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HIGHLIGHTS GRAPHICAL ABSTRACT

Warming and drought studies on tropical
plant-insect interactions are rare.
Warming increased sugar concentration in
nectar of S. capitata.

Warming accelerated flower opening af-
fecting plant-flower visitor interactions.
Water deficiency and warming negatively
affect the number of floral visitors.
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climate change scenarios will impact interactions between plants and their flower visitors in the tropics. This study an-
alyzes the effects of warming and two soil water conditions on interactions between the tropical forage legume species
Stylosanthes capitata and its floral visitors during the flowering period. We used a temperature-free air-controlled en-
hancement (T-FACE) facility to simulate future warming scenarios by increasing canopy temperature. The tested treat-
ments were: irrigated and ambient canopy temperature (Control); non-irrigated and ambient canopy temperature (wS);
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Forage species tration in the nectar, and plant-flower visitor interactions were assessed. In the warmed treatments, S. capitata flower

Pollination opening occurred ~45 min earlier compared to non-warmed treatments, and flowers remained opened for only ~3 h.

xa: ming Further, the sugar concentration in the nectar from eT was 39% higher than in the Control. The effects of warming on
ater stress

floral biology and flower resource production in S. capitata had an impact on the plant—floral visitor relationships with
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the bees Apis mellifera and Paratrigona lineata, the most abundant potential pollinating floral visitors, and the butterfly
visitor Hemiargus hanno. Additionally, around noon, the interactive and additive effects of the combined wS and eT
treatments decreased insect visiting frequency. These results suggest that warming and soil water deficiency could af-
fect flower—visitor interactions and thus the reproductive success of S. capitata in tropical belts.

1. Introduction

Anthropogenic emissions of greenhouse gases (GHG) such as CO,, CH,,
and N,O from the use of fossil fuels, agriculture, livestock production, and
land use changes have resulted in an increase in the global temperature of
~1 °C above pre-industrial levels (IPCC, 2021). As a result of continued an-
thropogenic GHG emissions, climate models predict several future climate
scenarios, one of which is a 1.5 to 2 °C increase in average global tempera-
ture by the end of the 21st century (IPCC, 2014, 2018). Along with in-
creased temperatures, more frequent and intense drought, heat waves,
and flooding are also expected (Wu et al., 2011; Folland et al., 2018;
IPCC, 2014, 2018, 2021).

The percentage of animal-pollinated species increases from 78% in the
temperate belt to 94% in the tropics (Ollerton et al., 2011), where native
and cultivated plants are pollinated by more than 20,000 bees and other in-
sects, and vertebrates (Patricio-Roberto and Campos, 2014; IPBES, 2016).
However, the individual and combined effects of global warming and
drought threaten the adaptive capacity of ecosystems which can have sig-
nificant ecological and economic impacts on the world's plant and animal
species (Ockendon et al., 2014; IPCC, 2014, 2018; Malhi et al., 2020;
Roman-Palacios and Wiens, 2020; Portner et al., 2021). Climate change
may disrupt interspecific interactions between pollinators and plants
(Memmott et al., 2007; Hegland et al., 2009; DeLucia et al., 2012;
Ockendon et al., 2014; Alzate-Marin et al., 2021a,b), affecting human live-
lihoods, food security, and public health, especially among marginalized
populations (Kjghl et al., 2011; Portner et al., 2021).

Temperature affects the timing of both plant flowering and pollinator
activity (Scaven and Rafferty, 2013). Insects and plants may respond differ-
ently to changing temperatures, producing phenological mismatches that
can affect plants, due to a reduction in insect visitation and pollen deposi-
tion, as well as pollinators through reduced access to food resources
(Hegland et al., 2009). The reproductive success of plants is associated
with flower opening/closing strategies since these strategies affect pollen
removal, pollination, and the provision of resources by the plant (van
Doorn and van Meeteren, 2003; Baude et al., 2016). Also, the timing of
nectar production determines when flower visitation occurs, influencing
the reproductive success of plants (Biella et al., 2021). The effects of
warming on early floral opening (Alzate-Marin et al., 2021a) and high
rate of early photosynthesis (Habermann et al., 2019, 2021) have been ob-
served for Stylosanthes capitata. Temperature-induced early floral opening is
probably associated with early morning photosynthesis and endogenous
auxin activity (Ke et al., 2018). Variations in temperature and water avail-
ability also have an impact on nectar secretion and sugar content
(Petanidou and Smets, 1996; Descamps et al., 2018, 2021), affecting the be-
havior of flower visitors. Furthermore, warmer flowers may be more attrac-
tive to pollinators, as changes in color help to improve their detectability by
insects, while bees tend to prefer warm nectar (Norgate et al., 2010). This
preference is associated with the lower viscosity of warmed nectar, which
allows for faster feeding, providing the energy needed for flight (Atamian
et al., 2016; Dyer et al., 2006; Afik and Shafir, 2007; Nicolson et al.,
2013). However, sucrose concentration takes precedence over tempera-
ture, so bees tend to choose the sweetest source, even if the less sweet
source is warmer (Whitney et al., 2008). In extreme situations, plants sub-
jected to heat and water stress can begin flowering without producing
nectar, limit the number of flowers and the proportion of flowers with nec-
tar, or flower earlier as a drought mitigation strategy (Petanidou and Smets,
1996; Ivey and Carr, 2012; Phillips et al., 2018). The consequences of such
changes in floral characteristics can lead to a reduction or even suppression
in the number of visits by pollinating insects, thus compromising the

intricate interactions between these organisms (Hoover et al., 2012;
Scaven and Rafferty, 2013).

Although many studies have examined the effects of elevated tempera-
ture, drought, and water stress on crop growth, development, and yield
(Prasad et al., 2008), the impacts of these abiotic stresses on pollination
are less well understood (Kjghl et al., 2011; Mueller et al., 2020). Further,
studies evaluating the effects of climate change on plant-insect interactions
in the tropics are scarce (Deutsch et al., 2008; Descamps et al., 2021). Here,
we studied the effects of warming (an increase of 2 °C above ambient can-
opy temperature) and water deficit on plant-flower visitor interactions
for Stylosanthes capitata Vogel, a sub-shrub, leguminous species of the
Fabaceae family that is native to South America. The species is ecologically
and economically important as forage as it can be grown in acidic and low-
fertility soils in savanna regions (Alzate-Marin et al., 2020; Cook et al.,
2020; Schultze-Kraft et al., 2020). S. capitata depends on pollinators to pro-
duce self-fertilized and outcrossed seeds since it has a mixed mating system
with outcrossing rates ranging from 12% to 53% (Miles, 1983; Santos-
Garcia et al., 2011; Alzate-Marin et al., 2021a).

Previous studies have shown that plants subjected to heat and water
stress can limit their floral resources as a drought mitigation strategy
(Petanidou and Smets, 1996; Ivey and Carr, 2012; Phillips et al., 2018;
Hoover et al., 2012; Scaven and Rafferty, 2013). We hypothesize that the
interaction of warming and water deficit will decrease floral visitors and
pollinator attraction to S. capitata due to the adverse effects of these stresses
on nectar and sugar production and reproductive investment. A previous
study (Alzate-Marin et al., 2021a) showed that warming, alone or with ele-
vated CO,, stimulates early floral opening and closing in S. capitata plants.
Thus, we further hypothesize that the exposure of S. capitata plants to
warming and its interaction with water deficiency will affect the timing
of flower opening and closing, creating a mismatch for floral visitors be-
tween warmed and non-warmed treatments. To test our hypotheses, we an-
alyzed the separate and combined effects of warming (+ 2 °C) and water
deficit on S. capitata in terms of: 1) flower opening and closure; 2) sugar
concentration in the nectar; and 3) potential floral visitors and pollinators.

