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Abstract

Large flowers are typically more conspicuous to pollinators and are associated with more nutritional rewards than
small flowers. Flower size can also determine flower temperature, which can be a reward for flower-visiting insects.
Nectarless Royal irises offer overnight shelter and morning warmth to male Eucera bee pollinators. A dark spot on
their lower tepals (black patch) may act as a visual cue and contribute to flower heating. Here, we examined the
association of floral display (i.e. flower size and black patch size) with flower temperature and female fitness (i.e.
seed set) in Royal irises populations across an aridity gradient. First, we tested pollinator preference using artificial
flowers of varying sizes. Next, we assessed associations between flower and black patch size, flower warming rate
and female fitness. Finally, we manipulated flowers in the field to determine if the black patch influences heating.
Pollinators preferred larger artificial flowers for overnight shelter. However, selection for larger flowers was found
only in the population with the smallest flowers. No association was found between flower/black patch size
and floral heating in natural populations, and the black patch did not affect flower heating. Flowers reached the
temperature threshold for bees to start flying (18 °C) 10-35 min faster than ambient air. We conclude that the large
flower size in the Royal irises serves as a visual signal, advertising for night shelter and flowers—independently of
the size—heat up faster in the morning than ambient air. Flowers thus, potentially offer a ‘head start’ to the flower-
dwelling bees, allowing them to warm up more quickly than in outside conditions.
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INTRODUCTION

Plants exhibit an immense diversity in flower
color, shape and size, which attracts pollinators
who transport pollen from one flower to another,
ensuring their reproduction (Faegri and van der
Pijl 1979; Galen 1997; van der Kooi et al. 2021;
Willmer 2011). In exchange, pollinators are typically
rewarded with food, such as pollen and/or nectar
(Baker and Baker 1979; Nicholls and Hempel de
Ibarra 2017; Parachnowitsch ef al. 2019; Roulston and
Cane 2000). Although there are also other types of
rewards, such as resins (Armbruster ef al. 2005; Chui
et al. 2021; Pélabon et al. 2012), shelter (Dafni et al.
1981; Gaglianone 2000; Hemborg and Bond 2005)
or heat (Herrera 1995; Kevan 1975; Sapir et al. 2006;
Seymour et al. 2003).

The size of a flower can serve as a visual indicator
of the presence of rewards such as nectar or pollen.
It was previously shown that large flowers can have
higher energetic and nutritive rewards than smaller
ones (Armbruster et al. 2005; Ortiz et al. 2021; Stanton
and Preston 1988; van der Kooi et al. 2023), and
therefore pollinators can use flower size to estimate
the amount of reward. In addition, large flowers are
easy to detect from a distance (Spaethe et al. 2001),
which may result in pollinator-mediated selection
for larger flowers (e.g. Campbell 1996; Galen 1989;
Johnston 1991; Lavi and Sapir 2015; Lebel et al.
2018; Tavares et al. 2016). By contrast, environmental
conditions, such as water availability, may counter
the selection favoring smaller flowers (Galen et al.
1999; Hu et al. 1998; Kuppler and Kotowska 2021;
Rose-Person ef al. 2024; Zhang and Brodribb 2017).

A lot is known about the influence of biotic
(e.g. pollinators) and abiotic factors (e.g. water
availability) on flower size and its relationship
with flower rewards such as nectar and pollen (e.g.

Gallagher and Campbell 2017; Garcia et al. 2023).
However, for other reward types, such as heat, plant-
pollinator dynamics are much less clear (reviewed
by van der Kooi et al. 2019). Flowers can obtain
heat from flowers that are thermogenic (Seymour
and Matthews 2006; Seymour and Schultze-Motel
1997) or that capture solar radiation (RejSkova et al.
2010; Dietrich and Korner 2014; van der Kooi et al.
2019). Heat accumulation inside flowers constitutes
a reward for insect pollinators, especially when
ambient temperatures are low, for example in the
early morning and in Arctic or Alpine regions (e.g.
Kevan 1975). When the ambient temperature is low,
elevated flower temperatures can serve as a reward
for pollinators and are beneficial for pollen and seed
development (van der Kooi et al. 2019).

Royalirises (Iris section Oncocyclus) are an ideal group
to study flower size in relation to flower temperature
becausetheirrelativelylarge flowersand high phenotypic
variation within and among populations and species
(Roguz et al. 2020; Sapir et al. 2002). Royal irises are a
monophyletic group that comprises around 30 species,
with flowers that range in size from 1.25 cm diameter
in Iris sprengeri to 16.5 cm diameter in Iris gatesii (Roguz
et al. 2020). Unlike their close relatives, these flowers
do not produce any nectar (Mathew 1989). Royal irises
are pollinated primarily by male solitary Eucera bees
that use flowers as overnight shelters, transporting
pollen among flowers as they look for shelter at sunset
(Monty et al. 2006; Sapir et al. 2005; Vereecken et al.
2013; Watts et al. 2013). These irises produce one self-
incompatible flower per stem, with a characteristic dark
spot (hereafter referred to as the black patch) located on
the lower tepals at the entrance of the shelter (Avishai
and Zohary 1980; Monty et al. 2006; Sapir et al. 2005;
Watts et al. 2013), which might guide pollinators to
the reward, functioning similar to nectar guides. At
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sunrise, the temperature within flowers increases
faster than ambient temperatures. Floral heating in the
morning sun allows flower-dwelling bees to emerge
earlier than those that overnight on the bare ground or
cervices (Sapir ef al. 2006). In addition, the black patch
at the entrance of the flower tunnel may contribute
to floral heating and be a cue to pollinators. Thus, we
hypothesize that the black patch functions not only
as a visual guide for pollinators but also plays a role
in flower warming. Royal irises in Israel and Palestine
are naturally occurring along a north-south aridity
gradient, showing a decrease in flower size toward the
southern desert region, with intra- and interspecific
variation in flower size and black patch size (Sapir et
al. 2002). A recent study has shown that larger flowers
have higher fruit and seed set in natural populations,
suggesting positive selection for larger flowers (Lozada-
Gobilard et al. 2023). Indeed, selection for larger flowers
by pollinators was previously reported (Lavi and Sapir
2015), but flower size highly depended on water
availability over the years in arid habitats (Lozada-
Gobilard et al. 2022). Interestingly, in those habitats,
water availability did not affect the size of the black
patch over the years, suggesting that the size of the
black patch is an important trait, probably signaling the
entrance to the shelter (Lozada-Gobilard ef al. 2022).

Flower size and black patch size may act as an
honest indicator for the size of the flower tunnel
(i.e. shelter reward); however, it is not clear how
these traits relate to the flower tunnel temperature
(i.e. heat reward) (Lozada-Gobilard ef al. 2023). In
addition, the black patch size may also contribute to
the heating of the flower. However, how the increase
in floral temperature relates to flower size and black
patch size, whether the black patch plays a role in
floral heating, and whether flower size can serve as
a cue for pollinators to estimate the putative heat
reward, remains unknown.

In the present study, we investigated the association
between flower size, black patch size and flower
temperature in Royal irises. The unique pollination
system, alongside their large flower size and the black
patch of these irises, has motivated three different but
complementary experiments on floral display and
reward. A previous study suggested that pollinators
select for larger flowers based on maternal fitness
measurements (Lavi and Sapir 2015), but in this
study, pollinators were not observed directly; their
choice for larger flowers was inferred from a selection
experiment. To explore directly the effect of flower
size on the attraction of the pollinators, we performed
an experiment with artificial iris flowers that vary

only in size (Experiment 1). The minimum ambient
temperature at which Eucera bees begin to fly and are
able to forage is ~18 °C (Stone and Willmer 1989).
Therefore, understanding how quickly flowers warm
up to this temperature is crucial for the bees’ take-off
and foraging. We tested whether the time needed to
warm up to 18 °C varied between populations and
whether time to warm up is associated with flower
size and black patch size (reward; Experiment 2). In
addition, we recorded seed set in these individuals
to tested for selection on flower size and black patch
size within populations (selection; Experiment 2).
Finally, to determine whether the time needed to
warm up to 18 °C is influenced by floral morphology,
we manipulated the "flower tunnel" (i.e. shelter) and
black patch (Experiment 3).

