 1996; Lamprecht, 2003)
such as those typically found in sugar-rich ﬂoral nectars (Lievens
et al., 2015). Beyond certain densities, yeasts can thus become a
signiﬁcant nectar warming agent for early-blooming plants that,
as H. foetidus, produce copious sugar-rich nectar and live in shady
forest understories, where direct sunshine can hardly be used for
warming (Herrera and Pozo, 2010).
By using electric power to heat ﬂowers, and conducting experiments on young female-phase ﬂowers free of yeasts, we have
mimicked microbial ﬂoral warming without the confounding
effects of other factors that are associated with yeasts’ presence.
In natural conditions, however, ﬂowers of H. foetidus warmed by
dense M. reukauﬁi populations will also have other ﬂoral features
modiﬁed by yeast metabolic activity, such as sugar composition
and concentration of nectar (Canto et al., 2008, 2011; Herrera et al.,
2008; see also Vannette et al., 2013; Schaeffer et al., 2015). Floral
thermal excess relates directly to yeast cell density, which in turn
correlates directly with ﬂower age and inversely with percent sugar
in nectar (Herrera et al., 2008; Herrera and Pozo, 2010). The presumed early-season preferences of bumblebees for warmer ﬂowers
might therefore vanish beyond some yeast abundance and/or nectar sugar degradation threshold (Whitney et al., 2008; Herrera and
Pozo, 2010; Tan et al., 2013). To date, experimentation on the H.
foetidus-M. reukauﬁi-pollinators system has considered only one
factor at a time (temperature, nectar composition; Canto et al.,
2008; Herrera et al., 2008; Herrera and Pozo, 2010; present study).
In addition, nectar yeast effects on ﬂoral functionality are also
expected during the male stage of H. foetidus ﬂowers, which could
inﬂuence pollen transfer dynamics (Schaeffer et al., 2014), an aspect
which was not addressed in the present study. Consequently, we
suggest that the next steps to improve our understanding of the
mechanisms underlying pollinator responses to yeast presence in
H. foetidus ﬂowers (Herrera et al., 2013; see also Vannette et al.,
2013; Schaeffer et al., 2014, 2015) should involve multifactorial
experiments capable of dissecting possible synergies and antagonisms between the various physical and chemical sequels of the
presence of yeasts in ﬂowers, along with their comparative effects
on male and female components of reproductive success.
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