2. Methods
2.1. Experimental area and treatments

This study was conducted under field conditions at the University of Sdo
Paulo, Ribeirao Preto Campus (Sao Paulo State, Brazil; 21°10’08.63 S,
47°51’50.47” W; elevation: 578 m) (Google Earth Pro, 2020). The climate
in Ribeirao Preto is classified as Aw (Tropical wet and dry climate) based
on the Koppen classification (Dubreuil et al., 2019), with dry winters and
hot, rainy summers. From 2010 to 2018, the average annual temperature
was 23 °C and rainfall was 1238 mm (CIIAGRO, 2021).

S. capitata plants were grown in 4 X 4 m plots and submitted to four
treatments, each with three repetitions: Control — irrigation and ambient
canopy temperature (Tcanopy); wS (water stress) — non-irrigation and ambi-
ent Tcanopy; eT — irrigation and elevated Tcanopy (+ 2 °C above ambient);
and wSeT — non-irrigation and elevated Tcanopy.

The experiments were installed using a T-FACE facility (Kimball et al.,
2008) (Fig. Sla—c). Throughout the entire plant growth cycle, the Tcanopy
for S. capitata plants in warmed plots (eT and wSeT) was maintained at 2 °C
above the Tcanopy of non-warmed (Control and wS) plots using six 750 W
infrared heaters, model FTE-750-240 V (Mor Electric Heating, Comstock
Park, MI, USA), in each plot. The heaters were installed in aluminum reflec-
tors, model Salamander ALEX (Mor Electric Heating, Comstock Park, MI,
USA), and placed at 0.8 m above the plant canopy in a hexagonal



R.P. Maluf et al.

arrangement (Fig. S1b). The elevated temperature of warmed plots was
maintained using a proportional-integrative-derivative (PID) control algo-
rithm installed in a datalogger, model CR1000, with AM25T multiplexors
(Campbell Scientific, Logan, UT, USA) (Fig. S1c). In each plot, infrared ra-
diometers, model SI-1H1-L20 (Apogee Instruments, Logan, UT, USA), mon-
itored the Tcanopy.

In the Control plots, the minimum and maximum recorded Tcanopy
were 8 and 32 °C, respectively, throughout the experimental period. In
the warmed plots, the daily average increase in temperature was 1.85 +
0.20 °C, and the average nightly increase in temperature was 1.95 *
0.18 °C. During the day, the Tcanopy of warmed plots was probably influ-
enced by wind and high evapotranspiration rates, despite the equipment
set-point to 2 °C above ambient temperature. However, the T-FACE system
was able to raise the temperatures of the heated plots by the target amounts
most of the time throughout the experiment. About 80% of observations of
canopy temperature were within 0.2 °C of the desired temperature increase
(2 °C) (Kimball et al., 2008).

An automatic drip irrigation system was used to control soil water con-
tent (SWC) of treatments (Fig. S1 d-g). The SWC and soil temperature were
monitored respectively by Theta probe ML2X and ST1 sensors (Delta-T De-
vices Ltd., Burwell, Cambridge, UK), placed in the center of each plot at a
depth of 10 cm, and connected to a DL2e datalogger (Delta-T Devices
Ltd., Burwell, Cambridge, UK). From sowing to the end of the experiment,
the SWC of Control and eT treatments were maintained continuously near
field capacity. However, in wS and wSeT treatments, irrigation was
suspended for 40 days after plant establishment. Once the irrigation was
stopped, the non-irrigated treatments experienced a gradual decrease in
SWC. During the flowering period, the average SWC of Control and eT
were 0.50 and 0.53 m® m ™3, respectively, while the average SWC in wS
and wSeT were 0.23 and 0.24 m® m ™3, respectively. The minimum value
of SWC registered in non-irrigated plots was 0.16 m® m 2 at the end of
the stress period when the net photosynthetic rate was close to zero, as mea-
sured by a portable infrared gas analyzer (LCPro, ADC BioScientific Ltd.,
Hoddesdon, UK). A more detailed description of the T-FACE facility and ir-
rigation system is available in Habermann et al. (2021).

2.2. Collection of flower visitors and monitoring of floral opening and closure

During seven weeks of the S. capitata flowering period, from April 24 to
June 14, 2018, flower visitors were monitored in all three replicate plots
across all treatments. One plot (replication) of each of the four treatments
was assessed daily, for a total of three days of evaluation per week. Each
plot was monitored for 10 min six times per day between 08:00 and
13:00 h, with a rest interval of one hour between monitoring. The insects
were collected with a hand net, euthanized with ethyl acetate, and pinned.
All collected insects were quantified and identified at the level of order
(Coleoptera, Diptera, Hymenoptera, and Lepidoptera), with bees identified
to the family, tribe, and species level. To determine the pollinating potential
of bees, we evaluated the deposition of S. capitata pollen grains on their bod-
ies. For pollen identification, samples of pollen grains from S. capitata
flowers and pollen from bees' bodies (removed with adhesive tape) were an-
alyzed simultaneously using an optical stereomicroscope model Discovery.
V12 (Carl Zeiss Microscopy, Jena, Germany), following RCPol (2021) and
Alzate-Marin et al. (2021b). We also conducted similar analyses on some
specimens of the most frequent butterfly species that visited the flowers.

Alongside the assessment of floral visitors, we monitored the floral
opening and closure times in each plot for four weeks (three days/week),
in the last week of April, the second and third week of May, and the second
week of June 2018. We also conducted a quick survey to record floral tem-
peratures using an infrared thermal imaging camera model FLIR T400
(FLIR Systems, Wilsonville, Oregon, USA).

2.3. Analysis of sugar concentration in the nectar

To measure sugar concentration in the S. capitata nectar, we used an
Eclipse Professional Optical Refractometer model 45-81 Low Volume
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(Nectar <1-micro-litre), with a range of 0-50, and a 0.5 scale division (Bel-
lingham + Stanley, Kent, UK). However, due to the small amount of nectar
in each flower, we experimented with different standard sugar concentra-
tions and selected a 10% sugar solution diluted in autoclaved ultrapure
water (Direct-Q, Merck KGaA, Darmstadt, Germany) for the analysis.
Using a micropipette, we placed 2.5 pL of the 10% standard sugar solution
in each nectary, mixing the solution carefully with the flower's nectar con-
tent. The nectar solution was then collected, and sugar concentration was
measured with a refractometer. We considered the percentage of sugar
measured above the standard amount (10%) to be the sugar concentration
of nectar.

The day before nectar was collected, we bagged the inflorescences in
the afternoon to avoid loss by pollinators. We analyzed five flowers per
plot in two plots of each treatment (40 flowers) on two dates of the same
week (22 and 25 May 2018) during the flowering period. Five flowers of
each treatment were sampled for dissection, nectary visual observation,
and photography. Flower images were captured with a Leica ICC50 video
camera installed in a Leica DM500 light microscope connected to a com-
puter using the Leica IM50 digital image analysis system Image-pro® Plus
6.0 software.

2.4. Statistical analysis

The data were tested for normal distribution using the Anderson-
Darling test (Nist/Sematech, 2003) in the PAST 4.03 software (Hammer
et al., 2001). Data that did not show normal distribution were transformed
using the Box-Cox method in the same software. For the flower opening and
closure statistical analyses, hours were converted to seconds. The results are
presented in hours.

We used analysis of variance (ANOVA) in a factorial scheme with three
factors and three repetitions to evaluate flower opening and closing time,
visitation by the bees Apis mellifera and Paratrigona lineata, and sugar con-
centration in nectar. Two factors were standard for all analyses: wS (with
and without irrigation) and eT (with and without warming). The third fac-
tor was time: for flower opening and closing, the time factor was the week;
for visitation by the bees A. mellifera and P. lineata, the time factor was the
hour; and for nectar sugar concentration the time factor was the day.