MATERIALS AND METHODS
Study species

In this study, we studied two Iris species belonging to
the Oncocyclus section: Iris atropurpurea Baker and Iris
petrana Dinsm. whose natural populations occur along
the aridity gradient in Israel (Fig. 1a). Flowers of L
atropurpurea are uniformly colored dark purple, while
flowers of I. petrana exhibit a wide range of colors from
dark red, almost black to light purple and pink. Like
all Royal irises, these species have a characteristic dark
spot, the black patch, in the middle of the low tepals
(Fig. 1b—d). Both species flower for 2-3 months, with
L atropurpurea flowering earlier, starting at the end of
January untilmid-March, and . petrana flowering from
March to April. Flowers produce fruits at the end of
the flowering season, and seeds mature in 2-3 weeks.
Both species can reproduce vegetatively via rhizomes,
producing many individual leaf fans (hereafter ramets)
and flowering stems in well-defined patches that are
easy to distinguish. A "genet” (sensu Harper 1977) or
"genotype" is a genetically identical individual that
developed from one seed and, via vegetative growth,
has produced one or more ramets (Scrosati 2002). We
assume that ramets occurring in these defined patches
belong to the same individual or genotype.

Experiment 1: Pollinator visitation in relation to
flower size

Artificial flowers

To test how pollinators respond to size variation,
we used artificial flowers. Different studies
showed the wusefulness of artificial flowers for
manipulating specific floral traits, such as corolla
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Figure 1: Study sites and species. (a) Map shows the natural populations of Royal irises (Oncocyclus) along an aridity
gradient mainly determined by mean annual rain in Israel. We sampled three populations: Netanya (NET), Yavne (KUR)
and Yeruham (YER). Mean annual rain: 600 (NET), 500 (KUR) and 200 mm (YER). First two populations correspond to Iris
atropurpurea and the last one to Iris petrana. Black points denote the occurrence of wild Iris populations (database courtesy
of Y. Sapir). The right panel shows examples of measured flowers in (b) Netanya, (c) Yavne and (d) Yeruham. Tel Aviv city
(red dot) shows the location of the Botanical Garden where the artificial experiment was performed. The characteristic
“black patch” located in the lower petals is shown as BP. Scale bar: 1 cm. Pictures: S. Lozada-Gobilard.

shape or color (e.g. Campos et al. 2015; Fenster et
al. 2006; Policha et al. 2016). We created a system
of artificial flowers, designed based on the shape
and size of I. atropurpurea. We built 120 models in
6 size categories (Supplementary Table S1) using a
combination of computer-designed 3D technology
and hand-crafted flowers of hardened black satin
cloth (Supplementary Method S1 and Fig. S1).
Size categories increased progressively by 25%
of the original size, beginning with the smallest
possible tunnel entrance that could be crafted and

where a male Eucera bee could enter easily (tested
with pinned insects). We multiplied the length and
width of the artificial flowers to calculate the flower
projection size—that is the scale of the visual signal
that a bee would observe (Supplementary Table S1).
Size categories 2-5 of the flower models correspond
to the natural size range of 1. atropurpurea (Sapir et
al. 2002). The artificial flowers were all in the same
color and shape, varying only in size, providing a
non-biological system to test the isolated effect of
flower size on pollinator behavior.
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Pollinator preference — Artificial flowers

To test the hypothesis that pollinators prefer large
flowers, the artificial flowers were placed in a
randomized array in a semi-natural garden at Tel
Aviv University Botanical Garden (TAUBG; 32°06" N,
34°48" E). Local vegetation represents a Mediterranean
habitat, supporting alarge population of Eucera beesand
other wild bee species (Y. Sapir, personal observation).
There were no irises or other flowering species in the
open collection where we set up the experiment, thus
minimizing the potential for bee learning to influence
behavior. Flowers were mounted on wooden skewers
approximately 40 cm above the ground and 50 cm
apart from each other (Supplementary Fig. S1).
Between 1st and 16th March 2016, we recorded all
bees that sheltered within the tunnels of the artificial
flowers in the evening. Flowers were checked within
+30 min of sunset, when all bees would have settled
inside shelters for the night (Sapir et al. 2006). The
average temperature in Tel Aviv in March is 16 °C and
the precipitation is 44 mm.

We tested the effect of flower size category on the
total number of bees observed each night in each model
flower using a generalized mixed model with a Poisson
family distribution, including day as a random effect.
Pairwise Tukey comparisons were calculated with the
function “g/ht” from the R package “multcomp”.

Experiment 2: Flower and black patch sizes and
its relationship with flower temperature and
fitness

Natural populations

The study in natural populations was conducted in
two populations of I. atropurpurea and one of Iris
petrana. One population of 1. atropurpurea is in Netanya
Iris reserve (NET; 32°170" N, 34°500" E, 37 m a.s.l.),
26 km north of Tel Aviv, and the other near Yavne
(KUR; 31°53725.4” N, 34°42’35.60” E, 15 m a.s.l.), 15
km south of Tel Aviv. The I petrana population is in
the Yeruham Iris Nature Reserve south of Israel (YER;
31°01714.46” N, 34°58’21.4” E, 549 m a.s.l.). These
three populations are distributed along a latitudinal
gradient from north to south, with 600, 500 and 200
mm of mean annual precipitation, respectively (Fig.
la). The average temperature from February to April
in Netanya is 18-23 °C, 19-25 °C in Yavne and 18-26
°C in Yeruham.

Flower and black patch size measurements

Flower size was measured in the field using calipers
during the flowering season (January—-April) of 2021.

We measured all open, viable flowers per genotype;
wilted flowers were not measured but counted to
estimate the total number of flowers per genotype.
We calculated flower size as a projection size in cm? by
multiplying the length by the width of the flowers (see
figure 1 in Lozada-Gobilard et al. 2023). In addition,
we photographed flowers with a scale in the field and
calculated frontal and black patch area using ImageJ
software following a standardized protocol (Schneider
et al. 2012). The frontal area corresponds to the whole
flower frontal view, where one of the three black
patches is centered. The relative area of the black
patch was calculated in relation to the frontal area
(Supplementary Fig. S2). To test whether flower size
varies among populations, we fitted a linear model
including the average flower size per individual
(genotype) as the response variable and populations as
the predictor. Similar methodology was implemented
for the black patch area and relative area. Additionally,
to test whether flower size is positively correlated
to black patch area within populations, we fitted a
linear model including population as a covariate.
Data were log-transformed to improve normality for
the significance test. Pairwise comparisons between
populations were performed with a post-hoc Tukey
test from the R package "stats". An overview of sample
sizes and mean values per flower and genotype can be
found in Supplementary Table S2.

Flower temperature measurements

Flower temperature in natural populations (NET = 45
flowers, 14 genotypes; KUR =34 flowers, 12
genotypes; YER =25 flowers, 20 genotypes) was
measured using thermocouples (DLogMate-2TCK),
with an accuracy of +0.5 °C. To test whether large
flowers warm up faster than small flowers after
sunrise, we measured flower temperature (°C) at
intervals of 5-10 min, starting a few minutes before
sunrise until approximately 2.5 h after sunrise.
Temperature (in °C) was obtained from the air cavity
inside the pollination tunnel, in the tunnels facing east
(sunrise direction); and of the ambient air, outside the
pollination tunnel right next to the flower also facing
east (Sapir et al. 2006).

We were interested in how flowers warm with the
morning sunlight, so we considered flowers measured
under sunny conditions only, obtaining a total of
71 flowers and 33 genotypes (NET =33 flowers, 10
genotypes; KUR =19 flowers, 8 genotypes; YER =19
flowers, 15 genotypes) for the analysis. For each flower,
we obtained absolute temperatures of the air inside
the flower tunnel and outside ambient air. To estimate
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the rate of temperature change, we fitted a linear
regression based on these absolute temperatures from
sunrise up to 140-150 min after (individual fits per
flower can be seen in Supplementary Figs S3-S5). To
test whether temperature increase slopes varied among
populations and between inside and outside the flower,
we performed a linear model including population and
air temperature position (inside vs. outside flower) as
predictors. Slopes were considered as response variables
and log-transformed to obtain normality.

To determine whether the temperature inside
the flower tunnel increases faster than the ambient
temperature, we calculated the time (in minutes
after sunrise) required for the flowers to reach 18 °C,
because at this temperature, Eucera bees begin to fly
and forage (Stone and Willmer 1989). We calculated
linear approximations to 18 °C per flower using the
previously fitted model parameters. Only a few flowers
from the YER population were considered, since
most of them did not achieve 18 °C (Supplementary
Fig. S5). To test whether there is a difference in
temperature between inside and outside the flower,
we performed a paired #-test per population using the
R package "stats".