For the insect Tetragonistica angustula, “other bees”, and the butterfly
Hemiargus hanno, hourly visitor data did not show normal distribution
even after data transformation. As the total number of visitors had normal
distribution, the ANOVA was performed in a factorial scheme with two fac-
tors (wS and eT) and three repetitions. Analyses were performed with
mixed models, in which the factors wS and eT were considered fixed effects,
and hour, day, and week were considered random effects.

When the main effects or interactions between factors were significant,
treatment means were compared using the Fisher's LSD post hoc test at 5%
probability. All analyses were done using PAST 4.03 (Hammer et al., 2001)
and Minitab 18 (2018).

3. Results
3.1. Flower opening and closure

In the warmed plots (eT and wSeT), S. capitata flowers began opening
around 08:15, with a canopy temperature (Tcanopy) of ~20.5 °C, total
solar radiation (TSR) of ~0.23 kW m ~2, relative humidity (RH) of ~85%,
and wind speed (WiS) of ~0.14 m s~ 1. The closing of flowers in warmed
plots occurred at ~11:10, with a Tcanopy of ~26 °C, TSR of
~0.47 kW m~2, RH of ~59%, and WiS of ~1 m s~ '. The flowers in non-
warmed plots (Control and wS) opened approximately 45 min later at
~09:00, with a Tcanopy of ~22.5 °C, TSR of ~0.35 kW m~2, RH of
~71%, and WiS of ~0.60 m s~ *. The Control and wS flowers closed with
a delay of about 80 min at ~12:30, with a Tcanopy of ~25 °C, TSR of
~0.45 kW m ™2, RH of ~55%, and WiS of ~1.12 m s~ ! (Table 1). In
warmed conditions, the flowers remained open for an average of 35 min
less than in the non-warmed treatments, resulting in less time for visitors
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Table 1

Analysis of variance for mean time of flower opening and closure of Stylosanthes
capitata exposed to four treatments: Control - irrigation and ambient Tcanopy; wS -
non-irrigation and ambient Tcanopy; eT - irrigation and elevated Tcanopy [+2 °C
above ambient Tcanopy]; and wSeT - non-irrigation and elevated Tcanopy.

Source of Mean time of flower P-value  Mean time of flower  P-value
variation opening * SE closure = SE

Control” 09:01 = 00:06 - 12:34 + 00:05 -

wS 09:05 = 00:06 0.775ns  12:33 * 00:05 0.810ns
eT 08:15 + 00:11 0.000+#+ 11:07 + 00:07 0.000:3
wS x eT 08:15 = 00.09 0.723ns  11:11 = 00.05 0.715ns
Weeks 08:39 + 00:14 0.001#x 11:52 + 00:24 0.145ns
Week x wS - 0.987ns - 0.915ns
Week X eT - 0.492ns - 0.268ns
Week X wS X eT - 0.992ns - 0.944ns

** Significant at 1% probability, ns = Not significant.
# The mean and standard error (SE) for Control is presented for reference as
Control is not a source of variation in the analysis of variance.

to find open flowers. A quick survey of floral temperatures with thermal im-
ages showed that at ~11:30, the mean flower temperatures of the Control,
wS, eT, and wSeT treatments were 22.0 = 0.2, 24.0 + 0.4, 25.7 + 0.1,
and 23.0 = 0.2 °C, respectively (Fig. 1).

At the time of flower opening, the ANOVA showed a significant effect of
the factors eT (p < 0.001) and week (p < 0.001) (Table 1). For the time of
flower closure, we only observed a significant effect of eT (p = 0.001)
(Table 1). The wS factor did not affect flower opening and closing time. Fur-
ther, we did not observe an interaction between factors for either flower
opening or closure (Table 1).

In the analyses by week, we observed earlier flower opening in the
warmed treatments compared to non-warmed treatments in the first two
weeks and for the overall mean time (Fig. 2a). We also observed earlier
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flower closing in warmed treatments compared to non-warmed treatments
in all weeks and considering the overall mean (Fig. 2b).

3.2. Sugar concentration in nectar and visual analysis of the nectary

The ANOVA showed a significant effect of the factor eT (p < 0.050), no
effect of wS, and no interaction between them (Table 2). Sugar concentra-
tion in S. capitata nectar increased significantly (39%) under eT (1.63 =+
0.01%) compared to the Control (1.17 = 0.13%) (Table 2).

In the analyses of the treatments, we observed significant differences
between combined wSeT in comparison to Control for sugar concentration
(Fig. 2c). Since the ANOVA showed neither wS factor effects nor interaction
between wS and eT, we suggest that in the combined treatment wSeT, the
higher level of sugar concentration is due only to eT. Nectary images are
shown in Fig. S2.

3.3. Floral visitors

We collected a total of 2149 insects, including Coleoptera (n = 5),
Diptera (n = 30), Hymenoptera (wasps) (n = 33), Lepidoptera (n =
335), and Hymenoptera (bees) (n = 1746) (Table 3). Bees of the tribes
Apini, Meliponini, Augochlorini, Exomalopsini, and Megachilini were con-
sidered potential pollinators of S. capitata based on individual bee behavior,
presence of pollen traces on their bodies, or both. Apis mellifera was the
most abundant bee species (68%) capable of achieving S. capitata pollina-
tion by collecting nectar and pollen. Its body size (~13 mm) is compatible
with the keel drive mechanism in S. capitata flowers. We observed that of
the analyzed A. mellifera individuals, 77% had S. capitata pollen in their
tibial corbiculae.

Another frequent visitor identified as a potential S. capitata pollinator
was P. lineata as we observed pollen in the corbiculae (21% of the collected

|

W

Fig. 1. Thermal images of Stylosanthes capitata flowers in the following treatments: (a) Control; (b) wS — non-irrigated and ambient Tcanopy; (c) eT - irrigated and elevated
Tcanopy [+ 2 °C above ambient Tcanopy]; and (d) wSeT — non-irrigated and elevated Tcanopy. The visible light images of S. capitata inflorescences and flowers are shown
in the boxes at the bottom left. The pictures were taken using an infrared thermal imaging camera model FLIR T400 (FLIR Systems, Wilsonville, Oregon, USA) on 08/06/

2018 at 11:30.
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Fig. 2. Mean time of Stylosanthes capitata flower opening (a) and closure (b), and
sugar concentration in nectar (c) as a function of treatments (Control - irrigation
and ambient Tcanopy; wS - non-irrigation and ambient Tcanopy; eT - irrigation and
elevated Tcanopy [+ 2 °C above ambient Tcanopy]; and wSeT - non-irrigation and
elevated Tcanopy). Treatments followed by the same letter do not differ
statistically based on the LSD Fisher test at 5%.

bees) and ventral region of the thorax (47%) (Fig. 3a, €). Due to its small
body size (~4.5 mm in length), it is difficult to activate the trigger mecha-
nism of the keel in S. capitata flowers. Therefore, their behavior may be op-
portunistic, accessing flowers already opened by A. mellifera or other bees.
The species of Augochlorini (Fig. 3b), Exomalopsini (Fig. 3c), and
Megachilini (Fig. 3d), with body sizes ranging from 8 to 10 mm in length
that collected pollen grains attached to the ventral or sternal scopes, were
also identified as potential pollinators, supporting the observation by
Alzate-Marin et al. (2021a). The butterfly H. hanno frequently collected
nectar from the S. capitata flowers (Fig. 3f); however, we did not identify
pollen grains on the bodies of the analyzed specimens.

We analyzed the time of flower visiting by A. mellifera (Fig. 4a) and
P. lineata (Fig. 4b) between 08:00 to 12:00 and 09:00 to 13:00, respectively,
when the treatments were most frequently visited by bees. The ANOVA for
A. mellifera showed significant effects of wS (p < 0.001), eT (p < 0.001),
and hour (p = 0.001), and interaction between wS X eT (p < 0.041),
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Table 2
Analysis of variance for the mean percentage (%) of sugar in nectar from
Stylosanthes capitata flowers exposed to four treatments: Control - irrigation and am-
bient Tcanopy; wS - non-irrigation and ambient Tcanopy; eT - irrigation and elevated
Tcanopy [ +2 °C above ambient Tcanopy]; and wSeT - non-irrigation and elevated
Tcanopy.

Source of variation Mean % of sugar in nectar = SE P-value
Control® 1.17 = 0.13 -

wS 1.48 + 0.14 0.159ns
eT 1.63 = 0.01 0.050%
wS X eT 1.92 + 0.32 0.952ns
Day 1.55 = 0.15 0.162ns
Day X wS - 0.419ns
Day X eT - 0.864ns
Day x wS X eT - 0.468ns

* Significant at 5% probability, ns = Not significant.
# The mean and standard error (SE) for Control is presented for reference as
Control is not a source of variation in the analysis of variance.

and hour X eT (p < 0.001) (Table 4). Therefore, the time of flower visiting
depended on the temperature in wS and the hour in eT (Table 4). The num-
ber of A. mellifera visits was highest in eT treatments between 08:00 and
10:00 (Fig. 4a). At 08:00 in the warmed treatments eT and wSeT, we
observed a significantly greater number of A. mellifera visits than the non-
warmed treatments Control and wS (Fig. 4a), regardless of water stress
conditions. At 09:00, there were also more visits in the eT treatment
when compared to the non-warmed treatments. However, at 11:00 and
12:00, we observed lower A. mellifera visitor frequency in wSeT treatments
when compared to Control (Fig. 4a) due to the interactive effect of wS and
eT (Table 4).

For the number of P. lineata visits, the ANOVA showed significant ef-
fects of wS (p < 0.003), eT (p = 0.002), and hour (p < 0.001), with no in-
teractions between the factors (Table 4). At 09:00, P. lineata showed a
similar number of visits to S. capitata flowers in all treatments. At 10:00,
we observed greater P. lineata visitor frequency in the eT treatment when
compared to the wSeT. Between 11:00 and 13:00, the additive effect of
wS and eT resulted in fewer P. lineata visits in comparison to Control (and
wS at 11:00 and 13:00) (Table S1, Fig. 4b).

For the butterfly H. hanno, the ANOVA showed a significant effect of eT
(p = 0.01) and interaction between wS X eT (p < 0.01) (Table 4). There-
fore, the number of total flower visits depended on the temperature in wS.
Within the same soil water availability condition, the frequency of H. hanno
visits was greater in wS compared to wSeT. Within the same temperature
condition, H. hanno visited the eT treatment more frequently compared to
wSeT. Among all treatments, H. hanno visited the Control treatment more
regularly than wSeT (Fig. 4c). In general, the temperature factor contrib-
uted to a decrease in H. hanno visits to S. capitata flowers. For the frequency
of visits by T. angustula and other bees, the ANOVA showed no significant
effects of wS and eT with no interactions between them (Table S2), indicat-
ing that these factors did not affect foraging behavior.

4. Discussion

In a previous study (Alzate-Marin et al., 2021a,b), in which S. capitata
plants were exposed to warming and elevated atmospheric CO concentra-
tions, we observed positive effects of higher temperature on the number of
flowers, earlier flower opening, and enhanced attractiveness for floral visi-
tors, with a direct influence on plant-floral visitor interactions. In the pres-
ent study, we evaluated under field conditions the effects of + 2 °C warming
and soil water deficiency on the time of flower opening and closing, sugar
concentration in S. capitata nectar, and the implications of these changes
on interactions with flower visitors. We found alterations in the physiology
of S. capitata and behavioral activity shifts in detected groups of potential
pollinators. Our results confirm our hypotheses and help to clarify the po-
tential effects of future climate scenarios on reproduction, adaptation, and
conservation of S. capitata (Murcia, 1990; Petanidou and Smets, 1996;
Scaven and Rafferty, 2013; Gérard et al., 2020; Alzate-Marin et al., 2021a).
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Insects collected as visitors during the flowering period from Stylosanthes capitata exposed to four treatments: C - irrigation and ambient Tcanopy; wS - non-irrigation and am-
bient Tcanopy; eT - irrigation and elevated Tcanopy [ +2 °C above ambient Tcanopy]; and wSeT - non-irrigation and elevated Tcanopy. Non-Identified insects (NI).

Order Family Tribe/species Treatments
C wS eT wSeT Total
Coleoptera NI NI 0 0 1 0 1
Coleoptera Dasytidae Astylus variegatus (Germar, 1828) 1 1 2 0 4
Diptera NI NI 8 9 6 7 30
Lepidoptera NI NI 34 42 50 33 159
Lepidoptera Lycaenidae Hemiargus hanno (Stoll, 1790) 47 65 44 20 176
Hymenoptera NI Wasps 7 12 9 5 33
Hymenoptera Halictidae Augochlorini
Halictidae Augochlora sp. 1 1 0 0 0 1
Halictidae Augochlora sp. 2 0 0 0 1 1
Halictidae Augochloropsis aurifluens (Vachal, 1903) 1 1 0 0 2
Halictidae Augochloropsis cupreola (Cockerell, 1900) 2 0 1 2 5
Halictidae Augochloropsis melanochaeta Moure, 1950 1 1 1 1 4
Halictidae Augochloropsis sp. 1 2 2 0 3 7
Halictidae Augochloropsis sp. 2 0 0 1 0 1
Halictidae Augochloropsis sp. 3 1 0 0 0 1
Halictidae Temnosoma sp. 1 0 0 0 1
Halictidae Thectochlora sp. 0 0 0 1 1
Halictidae Halictini
Halictidae Dialictus sp. 3 0 3 1 7
Megachilidae Anthidiini (NI) 1 0 0 0 1
Megachilidae Ctenanthidium sp. 0 0 1 0 1
Megachilidae Epanthidium tigrinum Schrottky, 1905 1 4 2 2 9
Megachilidae Hypanthidium nigritulum Urban, 1998 0 0 0 1 1
Megachilidae Megachilini
Megachilidae Megachile (Ptilosaroides) neoxanthoptera Cockerell, 1933 4 1 1 0 6
Megachilidae Megachile (Neochelynia) sp. 0 0 1 2 3
Megachilidae Megachile sp. 1 1 1 0 0 2
Megachilidae Megachile sp. 2 1 2 2 2 7
Apidae Apini
Apidae Apis mellifera Linnaeus, 1758 271 227 409 279 1186
Apidae Exomalopsini
Apidae Exomalopsis (Exomalopsis) analis Spinola, 1853 3 4 9 1 17
Apidae Exomalopsis (Exomalopsis) auropilosa Spinola, 1853 5 5 8 3 21
Apidae Exomalopsis sp. 2 0 1 3 0 4
Apidae Meliponini
Apidae Paratrigona lineata Lepeletier, 1836 111 98 98 67 374
Apidae Tetragonistica angustula Latreille, 1811 23 22 13 14 72
Apidae Nannotrigona testaceicornis Lepeletier, 1836 0 0 1 0 1
Apidae Trigona spinipes Fabricius, 1793 2 2 3 2
Apidae Xilocopini
Apidae Xylocopa (Neoxylocopa) suspecta Moure & Camargo, 1988 0 0 0 1 1
Total bees 435 371 557 383 1746
Total floral visitors 967 871 1226 831 2149

The effects of warming on flowering and flower traits depend on the
complex interaction of the impacts of temperature on plant physiology
and the developmental stages at which plants experience warming,
among others (Wahid et al., 2007). The beginning of photosynthesis com-
bined with the action of endogenous auxins (Ke et al., 2018) and warming
stimulates early floral opening (Habermann et al., 2019, 2021; Alzate-
Marin et al.,, 2021a). In a previous experiment (Alzate-Marin et al.,
2021a), we also observed that warming accelerated flower opening time
in S. capitata by ~1 h compared to non-warmed treatments. In this study,
the flowers of warmed treatments (eT and wSeT) opened ~45 min earlier
than non-warmed plants (Control and wS). It is likely that the differences
in flower opening time in warmed treatments observed in this study
(~08:15, 2018 experiment) compared to the previous study (~09:00,
2015 experiment) may be associated with the increase in average diurnal
air temperature of ~0.4 degrees between the study periods (Table S3). In
the coming years, accelerated S. capitata flower opening time could be ex-
pected if the temperature continues to increase (Kjghl et al., 2011; Scaven
and Rafferty, 2013), as projected by global climate change scenarios
(IPCC, 2021).