Additionally, we calculated the difference between
Ambient Air-Tunnel flower, where positive values
indicate that the flower tunnel warms up faster than
the ambient air, while negative values indicate the
opposite. We averaged the time difference across
flowers in each genotype and tested its association
with mean flower and black patch sizes using a
generalized linear model including population as a
predictor. Time difference, flower size and black patch
sizes were log-transformed to achieve normality.

Fitness and selection analyses

Around 2-3 weeks after the end of the flowering in
each population, we counted the number of fruits in
each genotype and collected up to three mature fruits
that were brought to the laboratory and dried at air
temperature until full maturation. As a measure of
maternal fitness, we calculated fruit set and seed set.
Fruit set (%) was calculated as the number of fruits
per genotype, divided by the number of flowers per
genotype. To calculate seed set, we calculated the
mean number of seeds per fruit and the total number
of seeds per genotype (mean number of seeds per
fruit x total fruits per genotype).

Unfortunately, in the winter of 2020-2021, rain
was very delayed, extremely affecting the growth
of I petrana in Yeruham, and as a result, only a few
individuals flowered. Few individuals were measured

for size and temperature, and none of them produced
fruits (YER = 33 flowers, 28 genotypes). In 2017, the
same population was monitored, and flower size,
black patch size, number of fruits and viable seeds
were recorded (Supplementary Table S2). We did
not find a significant difference in flower size, mean
annual rain and mean annual temperature between
2017 and 2021 (Supplementary Fig. S6), so we used
data only from 2017 for selection analysis in Yeruham.
Hereafter, unless stated otherwise, data presented and
analyzed correspond to 2020/2021 season. We used a
linear model to compare the mean number of seeds
per fruit among the three populations (NET=57;
KUR =47; YER = 171 flowers); pairwise comparisons
between populations were performed with a post-hoc
Tukey test using the R package "stats". Significance
was inferred after square-root transformation of the
mean number of seeds per fruit to achieve normality.

To estimate the extent and direction of natural
selection on flower size, we used regression analyses,
following the method from Lande and Arnold (1983).
For each population separately, we calculated relative
fitness (number of seeds/mean of the population) and
standardized flower and black patch sizes ((individual
size—population mean)/population SD), and then
these values were averaged per genotype (at plant
level) to be used for the selection analyses. To test
whether there is directional selection on flower and
black patch size, we implemented a linear model per
population separately, including size traits (i.e. flower,
black patch) and number of flowers per genotype as
a covariate, as a proxy for plant size. Significance was
inferred after square-root transformation of relative
fitness to achieve normality.

Experiment 3: Flower warming mechanism, the
role of the black patch

Black patch anatomy

The pollination tunnel (i.e. shelter) is formed by the
petaloid style with a stigmatic surface at the tip, one
anther is inside and below, the lower tepal has hairs
and the black patch is located at the center outside
the shelter (Figs 1 and 5a). We obtained cross-sections
from flowers of three individuals of I atropurpurea
from the NET population. We measured the petal’s
thickness at the base, in the middle and at the tip using
a caliper (van der Kooi and Stavenga 2019). Given the
large differences in thickness and visual appearance
of a single petal, we further investigated the interior
and surface anatomy of the tepals. Flowers of I
atropurpurea from the NET population (7 = 9) were cut

Page 6 of 16

Gz0z Jequisldas og uo Jasn Aselqi| [enuad Ayselnos-Ajisiaaiun AIAe [81 Aq 608/ | 28/t0 L1e/S/8 L /a1onie/adl/woo dno-olwapeoe)/:sdiy Wwoll papeojumo(]


http://academic.oup.com/jpe/article-lookup/doi/10.1093/jpe/rtaf104#supplementary-data
http://academic.oup.com/jpe/article-lookup/doi/10.1093/jpe/rtaf104#supplementary-data
http://academic.oup.com/jpe/article-lookup/doi/10.1093/jpe/rtaf104#supplementary-data
http://academic.oup.com/jpe/article-lookup/doi/10.1093/jpe/rtaf104#supplementary-data
http://academic.oup.com/jpe/article-lookup/doi/10.1093/jpe/rtaf104#supplementary-data
http://academic.oup.com/jpe/article-lookup/doi/10.1093/jpe/rtaf104#supplementary-data

J Plant Ecol, 2025, 18:rtaf104

into small pieces, fixed in FAA50 [3.7% formaldehyde,
50% ethanol and 5% acetic acid] and dehydrated in
an ethanol series [50%, 70%, 90%, 95% and 100%
(v/v)]. Samples were embedded in Technovit 7100
resin (Kulzer, Germany) with the addition of 0.6 mL
polyethylene glycol 400. Samples were cut into 5
pm thick sections with solid tungsten carbide blades
(Sollex AB, Malmo, Sweden) on a rotary microtome
(Beck, London), stained with toluidine blue (0.05%,
aqueous) and photographed with use of an inverted
Nikon Diaphot 300 microscope (Nikon, Amsterdam,
Netherlands), coupled with a Nikon D3200 digital
camera (Nikon, Amsterdam, Netherlands) following
Kraaij and van der Kooi (2020).

Black patch manipulations

To test whether the black patch contributes to the
heating of the tunnel, we set up three manipulations:
(i) "No ceiling", where we removed the cover of the
tunnel, the petaloid style together with the stamens
(n=9); (ii) "Only patch", where we removed all
the area surrounding the black patch (z=10); (iii)
"Covered patch" where we covered the area of the
black patch with a cut piece of another low tepal
(n=9). All manipulations were set before sunrise
and the temperature in the manipulated flowers was
compared with control flowers (n =40) (see Fig. 5).
We calculated and compared the flower’s warming
rate (measured in time that a flower needs to warm up
to 18 °C, see above) between different manipulations
of the black patch in a subset (7 =68) of flowers
in I atropurpurea populations NET (50 flowers, 8
genotypes) and KUR (18 flowers, 5 genotypes). Due to
the very low availability of flowers in YER (I. petrana),
we did not perform this experiment in this population.
Only measurements under sunny conditions were
considered. Due to the very low number of flowers
per manipulation, we pooled together both datasets
and applied a linear mixed model including treatment
as a predictor and population as a random effect. Times
were square-root transformed to achieve normality.
Pairwise Tukey comparisons were calculated with the
function "glht" from the R package "multcomp".

RESULTS

Experiment 1: Pollinator visitation in relation
with flower size

To test the effect of flower size on pollinators’ visitation,
we monitored the total number of bees observed each
night in each flower of the six size categories. Over
the course of 16 evenings, we observed a total of 101

bees in the tunnels of artificial flower models (Fig.
2a). Bees sheltered in intermediate and large flowers
(sizes 4 and 5) significantly more often than either the
very large (size 6) or small flowers (sizes 1-3) (Fig. 2b;
GLMM (Poisson) x*, = 13.69, P < 0.05).

Experiment 2: Flower size and its relationship
with flower temperature and fitness

Flower and black patch sizes

There was a significant difference in flower size,
calculated as projection size (length x width), between
populations in association with the latitudinal aridity
gradient (Fig. 3). Flowers in the northern site NET
(Netanya) were the largest (Mean + SE; 48.9 +0.8
cm?), followed by the flowers in the semi-arid site
KUR (Yavne, middle) (37.2+0.5 cm?) and flowers
in the desert site YER (Yeruham, south) were the
smallest (18.6+ 1.0 c¢m?) (Fig. 3a; Supplementary
Fig. S7a-d; LM, F, , =119.01, P<0.001). Total area
of the black patch was different between populations
(LM, F,,, = 71.21, P<0.001; Fig. 3b; Supplementary
Fig. S7e), due to a significant difference between
YER and the two L atropurpurea populations, which
did not significantly differ NET: 1.65 + 0.7 cm?, KUR:
1.57 £ 0.6 cm?, while the YER (1. petrana) population
was 38% smaller (0.62 +0.3 c¢m?). Relative area of
the black patch also varied among populations (LM,
F,,, = 22.29, P<0.001; Supplementary Fig. S7f),
the NET population was 20% smaller than KUR, but
no different from YER. Within populations, flower
size was positively correlated to black patch area in
NET and YER populations (P < 0.001, Supplementary
Fig. S8a).