Temperature has an impact on the timing of both plant flowering and
pollinator activity (Hegland et al., 2009), as observed by Murcia (1990)
in Ipomoea trichocarpa, with accelerated timing of anthesis on warmer
mornings, when its floral visitors arrive. Flowers of plants exposed to

elevated temperatures are expected to show significant differences in
certain characteristics that could affect how available, attractive, and prof-
itable their rewards are for insect visitors and pollinators (Wahid et al.,
2007; Scaven and Rafferty, 2013). Here, in the early hours of the day,
A. mellifera bees visited the warmed treatments more frequently, regardless
of whether the plots were irrigated or not. Meanwhile, P. lineata showed a
preference for the Control treatment between 11:00 and 13:00. Around
midday, as the air temperature increased, we also observed significant ad-
verse interaction (A. mellifera) and additive effects (P. lineata) of soil
water deficit (wS) combined with warming (eT) on the frequency of insect
visits. The decrease in the number of insect flower visitors recorded around
noon in warmed plots may be associated with flower closure observed at
this time.

Climatic conditions can also modify the supply of resources such as pol-
len, sugar, and nectar since plants have different mechanisms to deal with
warming and water stress (Takkis et al., 2015; Petanidou and Smets,
1996; Phillips et al., 2018; Descamps et al., 2018, 2021). In a study on
Silphium perfoliatum L. (Asteraceae), in which the potential energy plant na-
tive to temperate North America was planted in northern Germany, the
mean nectar sugar production and honeybee visitation were approximately
three and two times greater, respectively, in irrigated plots compared to
rainfed plots (Mueller et al., 2020). Herein, under irrigated and non-
irrigated conditions, besides the stimulation of early S. capitata flower
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Fig. 3. Bees (a) Paratrigona lineata, (b) Augochloropsis cupreola, (c) Exomalopsis auropilosa, (d) Megachile (Neochelynia) sp., (e) P. lineata with pollen grains in the ventral region
(white arrow), and (f) the butterfly Hemiargus hanno, collected while foraging on Stylosanthes capitata flowers in the 2018 experiment. Photos a to e were taken with a Leica S
APO stereomicroscope at 12.5 X magnification, except for photo d which was photographed at 10 x . Photo f was taken with a Zeiss Discovery.V12 stereomicroscope at 8 x

magnification. Scale bar = 1 mm.

opening, and more frequent visits of A. mellifera in the early morning, the
2 °C warming also increased sugar concentration in the nectar.

Because of the minimal volume, it was not possible to measure with pre-
cision the total amount of nectar in S. capitata flowers. Nevertheless, we ob-
served different nectar viscosity between treatments (Fig. S2). Visually, we
found a greater quantity of nectar in the flowers of the Control than in the
other treatments, especially in comparison to the wSeT treatment. The
changes in floral characteristics due to the effects of warming and water
stress may result in significant alterations in plant-pollinator relationships
(Memmott et al., 2007; Hegland et al., 2009; Hoover et al., 2012; Scaven
and Rafferty, 2013; Takkis et al., 2018; Mueller et al., 2020; Alzate-Marin
et al., 2021a,b).

Floral temperature is a signal that floral visitors and pollinators use to
identify flowers. Bees, for example, prefer to collect warm nectar from
flowers at low ambient temperatures (Dyer et al., 2006) and can detect dif-
ferences in overall flower temperature using thermal sensors in their anten-
nae and tarsi (Hammer et al., 2009). Flower temperature patterns can help
bees during foraging, as observed in several species by Harrap et al. (2017).
In this study, we observed that floral stimuli resulting from warming in-
creased A. mellifera visitation in the early morning. However, water stress

on its own and interacting with elevated temperature reduced A. mellifera
visits in the early morning and during the day's hottest hours (~noon), re-
spectively. On the other hand, P. lineata showed a preference for non-
warmed treatments after 11:00, with adverse additive effects between
water stress and warming. Using a thermal infrared camera, we observed
that the mean temperatures of S. capitata flowers at about 12:00 in the
warmed treatments (eT and wSeT) were 4.6 and 2.1 °C higher, respectively,
compared to the Control. Interestingly, the temperature of non-warmed wS
flowers was 2.9 °C higher than the Control (Fig. 1b), which may be related
to a similarly observed effect in leaves due to a reduction of stomatal con-
ductance and transpiration as a result of water stress (Habermann et al.,
2021). The observed decrease in floral visitors around 12:00 in warmed
treatments is likely related to reduced floral resources due to earlier flower
closing combined with shorter flower lifetime rather than floral tempera-
ture. These results suggest a mismatch in plant—flower visitor interactions
as a result of the effects of warming (Gérard et al., 2020). In previous stud-
ies, we observed a higher photosynthetic rate (Habermann et al., 2019),
greater partitioning of biomass to leaves (Martinez et al., 2014), and a
larger number of flowers and inflorescences (Alzate-Marin et al., 2021a;
Habermann et al., 2021) in well-irrigated S. capitata plots exposed to
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Fig. 4. Mean number of visits to Stylosanthes capitata flowers by bees (a) Apis mellifera and (b) Paratrigona lineata per hour, and (c) total visits for the butterfly Hemiargus hanno
as a function of treatments (Control - irrigation and ambient Tcanopy; wS - non-irrigation and ambient Tcanopy; eT - irrigation and elevated Tcanopy [+ 2 °C above ambient
Tcanopy]; and wSeT - non-irrigation and elevated Tcanopy). In a and b, lowercase letters compare the effects of treatments in each hour. In a, capital letters compare the effects
of hours in the eT treatment. Treatments followed by the same letter do not differ statistically based on the LSD Fisher test at 5%.

warming when compared to Control plots. Here, we observed significant ef-
fects of warming on early flower opening, with more frequent flower visits
and increased floral resources with greater sugar concentration in the nec-
tar. However, water stress can induce lower rates of photosynthesis and
reduce stomatal conductance (g;) and leaf dry mass accumulation
(Habermann et al., 2021), which could explain the detrimental effects of
these stresses on the availability of floral resources in warmed and water
stress conditions (Takkis et al., 2018), especially in the hottest hours of
the day.

In this study, we considered the Africanized honeybee A. mellifera, and
the bees of the tribes Augochlorini, Exomalopsis, and Megachilidae, as po-
tential S. capitata pollinators as they triggered the wing-keel complex and
promoted the transfer of pollen between flowers. Furthermore, P. lineata
was identified as a potential pollinator not only through sternotrobic polli-
nation, but also considering the pollen found on the corbiculae from

accessing the flower, which is likely facilitated by A. mellifera or other
bees, as was also observed by Carvalho et al. (1999). This is a significant
behavior change when compared with our study in 2015 (Alzate-Marin
et al., 2021a). For the butterfly H. hanno, S. capitata appears to be a source
of nectar. Since we only analyzed a few individuals and could not verify ovi-
position in the flowers, its function as a potential pollinator or host must be
further examined.

The floral visitors identified here occur naturally in the neighboring en-
vironment around the experiment and were not exposed to the treatments;
however, they may already be experiencing the effects of current climate
change such as heatwaves and drought (IPCC, 2021). Even if minimal,
the predicted increased temperatures are likely to have more harmful con-
sequences for tropical insects with a narrow range of temperatures suitable
for survival than insects from higher latitudes (Deutsch et al., 2008; Kjghl
et al., 2011).
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Analysis of variance for mean flower visiting frequency by the bees Apis mellifera and Paratrigona lineata, and the butterfly Hemiargus hanno for Stylosanthes capitata exposed to
the following treatments: Control - irrigation and ambient Tcanopy; wS - non-irrigation and ambient Tcanopy; eT - irrigation and elevated Tcanopy [+ 2 °C above ambient

Tcanopy]; and wSeT - non-irrigation and elevated Tcanopy.