Flower temperature

In all three populations, absolute temperature
increased over time, up to 140-150 min after
sunrise, both within flower tunnel and ambient
air outside the flower (Fig. 3c). Slopes calculated
from absolute temperatures per genotype differed
among populations (LM, F, . =145.8, P<0.001)
and between inside and outside the flower (LM,
F, ,,=15.5, P<0.001). Slopes were higher inside
the pollination tunnels, compared to ambient air
in all three populations but this difference was
significant in YER population only (Tukey test,
P <0.05, Supplementary Fig. S9). The required
time for a flower to warm up to 18 °C differed
among populations (~110-130 min; LM F, , =6.3,
P < 0.01), but it was significantly different compared
to ambient air in KUR (P < 0.05) and YER (P < 0.01)

(Fig. 3d). This time difference (Air-Tunnel) at
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Figure 2: Pollinators’ visits in artificial flowers. (a) Artificial iris flower being visited by a male Eucera bee. (Photo credit: Y.
Sapir). (b) Total number of male Eucera bees observed resting in artificial iris flowers in six size categories for all bees in the
experiment (16 nights, N total visits = 101). Different letters show significant differences based on Tukey tests (P < 0.001).

genotype level, showed mostly positive values
(Supplementary Fig. S10), indicating that the
flower tunnel always warms up faster than the
outside, just in variable rates. On average in NET
and KUR populations, the flower tunnel warms up
to 18 °C ~10 min faster than outside the flower,
while in YER the flower tunnel warms up ~35 min
faster (Fig. 3e). Within populations, no associations
between the flower’s warming rate and flower size
or black patch size were found (Supplementary Fig.
S8b, ¢).

Fitness and selection analysis

In I atropurpurea populations, the number of flowers
per genotype did not differ between NET (15.5 + 2.5)
and KUR (15.5 + 2.2), as well as number of fruits per
genotype (NET: 4.9 + 1.1, KUR: 3.8 + 0.5); however,
fruit set was higher in KUR than NET (35% vs.
26%, respectively, Supplementary Table S2). In
the I petrana Yeruham population, the number of
flowers per genotype, fruit and seed set could not be
calculated due to the low number of individuals that
flowered in the 2021 season (see above). Flower size
did not differ significantly in Yeruham between 2017
and 2021 (Supplementary Fig. S6a), and therefore,
we used data from 2017 for the number of seeds
per fruit. Unfortunately, the number of flowers/
fruits per genotype was not available for the 2017
season; thus, total fitness per genotype could not be
estimated. Mean number of seeds per fruit differed
significantly between populations (LM, F, . = 12.64,
P <0.001). Mean number of seeds per fruit in L
atropurpurea populations significantly differed, with

a lower number in the large-size population NET
(11.4 + 1.8) compared to the medium-size population
KUR (28.6 = 3.2, Tukey test P <0.01); the latter did
not differ significantly from 1. petrana population YER
(25.2 £ 2.1, Tukey test P> 0.05, Fig. 4a).

Relative fitness based on the number of seeds per
genotype did not depend on flower size, nor black
patch size in I atropurpurea (all P> 0.05). Total number
of flowers per genotype had an effect on the relative
fitness in the NET population only (P =0.04). We
found no selection in any population on flower size in
either of 1. atropurpurea populations (NET: 3 =-0.52,
P=0.325; KUR: B =-0.15, P=0.433, Supplementary
Fig. S11). We also did not find selection on black
patch size (NET: f =0.52, P=0.632; KUR: § =-0.06,
P=0.720) or number of flowers (NET: $=0.02,
P=0.07;, KUR: $=-0.005, P=0.535; Table 1). In
the I petrana YER population, we found significant
positive directional selection on flower size (p =0.14,
P=0.041), but not on black patch size (=0.10,
P=0.112; Table 1; Fig. 4b).

Experiment 3: Flower heating mechanism and
the role of the black patch

Black patch anatomy

The black patch located on the lower tepals
at the entrance of the tunnel (i.e. shelter) has
conical epidermal cells (Fig. 5a, d) and a very high
pigment concentration (C.J. van der Kooi, personal
observation). Petal thickness increases from the tip to
the black patch and the base of the tunnel (Fig. 5b—e),
which is observed in other flowers (e.g. van der Kooi
and Stavenga 2019).
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Figure 3: Flower size, black patch size and flower temperature per population. (a) Flower size decreased from NET to KUR
and YER populations located from north to south, while (b) black patch size varied between species only. (c) Temperature
(mean + SE) increases with time inside the flower tunnel compared to ambient air temperature. Dashed line denotes 18
°C, the minimum temperature for Fucera bees to fly and forage (Stone and Willmer 1989). (d) Time (minutes) from sunrise
to warm up to 18 °C in the flower tunnel and ambient air. Boxes describe the time after sunrise to warm up to 18 °C per
individual within each population; significance: *P < 0.05, **P < 0.01. Time difference in (e) refers to the difference in
minutes that the air outside-to-inside the tunnel flower takes to get up to 18 °C. Flower tunnel in NET and KUR warms up
~10 min faster than outside air, while in YER ~35 min faster.

Black patch manipulations 18 °C (see methods) of untouched "Control" flowers

We compared the time difference in minutes that the ~ to flowers with three manipulations, without the
air outside-to-inside the tunnel flower take to get up to cover of the tunnel ("No ceiling"), with covered
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Figure 4: Fitness and selection in YER population. (a) Fitness, measured as seeds per fruit per genotype, in three Iris
populations. Boxplots show the variation of fitness per individual within each population. (b) Positive selection for flower
size was found in Iris petrana YER population only. following Lande and Arnold (1983). Due to low flowering in YER
populations, seeds were measured in 2017; NET and KUR populations did not show any selection (Table 1, Figure S10).
Different letters above boxplots represent significant differences after Tukey post-hoc comparisons (P < 0.001). Black dots
inside the box plots show mean values. R = Pearson correlation coefficient.

Table 1: Selection analyses on flower and black patch sizes.

NET (1 = 37) KUR (1 = 46) YER (n = 122)
Trait B+ SE B+ SE B+ SE
Flower size 0.52 +£0.52 -0.15+0.19 0.15 + 0.08*
Black patch size -0.25 + 0.52 —-0.06 +0.18 0.10 + 0.06
Number of flowers 0.02 +£0.01 —0.005 + 0.009 —

Relative fitness was calculated based on seeds per genotype, and linear selection gradients (f§ + SE) were calculated on
flower size, black patch size and number of flowers per genotype in Iris atropurpurea populations (NET and KUR) and not
including the number of flowers in Iris petrana YER population. *P < 0.05, **P < 0.01.

black patch ("Patch covered"), and with only the
black patch ("Only patch"). The time difference
did not vary among manipulations, except for the
treatment ‘No ceiling” with significantly lower time
difference (P < 0.05), indicating no difference in time
to warm up to 18 °C between ambient air and the
flower tunnel. Manipulated flowers where the black
patch was left isolated or covered did not show any
difference compared to control flowers (Fig. 5f).

DISCUSSION

Establishing the link between floral display traits
and rewards is essential for understanding how
pollinators interact with plants and their impact on

plant fitness. We investigated the association between
flower size, black patch size, flower temperature
and female fitness in populations of nectarless, self-
incompatible Royal irises in Mediterranean and arid
climatic regions. We hypothesized that flower and
black patch sizes are positively associated with flower
temperature and that flower and black patch sizes are
under positive selection by pollinators. In addition,
we expected the black patch to play an important role
in flower heating. Our results using artificial flowers
indeed showed a pollinator preference for large sizes.
However, positive directional selection for larger
flowers was found only in YER population with the
smallest flowers, and selection for black patch size
was not found in any population. Flowers reached
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Figure 5: Black patch characteristics and its relationship with flower temperature. (a) Iris flowers have two kinds of tepals:
three upper ones called “standards” and three lower ones called “falls”. The pollination tunnel, where the bees shelter, is
formed by the petaloid style with a stigmatic surface at the tip and another inside; below it, the base part of the fall tepals
form a landing platform with yellow hairs, and a black patch is located at the center of the tepal at the entrance of the
tunnel. (b) Thickness of the fall petals decreases from hairs to the black patch and even more towards the fall tip. Cross-
sections show conical cells in the (d) upper surface of the black patch, (c) flat cells at the hairs and (e) convex cells at the
tip. (f) Modified flowers (i) without “ceiling” (petaloid style + anthers), (ii) “only patch” leaving only the hairs and black
patch and (iii) “patch covered” whose patch was covered it with a petal of another flower, were compared to untouched
control ones to test for flower temperature differences measured as the difference in minutes that the air outside-to-inside
the tunnel flower take to get up to 18 °C (take-off minimum temperature of Fucera bees). Manipulations were performed
on Iris atropupurea populations only. Scale bar = 200 pm. Tissue pictures: M. Kraaij, flower: S. Lozada-Gobilard.