Source of variation A. mellifera P. lineata® H. hanno

Visitors/hour + SE P-value Visitors/hour + SE P-value All visits = SE P-value
Control® 17.2 = 3.8 - 6.6 = 1.3 - 15.7 = 2.7 -
wS 14.6 = 3.0 0.000** 56 = 1.2 0.003** 21.7 £ 2.2 0.64 ns
el 26.8 £ 7.0 0.000%* 56 = 1.5 0.002%* 147 = 1.2 0.01*
wS X eT 18.6 = 5.8 0.041* 3.1 09 0.117 ns 6.7 £ 1.9 0.01*
Hours 19.3 = 2.6 0.000** 52 1.1 0.000** - -
Hour X wS - 0.785 ns - 0.284 ns - -
Hour X eT - 0.000** - 0.121 ns - -
Hour X wS X eT - 0.828 ns 0.914 ns - -

*Significant at 5% probability, **Significant at 1% probability, ns = Not significant. & = Transformed data (Box-Cox software PAST).
# The mean and standard error (SE) for Control is presented for reference as Control is not a source of variation in the analysis of variance.

5. Conclusions

Global warming is a significant threat to the relationships and mutual-
isms between pollinators and their host plants. The field-realistic experi-
ments conducted in the T-FACE facility enabled us to assess the effects of
warming and water stress on shifts in plant—flower visitor interactions for
the tropical forage legume S. capitata and foraging behaviors of visitors.
We demonstrated a significant effect of 2 °C warming on floral biology,
flower resource production, and a mismatch of plant—floral visitor relation-
ships, especially around midday when combined with water stress. In sum-
mary, these results provide a better understanding of the effects of climate
change on flower visitor interactions with S. capitata, and suggest that
warming and soil water deficits could affect the reproductive success of
this species in tropical belts.

Statement of human and animal rights

This article does not contain studies with human participants or verte-
brate animals.

CRediT authorship contribution statement

Raquel Pérez Maluf: Investigation, Formal analysis, Methodology,
Writing — original draft, Writing — review & editing. Ana Lilia Alzate-
Marin: Conceptualization, Supervision, Resources, Methodology, Investi-
gation, Formal analysis, Writing — original draft, Writing — review & editing.
Carolina Costa Silva: Investigation, Formal analysis. Fernando
Bonifacio-Anacleto: Formal analysis, Resources. Ivan Schuster: Formal
analysis, Writing — review & editing. Renato de Mello Prado: Resources,
Writing — review & editing. Carlos A. Martinez: Supervision, Project ad-
ministration, Funding acquisition, Conceptualization, Methodology, Inves-
tigation, Resources, Writing — review & editing.

Declaration of competing interest
None.
Acknowledgements

This study was supported by the Sao Paulo Research Foundation
(FAPESP) Thematic Project (Grant 08/58075-8), and by CNPq/ANA/MCTI
(Grant 446357/2015-4 to CAM). CAM was the recipient of a CNPq fellow-
ship (Grant 302628/2019-3). ALAM was a CNPq/ANA/MCTI researcher
(Grant 446357,/2015-4). This study was financed in part by Coordenacao
de Aperfeicoamento de Pessoal de Nivel Superior - Brasil (CAPES) - Finance
Code 001. RPM was supported by a Post-Doctoral grant from CAPES/
PNDP88887.124117,/2014-00. CCS was supported by a TTIII FAPESP fel-
lowship (2016,/21182-8). FBA was supported by a DSc CNPq fellowship
(Grant 141921/2019-6).

The authors also thank Wolf-Sementes for providing Stylosanthes capitata
seeds. We thank the taxonomists Silvia Pedro (Meliponini) and Eduardo
Almeida (Exomalopsis) for helping with bee identification and Miriam
Morales, Maria Isabel Balbi (Diptera), Paschoal Grossi (Coleoptera),
Eduardo Carneiro and Lucas Kaminski (Lepidoptera) for insect identifica-
tion. We thank Dr. Geusa Simone de Freitas for her assistance with the pol-
len analysis. We thank Fabio Alberto Alzate Martinez for his assistance with
the final version of the Graphical Abstract and bee images and Dr. Evelyn
Nimmo for editing the English of the manuscript. The authors thank Dr.
Bruce Kimball for his support in the design and installation of the T-FACE
facility.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.152982.

References

Afik, O., Shafir, S., 2007. Effect of ambient temperature on crop loading in the honey bee,
Apis mellifera (Hymenoptera: Apidae). Entomol. Gen. 29, 135-148.

Alzate-Marin, A.L., Silva, C.C., Rivas, P.M.S., Bonifacio-Anacleto, F., Santos, L.G., Moraes-
Filho, R., Martinez, C.A.H., 2020. Diagnostic fingerprints ISSR/SSR for tropical legumi-
nous species Stylosanthes capitata and Stylosanthes macrocephala. Sci. Agric. 77,
€20180252.

Alzate-Marin, A.L., Rivas, P.M.S., Galaschi-Teixeira, J.S., Bonifacio-Anacleto, F., Silva, C.C.,
Schuster, 1., Nazareno, A.G., Giuliatti, S., Rocha, L.C., Garéfalo, C.A., Martinez, C.A.,
2021a. Warming and elevated CO2 induces changes in the reproductive dynamics of a
tropical plant species. Sci. Total Environ. 768, 144899.

Alzate-Marin, A.L., Teixeira, S.P., Da Rocha-Filho, L.C., Bonifacio-Anacleto, F., Rivas, P.M.S.,
Martin, J.A.B.S., Martinez, C.A., 2021b. Elevated CO2 and warming affect pollen develop-
ment in a tropical legume forage species. Flora 283, 151904.

Atamian, H.S., Creux, N.M., Brown, E.A., Garner, A.G., Blackman, B.K., Harmer, S.L., 2016.
Circadian regulation of sunflower heliotropism, floral orientation, and pollinator visits.
Science 353, 587-590.

Baude, M., Kunin, W.E., Boatman, N.D., Conyers, S., Davies, N., Gillespie, M.A., Morton, R.D.,
Smart, S.M., Memmott, J., 2016. Historical nectar assessment reveals the fall and rise of
floral resources in Britain. Nature 530, 85-88.

Biella, P., Akter, A., Mufioz-Pajares, A.J., Federici, G., Galimberti, A., Jersakové, A.J., Labra,
M., Mangili, F., Tommsasi, N., Mangili, L., 2021. Investigating pollination strategies in
disturbed habitats: the case of the narrow-endemic toadflax Linaria tonzigii
(Plantaginaceae) on mountain screes. Plant Ecol. 222, 511-523.

Carvalho, C.A.L., Marchini, L.C., Ros, P.B., 1999. Pollen sources used by Apis mellifera L. and
Trigonini (Apidae) species in Piracicaba, State of Sdo Paulo, Brazil. Bragantia 58, 49-56.

CIIAGRO - Centro Integrado de Informacoes Agrometeoroldgicas, 2021. http://www.ciiagro.
sp.gov.br/ciiagroonline/Listagens/MonClim/LMClimLocal.asp Visited in 23/03/2021.

Cook, B.G., Pengelly, B., Schultze-Kraft, R., Taylor, Matt, Burkart, S., Cardoso Arango, J.A.,
Gonzalez Guzmdn, J.J., Cox, K., Jones, C., Peters, M., 2020. Tropical Forages: An Interac-
tive Selection Tool. 2nd and Revised Edn. International Center for Tropical Agriculture
(CIAT), Cali, Colombia and International Livestock Research Institute (ILRI), Nairobi,
Kenya. www.tropicalforages.info.