18 °C—the minimum temperature for Eucera bees to
start flying and foraging—faster than the ambient air.
On average, flowers from NET and KUR populations
warmed up about 10 min faster, and the small-
flowered population YER about 35 min faster than the
outside air, suggesting that the smaller night shelter

in the flower tunnel might provide more favorable
conditions for bees to fly and forage sooner than the
outside environment. Within populations, this time
difference was not related to flower size or black patch
size. Finally, we found no evidence to support that the
black patch is involved in flower heating.

Page 11 of 16

GZ0z Jequieldag Qg uo Jasn Aseiqi| [esuad Ayseinos-Alisianiun AIAe |8} AQ 608/ L Z28/10 LieM/S/8 L /aone/adljwoo dno-olwapese/:sdiy wouy papeojumoq



J Plant Ecol, 2025, 18:rtaf104

Are larger flowers preferred by pollinators?

Pollinators prefer large artificial flowers, but selection
for size was evident only in the small-flowered
population. We found that night-sheltering bees prefer
to sleep in intermediate/large-size flower categories,
while there were less visits to the very large flowers.
Most bees visit artificial flowers between 76 and 105
cm? (Fig. 2b), but this range does not match the most
common size in the natural populations, (30-60 cm?
in I atropurpurea and 15-20 cm? in [. petrana, Fig. 3a).
The largest flowers observed in the NET population
were 87 cm? corresponding to category 4 (76-95
cm?), but most of the flowers in NET correspond
to size category 2 (40-60 cm?). Artificial flowers
were constructed mainly based on the sizes of I
atropurpurea, where size Categories 5 and 6 aimed
to expand the sizes observed in nature. Nonetheless,
these size categories can be found in other species of
Royal irises, such as I bismarckiana and I. hermona,
growing up to 100-120 cm? (Lozada-Gobilard et al.
2023; Sapir et al. 2002).

Even though the flower size of I petrana is not
directly represented by the artificial flowers, the
positive selection on flower size in the YER population
corroborates the preference of bees for larger flowers.
In the other natural populations of I. atropurpurea,
pollinators may still prefer larger flowers, but selection
might not be detected due to the limited variation in
flower size within the populations, possibly resulting
from a small sample size (Table 1). Another explanation
could be that in these populations, flower size might
be under balancing selection by environmental stress.
Water evaporation can exert negative directional
selection on flower size, and the present size
distribution is a balance between positive pollinator-
mediated selection and water-mediated selection.
These two explanations—limited trait variation and
balancing selection—are not mutually exclusive and
may interact along the aridity gradient. Floral trait
plasticity could allow plants to adjust their traits in
response to local environmental conditions, whereas
context-dependent selection regimes may cause the
strength and direction of selection to vary across sites.
For example, in drier populations, environmental
stress such as water loss may counteract pollinator
preferences for larger flowers. In addition, flower size
has been identified as a plastic trait in some species in
response to pollinators (Harder and Johnson 2005)
or water availability (e.g. Lambrecht 2013; Rose-
Person et al. 2024). Together, these factors can shape
the observed patterns of selection on floral traits.

More studies across a wider range of populations
and conditions are needed to disentangle the relative
importance of various agents of selection.

Flower and black patch sizes and their relation to
flower temperature

The size of the black patch did not differ between
L. atropurpurea populations, despite the marked
differences in flower size (Fig. 3a, b; Supplementary
Fig. S12). These results suggest that the size of the
black patch might be under stabilizing selection,
independent of the variation of flower size. Indeed,
it was recently identified in I. petrana that annual
differences in mean flower size correlate to mean
annual precipitation across years, whereas the black
patch size remained constant and independent of
precipitation changes (Lozada-Gobilard et al. 2022).
This again suggests that flower size in irises is a
plastic character that might be hardly, or not, under
pollinator-mediated selection, contradicting previous
results by Laviand Sapir (2015), who found pollinator-
mediated selection explicitly on flower size.

It is important to clarify that whereas flower size
and patch size may influence pollinator behavior,
we cannot conclude that selection was pollinator-
mediated, as fitness was not measured separately
in pollen-supplemented and control flowers, as in
Lavi and Sapir (2015). Thus, the role of pollinators
in driving selection remains uncertain. Still, in the
small-flower YER population, positive selection on
flower size supports the idea that they may serve as
honest signals for larger shelters. However, whether
they also signal a heat reward remains unclear due
to the limited temperature data collected within the
population and a relatively small sample size. Future
research should explore the potential for conflicting
selection, where larger flowers indicate larger shelters,
yet larger shelters may provide less temperature
increase.

No evidence for the contribution of the black
patch to flower heating

Morphologically unique characteristics of the
black patch (i.e. conical cells, the high pigment
concentration) might be involved in the flower
heating mechanism. Floral manipulations in the
field, however, did not support our hypothesis that
the black patch plays a role in warming of the flower.
In our manipulation experiments, the warming rate
measured as time difference (Air—Tunnel) with
“only patch” and “patch covered” did not differ from
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untouched control flowers (Fig. 5f), suggesting that
the presence of the black patch does not improve the
warming rate of the flowers. On the other hand, it is
known that conical epidermal cells create a spatially
homogenous (matte) visual signal (Stavenga et al.
2020; van der Kooi et al. 2014). The spatially consistent
visual appearance, together with the extremely dark
patch, may make the flowers easier for pollinators to
detect (Stavenga et al. 2020). We found no evidence
that supports the role of the black patch in heating
the flower, but it might be an important cue for
pollinators guiding them towards the entrance of the
shelter.

Finally, it is important to note that the third
experiment investigating the role of the black patch
in floral warming is limited by relatively small sample
sizes for the manipulated treatments (nz =9-10 per
group). We acknowledge that the low sample size may
reduce the statistical power to detect subtle effects.
Therefore, the absence of a detected effect of the black
patch on warming rate should be interpreted with
caution. Future studies are needed to more robustly
assess the potential thermoregulatory role of the
black patch.

Do flower shelters warm up enough to be
considered as a reward for the bees?

The temperature reported here corresponds to the
air cavity of the flower tunnel, but its surface or
top temperature may also play a role, as it could
transfer heat to bees through direct contact. Since the
flower tunnel surface and top temperatures are not
significantly different from the air cavity temperature
(Supplementary Fig. S13), the latter provides a
reasonable approximation of the temperature
experienced by the bees. This suggests that measuring
air cavity temperature is a reliable way to assess the
thermal environment bees encounter inside the
flower and that this heat could serve as a potential
floral reward for visiting bees.

The minimum temperature for FEucera bees to
start flying and foraging is 18 °C (Stone and Willmer
1989). Assuming that the bee's body temperature is
similar to the ambient temperature (Heinrich and
Esch 1994), the temperature inside the flower tunnel
determines when the bees are ready to fly away. If
flowers warm up faster than the surrounding air,
they could provide a “head start” by accelerating their
warming rate. Indeed, we found that the warming
inside the flower is faster, suggesting that the flower
may give the bees an advantage over those resting
outside.

Even though the time to reach 18 °C can be as
much as ~35 min faster than ambient air (Fig. 3e),
the flower still needs between 80 and 140 min after
sunrise to reach this temperature (Fig. 3¢, d). This
time interval does not match the previously observed
bee emergence from these irises, which typically
occurs between 60 and 80 min according to Monty
et al. (2006) and Sapir et al. (2006). This mismatch
between flower warming and bee emergence may
be context-specific, as the minimum air temperature
required for foraging varies between species from
cooler and warmer climates (Stone and Willmer
1989). In addition, bees may bask in sunlight or
increase their metabolic rate to cope with cooler
conditions, or delay their activity until the flowers
reach optimal temperatures.

Our data shows a slow yet consistent increase
in absolute temperature, mainly in NET and KUR
populations (Fig. 3c), putatively resulting in a
prolonged heat accumulation in these flowers
compared to small-sized ones, likely due to greater
radiant energy uptake. It is known that during the
day, flowers remain warm with a mean temperature
difference to the ambient air of 0.5-2 °C (Monty et
al. 2006; Sapir et al. 2006). We hypothesize that heat
retention in large flowers might be preferred by the
bees at sunset. Follow-up studies should focus on
pollinator preferences and temperature changes
during the whole day on different flower size ranges,
especially on whether pollinators search for long heat
heat-accumulating large flowers at sunset.

CONCLUSIONS

We studied the relationship between flower size and
flower temperature in the Royal irises using artificial
flowers and in three natural populations. Our
results suggest that in Royal irises, larger flowers are
preferred by the pollinators and might primarily serve
as a visual display to attract them. Whereas the black
patch might function as a visual cue for pollinators,
guiding them to the shelter entrance, rather than
absorbing and transferring heat. The temperature
increase within the flowers was driven by sunrise
radiation in the morning, and it was independent of
flower or black patch size. The rapid warming inside
flowers might provide a “head start”, likely allowing
bees to start foraging sooner than they would after
having spent the night outside the flowers. This time
advantage may play a key role in pollinator attraction
and reproductive success across different climates.
Future research should explore whether large flowers
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retain warmth longer, especially into the evening, and
examine how flower size influences the behavior and
sheltering choices of bees over the course of the day.
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Method S1: Methods for creating artificial flowers.
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Figure S5: Fit of linear regression per flower in YER
population for slope calculation.

Figure S6: Iris petrana flower size, mean annual
rainfall and maximum ground temperature between
2017 and 2021.

Figure S7: Size measurements of the entire flower
and the black patch.

Figure S8: Relationship between flower, black patch
size and time to warm up to 18 °C within populations.
Figure S9: Slopes of absolute temperature inside vs.
outside flower tunnel.

Figure S10: Time difference in minutes that the air
outside-to-inside the tunnel flower take to get up to
18 °C per genotype.

Figure S11: Selection analyses based on seeds per
fruit in Iris atropurpurea.

Figure S12: Flower size variation within genotypes.
Figure S13: Absolute temperature inside the flower
tunnel at different flower positions: air cavity “tunnel”,
surface “floor” and top “ceiling” in comparison to
outside ambient air.

Authors' Contributions

Y.S., LK., M.K.G. and S.L.G. designed the study. O.B.,
M.KX.G., R.H., M.G. and S.L.G. collected the data with
the help of Y.B. and Y.S. K.G. and O.B. performed the
first experiment. R.H. did the flower manipulations
in the field. C.J.v.d.K. and M.K. performed the cross-
sections and tissue measurements. S.L.G. analyzed
the data and wrote the manuscript. All coauthors

contributed significantly with helpful discussions
and worked together on the final version of the
manuscript.

Funding

This work was supported by a postdoctoral fellowship
from the University of Potsdam—Tel Aviv University
collaboration program to SLG, by funding from the
Israel Science Foundation (336/16) to Y.S., and from
the Human Frontier Science Program (RGP023/2023,
https://doi.org/10.52044/HFSP.RGP0232023.
pc.gr.168611) and AFOSR (FA8655-23-1-7049) to
C.J.v.d.K.

Acknowledgements

The authors thank all the people who helped
with the collection of the data in the field: Esther
Senden, Michelle Talal, Valentina Elettra Alberti,
Daniele Garzoni, Jasmin Harper, Lee Kleiman, Dana
Noyman and Uri Beers. S.L.G. acknowledges Sofia
Paraskevopoulou and Rok Cestnik for very helpful
discussions. We thank the two anonymous reviewers
for their comments and constructive suggestions,
which significantly improved the quality of this
manuscript.

Conflict of interest statement. The authors declare that
they have no conflict of interest.

Data Availability

Raw data and R script code for this manuscript
are provided on  Figshare: https://figshare.
com/s/59378d3238afb4d5bc77.

REFERENCES

Armbruster WS, Antonsen L, Pélabon C (2005) Phenotypic
selection on Dalechampia blossoms: honest signaling affects
pollination success. Ecology 86:3323-3333. https://doi.
0rg/10.1890/04-1873

Avishai M, Zohary D (1980) Genetic affinities among
the Oncocyclus irises. Bot Gaz 141:107-115. https://doi.
0org/10.1086/337130

Baker HG, Baker I (1979) Starch in angiosperm pollen grains
and its evolutionary significance. Am J Bot 66:591-600.
https://doi.org/10.1002/j.1537-2197.1979.tb06262.x

Campbell DR (1996) Evolution of floral traits in a
hermaphroditic plant: field measurements of heritabilities
and genetic correlations. Evol Int J Org Evol 50:1442-1453.
https://doi.org/10.1111/j.1558-5646.1996.tb03918.x

Campos EO, Bradshaw HD, Daniel TL (2015) Shape matters:
corolla curvature improves nectar discovery in the
hawkmoth Manduca sexta. Funct Ecol 29:462-468. https://
doi.org/10.1111/1365-2435.12378

Chui SX, Keller A, Leonhardt SD (2021) Functional resin
use in solitary bees. Ecol Entomol 47:115-136. https://doi.
org/10.1111/een.13103

Page 14 of 16

Gz0z Jequisldas og uo Jasn Aselqi| [enuad Ayselnos-Ajisiaaiun AIAe [81 Aq 608/ | 28/t0 L1e/S/8 L /a1onie/adl/woo dno-olwapeoe)/:sdiy Wwoll papeojumo(]


https://doi.org/10.52044/HFSP.RGP0232023.pc.gr.168611
https://doi.org/10.52044/HFSP.RGP0232023.pc.gr.168611
https://figshare.com/s/59378d3238afb4d5bc77
https://figshare.com/s/59378d3238afb4d5bc77
https://doi.org/10.1890/04-1873
https://doi.org/10.1890/04-1873
https://doi.org/10.1086/337130
https://doi.org/10.1086/337130
https://doi.org/10.1002/j.1537-2197.1979.tb06262.x
https://doi.org/10.1111/j.1558-5646.1996.tb03918.x
https://doi.org/10.1111/1365-2435.12378
https://doi.org/10.1111/1365-2435.12378
https://doi.org/10.1111/een.13103
https://doi.org/10.1111/een.13103

J Plant Ecol, 2025, 18:rtaf104

Dafni A, Ivri Y, Brantjes NBM (1981) Pollination of Serapis
vomeracea Briq. (Orchidaceae) by imitation of holes for sleeping
solitary male bees (Hymenoptera). Acta Bot Neerl 30:69—
73. https://doi.org/10.1111/j.1438-8677.1981.tb00388.x

Dietrich L, Korner C (2014) Thermal imaging reveals massive
heat accumulation in flowers across a broad spectrum of
alpine taxa. Alp Bot 124:27-35. https://doi.org/10.1007/
s00035-014-0123-1

Faegri K, van der Pijl L (1979) The Principles of Pollination
Ecology, 3rd edn. Oxford: Pergamon Press, 244 p.

Fenster CB, Cheely G, Dudash MR, et al. (2006) Nectar reward
and advertisement in hummingbird-pollinated Silene
virginica (Caryophyllaceae). Am J Bot 93:1800-1807. https://
doi.org/10.3732/ajb.93.12.1800

Gaglianone MC (2000) Behavior on flowers, structures
associated to pollen transport and nesting biology
of  Perditomorpha brunerii and  Cephalurgus anomalus
(Hymenoptera: Colletidae, Andrenidae). Rev Biol Trop
48:89-99. http://www.scielo.sa.cr/scielo.php?script=sci_
arttext&pid=5S0034-77442000000100010&1Ing=en&tlng
=en

Galen C (1989) Measuring pollinator-mediated selection on
morphometric floral traits: bumblebees and the alpine sky
pilot, Polemonium viscosum. Evol Int J Org Evol 43:882-890.
https://doi.org/10.1111/j.1558-5646.1989.tb05185.x

Galen C (1997) Why do flowers vary? BioScience 49:631-640.
https://doi.org/10.2307/1313439

Galen C, Sherry RA, Carroll AB (1999) Are flowers physiological
sinks or faucets? Costs and correlates of water use by flowers
of Polemonium viscosum. Oecologia 118:461-470. https://doi.
0rg/10.1007/s004420050749

Gallagher MK, Campbell DR (2017) Shifts in water availability
mediate plant-pollinator interactions. New Phytol 215:792—
802. https://doi.org/10.1111/nph.14602

Garcia Y, Dow BS, Parachnowitsch AL (2023) Water deficit
changes patterns of selection on floral signals and nectar
rewards in the common morning glory. AoB Plants
15:plad061. https://doi.org/10.1093/aobpla/plad061

Harder LD, Johnson SD (2005) Adaptive plasticity of floral
display size in animal-pollinated plants. Proc Biol Sci
272:2651-2657. https://doi.org/10.1098/rspb.2005.3268

Harper JL (1977) Population Biology of Plants. London: Academic
Press.