DeLucia, E.H., Nabity, P.D., Zavala, J.A., Berenbaum, M.R., 2012. Climate change: resetting
plant-insect interactions. Plant Physiol. 160, 1677-1685.

Descamps, C., Quinet, M., Baijot, A., Jacquemart, A.L., 2018. Temperature and water stress af-
fect plant—pollinator interactions in Borago officinalis (Boraginaceae). Ecol. Evol. 8,
3443-3456.


https://doi.org/10.1016/j.scitotenv.2022.152982
https://doi.org/10.1016/j.scitotenv.2022.152982
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101455378723
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101455378723
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101434227386
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101434227386
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101434227386
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101434269376
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101434269376
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101455420028
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101455420028
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101455458322
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101455458322
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101434330948
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101434330948
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101434538750
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101434538750
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101434538750
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101447249730
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101447249730
http://www.ciiagro.sp.gov.br/ciiagroonline/Listagens/MonClim/LMClimLocal.asp
http://www.ciiagro.sp.gov.br/ciiagroonline/Listagens/MonClim/LMClimLocal.asp
http://www.tropicalforages.info
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101455495763
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101455495763
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101455528021
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101455528021
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101455528021

R.P. Maluf et al.

Descamps, C., Boubnan, N., Jacquemart, A.L., Quinet, M., 2021. Growing and flowering in a
changing climate: effects of higher temperatures and drought stress on the bee-pollinated
species Impatiens glandulifera royle. Plants 10, 988.

Deutsch, C.A., Tewksbury, J.J., Huey, R.B., Sheldon, K.S., Ghalambor, C.K., Haak, D.C.,
Martin, P.R., 2008. Impacts of climate warming on terrestrial ectotherms across latitude.
Proc. Natl. Acad. Sci. U. S. A. 105, 6668-6672.

van Doorn, W.G., van Meeteren, U., 2003. Flower opening and closure: a review. J. Exp. Bot.
54, 1801-1812.

Dubreuil, V., Fante, K.P., Planchon, O., Sant'’Anna Neto, J.L., 2019. Climate change evidence
in Brazil from Képpen's climate annual types frequency. Int. J. Climatol. 39, 1446-1456.

Dyer, A.G., Whitney, H.M., Arnold, S.E.J., Glover, B.J., Chittka, L., 2006. Bees associate
warmth with floral colour. Nature 442, 525.

Folland, C.K., Boucher, O., Colman, A., Parker, D.E., 2018. Causes of irregularities in trends of
global mean surface temperature since the late 19th century. Sci. Adv. 4, eaa05297.
Gérard, M., Vanderplanck, M., Wood, T., Michez, D., 2020. Global warming and plant—

pollinator mismatches. Emerg. Top Life Sci. 4, 77-86.

Google Earth Pro, 2020. Google Earth Pro 7.3.3.7786.

Habermann, E., Oliveira, E.A.D., Contin, D.R., San Martin, J.A.B., Curtarelli, L., Gonzalez-
Meler, M.A., Martinez, C.A., 2019. Stomatal development and conductance of a tropical
forage legume are regulated by elevated [CO2] under moderate warming. Front. Plant
Sci. 10, 1-17.

Habermann, E., Dias de Oliveira, E., Delvecchio, G., Belisario, R., Barreto, R., Viciedo, D.,
Rossingnoli, N., Costa, K., Prado, R., Gonzalez-Meler, M., Martinez, C.A., 2021. How
does leaf physiological acclimation impact forage production and quality of a warmed
managed pasture of Stylosanthes capitata under different conditions of soil water avail-
ability? Sci. Total Environ. 759, 143505.

Hammer, @., Harper, D.A.T., Ryan, P.D., 2001. PAST: paleontological statistics software pack-
age for education and data analysis. Pal. Electr. 4, 1-9.

Hammer, T.J., Hata, C., Nieh, J.C., 2009. Thermal learning in the honeybee, Apis mellifera.
J. Exp. Biol. 212, 3928-3934.

Harrap, M.J.M., Rands, S.A., Ibarra, N.H., Whitney, H.M., 2017. The diversity of floral temper-
ature patterns, and their use by pollinators. eLife 6, €31262.

Hegland, S.J., Nielsen, A., Lazaro, A., Bjerknes, A.L., Totland, @., 2009. How does climate
warming affect plant-pollinator interactions? Ecol. Lett. 12, 184-195.

Hoover, S.E., Ladley, J.J., Shchepetkina, A.A., Tisch, M., Gieseg, S.P., Tylianakis, J.M., 2012.
Warming, CO2, and nitrogen deposition interactively affect a plant-pollinator mutualism.
Ecology Lett. 15, 227-234.

IPBES, 2016. In: Potts, S.G. (Ed.), Summary for Policymakers of the Assessment Report of the
Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services on
Pollinators, Pollination And Food Production. Secretariat of the Intergovernmental
Science-Policy Platform on Biodiversity and Ecosystem Services, Bonn, Germany 36 pages.

IPCC, 2014. Climate change 2014: synthesis report: synthesis report summary for policymak-
ers. In: Pachauri, R.K., Meyer, L.A. (Eds.), Contribution of Working Groups I, II and III to
the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. IPCC,
Geneva, Switzerland, p. 151.

IPCC, 2018. Summary for policymakers. In: Masson-Delmotte, V. (Ed.), Global Warming of
1.5°C an IPCC Special Report on the Impacts of Global Warming of 1.5°C Above Pre-
industrial Levels And Related Global Greenhouse Gas Emission Pathways, in the Context
of Strengthening the Global Response to the Threat of Climate Change, Sustainable Devel-
opment, And Efforts to Eradicate Poverty In Press.

IPCC, 2021. Summary for policymakers. In: Masson-Delmotte, V. (Ed.), Climate Change 2021:
The Physical Science Basis. Contribution of Working Group I to the Sixth Assessment Re-
port of the Intergovernmental Panel on Climate Change. Cambridge University Press In
Press.

Ivey, C.T., Carr, D.E., 2012. Tests for the joint evolution of mating system and drought escape
in Mimulus. Ann. Bot. 109, 583-598.

Ke, M., Gao, Z., Chen, J., Qiu, Y., Zhang, L., Chen, X., 2018. Auxin controls circadian flower
opening and closure in the waterlily. BMC Plant Biol. 18, 143.

Kimball, B.A., Conley, M.M., Wang, S., Lin, X., Luo, C., Morgan, J., Smith, D., 2008. Infrared
heater arrays for warming ecosystem field plots. Glob. Chang. Biol. 14, 309-320.

Kjohl, M., Nielsen, A., Stenseth, C., 2011. Potential Effects of Climate Change on Crop Pollina-
tion. FAO 34 pp.

Malhi, Y., Franklin, J., Seddon, N., Solan, M., Turner, M.G., Field, C.B., Knowlton, N., 2020.
Climate change and ecosystems: threats, opportunities and solutions. Phil. Trans. R.
Soc. B 375, 20190104.

Martinez, C.A., Bianconi, M., Silva, L., Approbato, A., Lemos, M., Santos, L., Curtarelli, L.,
Rodrigues, A., Mello, T., Manchon, F., 2014. Moderate warming increases PSII

10

Science of the Total Environment 817 (2022) 152982

performance, antioxidant scavenging systems and biomass production in Stylosanthes
capitata vogel. Environ. Exp. Bot. 102, 58-67.

Memmott, J., Craze, P.G., Waser, N.M., Price, M.V., 2007. Global warming and the disruption
of plant-pollinator interactions. Ecol. Lett. 10, 710-717.

Miles, J.W., 1983. Natural outcrossing in Stylosanthes capitata. Trop. Grassl. 17, 114-117.

Minitab 18, 2018. Statistical Software. Minitab, Inc., State College, PA.