Heinrich B, Esch H (1994) Thermoregulation in bees. Am Sci
82:164-170. https://www.jstor.org/stable/29775151

Hemborg AM, Bond WJ (2005) Different rewards in female
and male flowers can explain the evolution of sexual
dimorphism in plants. Biol J Linn Soc 85:97-109. https://doi.
org/10.1111/j.1095-8312.2005.00477.x

Herrera CM (1995) Floral biology, microclimate, and pollination
by ectothermic bees in an early-blooming herb. Ecology
76:218-228. https://doi.org/10.2307/1940644

Hu Y, Doi M, Imanishi H (1998) Competitive water relations
between leaves and flower bud during transport of cut roses.
J Japan Soc Hort Sci 67:532-536. https://doi.org/10.2503/
jjshs.67.532

Johnston MO (1991) Natural selection on floral traits in two
species of Lobelia with ditferent pollinators. Evol Int J Org Evol

45:1468-1479. https://doi.org/10.1111/j.1558-5646.1991.
th02649.x

Kevan PG (1975) Sun-tracking solar furnaces in high arctic
flowers: significance for pollination and insects. Sciernce
189:723-726.https://doi.org/10.1126/science.189.4204.723

van der Kooi CJ, Kevan PG, Koski MH (2019) The thermal
ecology of flowers. Ann Bot 124:343-353. https://doi.
org/10.1093/aob/mcz073

van der Kooi CJ, Stavenga DG (2019) Vividly coloured poppy
flowers due to dense pigmentation and strong scattering
in thin petals. J Comp Physiol A Neuroethol Sensory Neural
Behav  Physiol  205:363-372.  https://doi.org/10.1007/
s00359-018-01313-1

van der Kooi CJ, Reuvers L, Spaethe J (2023) Honesty,
reliability, and information content of floral signals. iSciernce
26:107093. https://doi.org/10.1016/j.is¢i.2023.107093

van der Kooi CJ, Wilts BD, Leertouwer HL, et al. (2014)
Iridescent flowers? Contribution of surface structures to
optical signaling. New Phytol 203:667-673. https://doi.
org/10.1111/nph.12808

van der Kooi CJ, Vallejo-Marin M, Sara DL (2021) Mutualisms
and (A)symmetry in plant-pollinator interactions. Curr Biol
31:91-99. https://doi.org/10.1016/j.cub.2020.11.020

Kraaij M, van der Kooi CJ (2020) Surprising absence of
association between flower surface microstructure and
pollination system. Plant Biol 22:177-183. https://doi.
org/10.1111/plb.13071

Kuppler J, Kotowska MM (2021) A meta-analysis of responses
in floral traits and flower-visitor interactions to water deficit.
Glob Change Biol 27:3095-3108. https://doi.org/10.1111/
gcb.15621

Lambrecht SC (2013) Floral water costs and size variation in
the highly selfing Leptosiphon bicolor (Polemoniaceae). Int J
Plant Sci 174:74-84. https://doi.org/10.1086/668230

Lande R, Arnold SJ (1983) The measurement of selection on
correlated characters. Evol Int J Org Evol 37:1210-1226.
https://doi.org/10.1111/j.1558-5646.1983.tb00236.x

Lavi R, Sapir Y (2015) Are pollinators the agents of selection
for the extreme large size and dark color in Oncocyclus
irises? New Phytol 205:369-377. https://doi.org/10.1111/
nph.12982

Lebel M, Obolski U, Hadany L, ef al. (2018) Pollinator-mediated
selection on floral size and tube color in Linum pubescens: can
differential behavior and preference in different times of the
day maintain dimorphism? Eco/ Evol 8:1096-1106. https://
doi.org/10.1002/ece3.3683

Lozada-Gobilard S, Nielsen N, Sapir Y (2023) Flower size as an
honest signal in Royal irises (Iris section Oncocyclus, Iridaceae).
Plants 12:2978. https://doi.org/10.3390/plants12162978

Lozada-Gobilard S, Motter A, Sapir Y (2022) Among-years
rain variation is associated with flower size, but not with
signal patch size in Iris petrana. Ecology 104:1-6. https://doi.
org/10.1002/ecy.3839

Mathew B (1989) The Iris. London: Batsford, London.

Monty A, Saad L, Mahy G (2006) Bimodal pollination
system in rare endemic Oncocyclus irises (Iridaceae) of
Lebanon. Can J Bot 84:1327-1338. https://doi.
org/10.1139/b06-081

Page 15 of 16

Gz0z Jequisldas og uo Jasn Aselqi| [enuad Ayselnos-Ajisiaaiun AIAe [81 Aq 608/ | 28/t0 L1e/S/8 L /a1onie/adl/woo dno-olwapeoe)/:sdiy Wwoll papeojumo(]


https://doi.org//10.1111/j.1438-8677.1981.tb00388.x
https://doi.org/10.1007/s00035-014-0123-1
https://doi.org/10.1007/s00035-014-0123-1
https://doi.org/10.3732/ajb.93.12.1800
https://doi.org/10.3732/ajb.93.12.1800
http://www.scielo.sa.cr/scielo.php?script=sci_arttext&pid=S0034-77442000000100010&lng=en&tlng=en
http://www.scielo.sa.cr/scielo.php?script=sci_arttext&pid=S0034-77442000000100010&lng=en&tlng=en
http://www.scielo.sa.cr/scielo.php?script=sci_arttext&pid=S0034-77442000000100010&lng=en&tlng=en
https://doi.org/10.1111/j.1558-5646.1989.tb05185.x
https://doi.org/10.2307/1313439
https://doi.org/10.1007/s004420050749
https://doi.org/10.1007/s004420050749
https://doi.org/10.1111/nph.14602
https://doi.org/10.1093/aobpla/plad061
https://doi.org/10.1098/rspb.2005.3268
https://www.jstor.org/stable/29775151
https://doi.org/10.1111/j.1095-8312.2005.00477.x
https://doi.org/10.1111/j.1095-8312.2005.00477.x
https://doi.org/10.2307/1940644
https://doi.org/10.2503/jjshs.67.532
https://doi.org/10.2503/jjshs.67.532
https://doi.org/10.1111/j.1558-5646.1991.tb02649.x
https://doi.org/10.1111/j.1558-5646.1991.tb02649.x
https://doi.org/10.1126/science.189.4204.723
https://doi.org/10.1093/aob/mcz073
https://doi.org/10.1093/aob/mcz073
https://doi.org/10.1007/s00359-018-01313-1
https://doi.org/10.1007/s00359-018-01313-1
https://doi.org/10.1016/j.isci.2023.107093
https://doi.org/10.1111/nph.12808
https://doi.org/10.1111/nph.12808
https://doi.org/10.1016/j.cub.2020.11.020
https://doi.org/10.1111/plb.13071
https://doi.org/10.1111/plb.13071
https://doi.org/10.1111/gcb.15621
https://doi.org/10.1111/gcb.15621
https://doi.org/10.1086/668230
https://doi.org/10.1111/j.1558-5646.1983.tb00236.x
https://doi.org/10.1111/nph.12982
https://doi.org/10.1111/nph.12982
https://doi.org/10.1002/ece3.3683
https://doi.org/10.1002/ece3.3683
https://doi.org/10.3390/plants12162978
https://doi.org/10.1002/ecy.3839
https://doi.org/10.1002/ecy.3839
https://doi.org/10.1139/b06-081
https://doi.org/10.1139/b06-081

J Plant Ecol, 2025, 18:rtaf104

Nicholls E, Hempel de Ibarra N (2017) Assessment of pollen
rewards by foraging bees. Funct Ecol 31:76-87. https://doi.
org/10.1111/1365-2435.12778

Ortiz PL, Fernandez-Diaz P, Pareja D, etal. (2021) Do visual traits
honestly signal floral rewards at community level? Funct
Ecol 35:369-383. https://doi.org/10.1111/1365-2435.13709

Parachnowitsch AL, Manson JS, Sletvold N (2019)
Evolutionary ecology of nectar. Ann Bot 123:247-261.
https://doi.org/10.1093/aob/mcy132

Pélabon C, Thone P, Hansen TF, et al. (2012) Signal honesty
and cost of pollinator rewards in Dalechampia scandens
(Euphorbiaceae). Ann Bot 109:1331-1340. https://doi.
org/10.1093/aob/mcs091

Policha T, Davis A, Barnadas M, et al. (2016) Disentangling
visual and olfactory signals in mushroom-mimicking Dracula
orchids using realistic three-dimensional printed flowers.
New  Phytol 210:1058-1071. https://doi.org/10.1111/
nph.13855

Rejskova A, Brom J, Pokorny J, et al. (2010) Temperature
distribution in light-coloured flowers and inflorescences
of early spring temperate species measured by infrared
camera. Flora 205:282-289. https://doi.org/10.1016/].
flora.2009.05.001

Roguz K, Gallagher MK, Senden E, et al. (2020) All the colors of
the rainbow: diversification of flower color and intraspecific
color variation in the genus Iris. Front Plant Sci 11:569811.
https://doi.org/10.3389/fpls.2020.569811

Rose-Person A, Santiago LS, Rafferty NE (2024) Drought stress
influences foraging preference of a solitary bee on two
wildflowers. Ann Bot 135:153-164. https://doi.org/10.1093/
aob/mcae048

Roulston TH, Cane JH (2000) Pollen nutritional content and
digestibility for animals. Plant Sys Evol 222:187-209. https://
doi.org/10.1007/b100984102

Sapir Y, Shmida A, Fragman O, et al. (2002) Morphological
variation of the Omncocyclus irises (Iris: Iridaceae) in the
southern Levant. Bot J Linn Soc 139:369-382. https://doi.
0rg/10.1046/j.1095-8339.2002.00067.x

Sapir Y, Shmida A, Ne’eman G (2005) Pollination of Oncocyclus
irises (Iris: Iridaceae) by night-sheltering male bees. Plant Biol
7:417-424. https://doi.org/10.1055/s-2005-837709

Sapir Y, Shmida A, Ne’eman G (2006) Morning floral heat as
a reward to the pollinators of the Oncocyclus irises. Oecologia
147:53-59. https://doi.org/10.1007/s00442-005-0246-6

Schneider CA, Rasband WS, Eliceiri KW (2012) NIH Image to
ImageJ: 25 years of image analysis. Nat Methods 9:671-675.
https://doi.org/10.1038/nmeth.2089

Scrosati R (2002) An updated definition of genet applicable to
clonal seaweeds, bryophytes, and vascular plants. Basic Appl
Ecol 3:97-99. https://doi.org/10.1078/1439-1791-00106

Seymour RS, Matthews PGD (2006) The role of thermogenesis
in the pollination biology of the Amazon waterlily Victoria
amazonica. Ann Bot 98:1129-1135. https://doi.org/10.1093/
aob/mcl201

Seymour RS, Schultze-motel P (1997) Heat-producing
flowers. Endeavour 21:125-129. https://doi.org/10.1016/
$0160-9327(97)80222-0

Seymour RS, White CR, Gibernau M, et al. (2003) Heat reward
for insect pollinators. Nature 426:243-244. https://doi.
org/10.1038/426243a

Spaethe J, Tautz J, Chittka L (2001) Visual constraints in
foraging bumblebees: flower size and color affect search
time and flight behavior. Proc Natl Acad Sci USA 98:3898—
3903. https://doi.org/10.1073/pnas.071053098

Stanton ML, Preston RE (1988) Ecological consequences and
phenotypic correlates of petal size variation in wild radish,
Raphanus sativus (Brassicaceae). Am J Bot 75:528-539.
https://doi.org/10.1002/j.1537-2197.1988.tb13471.x

Stavenga DG, Staal M, Kooi CJVD (2020) Conical epidermal
cells cause velvety colouration and enhanced patterning in:
Mandevilla flowers. Faraday Discuss 223:98-106. https://doi.
org/10.1039/d0fd00055h

Stone GN, Willmer PG (1989) Warm-up rates and body
temperatures in bees: the importance of body size, thermal
regime and phylogeny. J Exp Biol 147:303-328. https://doi.
0rg/10.1242/jeb.147.1.303

Tavares DC, Freitas L, Gaglianone MC (2016) Nectar volume
is positively correlated with flower size in hummingbird-
visited flowers in the Brazilian Atlantic Forest. J Trop Ecol
32:335-339. https://doi.org/10.1017/50266467416000250

Vereecken NJ, Dorchin A, Dafni A, ef al. (2013) A pollinators’
eye view of a shelter mimicry system. Ann Bot 111:1155—
1165. https://doi.org/10.1093/aob/mct081

Watts S, Sapir Y, Segal B, et al. (2013) The endangered Iris
atropurpurea (Iridaceae) in Israel: honey-bees, night-
sheltering male bees and female solitary bees as pollinators.
Ann  Bot 111:395-407. https://doi.org/10.1093/aob/
mcs292

Willmer P (2011)  Pollination —and  Floral  Ecology.
Princeton, NJ: Princeton University Press. https://doi.
0rg/10.1515/9781400838943

Zhang FP, Brodribb TJ (2017) Are flowers vulnerable to
xylem cavitation during drought? Proc R Soc B Biol Sci
284:20162642. https://doi.org/10.1098/rspb.2016.2642

Page 16 of 16

Gz0z Jequisldas og uo Jasn Aselqi| [enuad Ayselnos-Ajisiaaiun AIAe [81 Aq 608/ | 28/t0 L1e/S/8 L /a1onie/adl/woo dno-olwapeoe)/:sdiy Wwoll papeojumo(]


https://doi.org/10.1111/1365-2435.12778
https://doi.org/10.1111/1365-2435.12778
https://doi.org/10.1111/1365-2435.13709
https://doi.org/10.1093/aob/mcy132
https://doi.org/10.1093/aob/mcs091
https://doi.org/10.1093/aob/mcs091
https://doi.org/10.1111/nph.13855
https://doi.org/10.1111/nph.13855
https://doi.org/10.1016/j.flora.2009.05.001
https://doi.org/10.1016/j.flora.2009.05.001
https://doi.org/10.3389/fpls.2020.569811
https://doi.org/10.1093/aob/mcae048
https://doi.org/10.1093/aob/mcae048
https://doi.org/10.1007/bf00984102
https://doi.org/10.1007/bf00984102
https://doi.org/10.1046/j.1095-8339.2002.00067.x
https://doi.org/10.1046/j.1095-8339.2002.00067.x
https://doi.org/10.1055/s-2005-837709
https://doi.org/10.1007/s00442-005-0246-6
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1078/1439-1791-00106
https://doi.org/10.1093/aob/mcl201
https://doi.org/10.1093/aob/mcl201
https://doi.org/10.1016/s0160-9327(97)80222-0
https://doi.org/10.1016/s0160-9327(97)80222-0
https://doi.org//10.1038/426243a
https://doi.org//10.1038/426243a
https://doi.org/10.1073/pnas.071053098
https://doi.org/10.1002/j.1537-2197.1988.tb13471.x
https://doi.org/10.1039/d0fd00055h
https://doi.org/10.1039/d0fd00055h
https://doi.org/10.1242/jeb.147.1.303
https://doi.org/10.1242/jeb.147.1.303
https://doi.org/10.1017/s0266467416000250
https://doi.org/10.1093/aob/mct081
https://doi.org/10.1093/aob/mcs292
https://doi.org/10.1093/aob/mcs292
https://doi.org/10.1515/9781400838943
https://doi.org/10.1515/9781400838943
https://doi.org/10.1098/rspb.2016.2642

	Flower display and temperature in Royal irises (Iris section Oncocyclus, Iridaceae)
	INTRODUCTION
	MATERIALS AND METHODS
	Study species
	Experiment 1: Pollinator visitation in relation to flower size
	Artificial flowers
	Pollinator preference—Artificial flowers

	Experiment 2: Flower and black patch sizes and its relationship with flower temperature and fitness
	Natural populations
	Flower and black patch size measurements
	Flower temperature measurements
	Fitness and selection analyses

	Experiment 3: Flower warming mechanism, the role of the black patch
	Black patch anatomy
	Black patch manipulations


	RESULTS
	Experiment 1: Pollinator visitation in relation with flower size
	Experiment 2: Flower size and its relationship with flower temperature and fitness
	Flower and black patch sizes
	Flower temperature
	Fitness and selection analysis

	Experiment 3: Flower heating mechanism and the role of the black patch
	Black patch anatomy
	Black patch manipulations


	DISCUSSION
	Are larger flowers preferred by pollinators?
	Flower and black patch sizes and their relation to flower temperature
	No evidence for the contribution of the black patch to flower heating
	Do flower shelters warm up enough to be considered as a reward for the bees?

	CONCLUSIONS
	Supplementary Material
	Acknowledgements
	REFERENCES