Mueller, A.L., Berger, C.A., Schittenhelm, S., Stever-Schoo, B., Dauber, J., 2020. Water avail-
ability affects nectar sugar production and insect visitation of the cup plant Silphium
perfoliatum L. (Asteraceae). J. Agro. Crop Sci. 206, 529-537.

Murcia, C., 1990. Effect of floral morphology and temperature on pollen receipt and removal
in Ipomoea trichocarpa. Ecology 71, 1098-1109.

Nicolson, S.W., Veer, L., Kohler, A., Pirk, C.W.W., 2013. Honeybees prefer warmer nectar and
less viscous nectar, regardless of sugar concentration. Proc. R. Soc. B 280, 20131597.

Nist/Sematech, 2003. Nist/Sematech e-Handbook of Statistical Methods. U.S. Department of
Commerce Visited in 07/10/2021.

Norgate, M., Boyd-Gerny, S., Simonov, V., Rosa, M.G., Heard, T.A., Dyer, A.G., 2010. Ambient
temperature influences Australian native stingless bee (Trigona carbonaria) preference
for warm nectar. PLoS One 5, e12000.

Ockendon, N., Baker, D.J., Carr, J.A., White, E.C., Almond, R.E.A., Amano, T., Bertram, E.,
Bradbury, R.B., Bradley, C., Butchart, S.H.M., Doswald, N., Foden, W., Gill, D.J.C.,
Green, R.E., Sutherland, W.J., Tanner, E.V.J., Pearce-Higgins, J.W., 2014. Mechanisms
underpinning climatic impacts on natural populations: altered species interactions are
more important than direct effects. Glob. Chang. Biol. 20, 2221-2229.

Ollerton, J., Winfree, R., Tarrant, S., 2011. How many flowering plants are pollinated by an-
imals? Oikos 120, 321-326.

Patricio-Roberto, G.B., Campos, M.J.O., 2014. Aspects of landscape and pollinators - what is
important to bee conservation? Diversity 6, 158-175.

Petanidou, T., Smets, E., 1996. Does temperature stress induce nectar secretion in Mediterra-
nean plants? New Phytol. 133, 513-518.

Phillips, B.B., Shaw, R.F., Holland, M.J., Fry, E.L., Bardgett, R.D., Bullock, J.M., Osborne, J.L.,
2018. Drought reduces floral resources for pollinators. Glob. Chang. Biol. 24, 3226-3235.

Portner, H.O., Scholes, R.J., Agard, J., Archer, E., Arneth, A., Bai, X., Barnes, D., Burrows, M.,
2021. IPBES-IPCC co-sponsored workshop report on biodiversity and climate change.
IPBES and IPCC. Intergovernmental Science-Policy Platform on Biodiversity and Ecosys-
tem Services (IPBES), p. 24 36 pages.

Prasad, P.V.V., Staggenborg, S.A., Ristic, Z., 2008. Impacts of drought and/or heat stress on
physiological, developmental, growth and yield processes of crop plants. In: Ahuja,
L.H., Reddy, V.R., Saseendran, S.A., Yu, Q. (Eds.), Responses of Crops to Limited Water:
Understanding And Modeling Water Stress Effects on Plant Growth Processes. Advances
in Agricultural Modeling Series1. ASA-CSSA, Madison, WI, USA, pp. 301-355.

RCPol, 2021. Online Pollen Catalogues Network. https://rcpol.org.br/en/about-us/.
(Accessed 17 May 2021).

Roman-Palacios, C., Wiens, J.J., 2020. Recent responses to climate change reveal the drivers
of species extinction and survival. Proc. Natl. Acad. Sci. U. S. A. 117, 4211-4217.

Santos-Garcia, M.O., Resende, R.M.S., Zucchi, M., Souza, A.P., 2011. Mating systems in trop-
ical forages: Stylosanthes capitata Vog. and Stylosanthes guianensis (Aubl.) sw. Euphytica
178, 185-193.

Scaven, V.L., Rafferty, N.E., 2013. Physiological effects of climate warming on flowering
plants and insect pollinators and potential consequences for their interactions. Curr.
Zool. 59, 418-426.

Schultze-Kraft, R., Cook, B., Ciprian, A., 2020. Clearing confusion in Stylosanthes taxonomy.
2. S. macrocephala M.B. Ferreira & Sousa Costa vs. S. capitata Vogel and S. bracteata
Vogel. Trop. Grassl. 8, 250-262.

Takkis, K., Tscheulin, T., Tsalkatis, P., Petanidou, T., 2015. Climate change reduces nectar se-
cretion in two common Mediterranean plants. AoB Plants 7 (plv111).

Takkis, K., Tscheulin, T., Petanidou, T., 2018. Differential effects of climate warming on the
nectar secretion of early- and late-flowering Mediterranean plants. Front. Plant Sci. 9,
874.

Wahid, A., Gelani, S., Ashraf, M., Foolad, M.R., 2007. Heat tolerance in plants: an overview.
Environ. Exp. Bot. 61, 199-223.

Whitney, H.M., Adrian Dyer, A., Chittka, L., Rands, S.A., Glover, B.J., 2008. The interaction of
temperature and sucrose concentration on foraging preferences in bumblebees.
Naturwissenschaften 95, 845-850.

Wu, Z., Huang, N.E., Wallace, J.M., Smoliak, B.V., Chen, X., 2011. On the time-varying trend
in global-mean surface temperature. Clim.Dyn. 37, 759.


http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101456113711
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101456113711
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101456113711
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101456140673
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101456140673
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101444456621
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101444456621
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101456243179
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101456243179
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101456270950
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101456270950
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101456428110
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101456428110
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101456466165
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101456466165
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101449446454
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101435052536
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101435052536
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101435052536
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101435145545
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101435145545
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101435145545
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101435145545
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101435188593
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101435188593
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101456492311
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101456492311
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101450238027
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101450238027
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101456513474
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101456513474
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101435251224
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101435251224
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101437047277
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101437047277
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101437047277
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101437047277
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101452083999
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101452083999
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101452083999
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101452083999
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101438160950
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101438160950
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101438160950
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101438160950
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101438160950
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101439213964
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101439213964
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101439213964
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101439213964
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101457039040
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101457039040
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101457078597
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101457078597
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101439350714
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101439350714
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101440104309
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101440104309
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101457100630
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101457100630
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101457163958
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101457163958
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101457163958
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101457187493
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101457187493
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101443196512
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101452549374
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101457275498
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101457275498
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101457275498
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101457314744
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101457314744
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101443149573
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101443149573
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101453451652
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101453451652
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101443068082
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101443068082
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101443068082
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101457444512
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101457444512
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101457444512
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101457477151
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101457477151
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101443065155
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101443065155
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101457505914
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101457505914
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101457592846
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101442514868
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101442514868
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101442514868
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101455059604
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101455059604
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101455059604
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101455059604
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101455059604
https://rcpol.org.br/en/about-us/
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101458026346
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101458026346
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101442595252
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101442595252
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101442595252
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101458072811
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101458072811
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101458072811
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101442485205
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101442485205
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101442485205
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101444029302
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101444029302
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101444406777
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101444406777
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101444406777
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101444543749
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101444543749
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101445001300
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101445001300
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101445001300
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101445545438
http://refhub.elsevier.com/S0048-9697(22)00071-7/rf202201101445545438

	Warming and soil water availability affect plant–flower visitor interactions for Stylosanthes capitata, a tropical forage l...
	1. Introduction
	2. Methods
	2.1. Experimental area and treatments
	2.2. Collection of flower visitors and monitoring of floral opening and closure
	2.3. Analysis of sugar concentration in the nectar
	2.4. Statistical analysis

	3. Results
	3.1. Flower opening and closure
	3.2. Sugar concentration in nectar and visual analysis of the nectary
	3.3. Floral visitors

	4. Discussion
	5. Conclusions
	Statement of human and animal rights
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A. Supplementary data
	References




