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This is anOpe
Abstract – The sunflower crop provides an important honey flow for beekeepers. In France, beekeepers
observed a decrease in honey yield from this crop these past years compared to the 1980s–1990s. They
suspect the new cultivars to be less productive in nectar compared to the older ones, but no data is available
to support this, and it is known that climate conditions have a strong impact on nectar secretion. This study
aimed to explore the effect of abiotic environmental conditions on nectar secretion in sunflower, as well the
range of variation of this secretion in a sample of current cultivars. Thirty-four current sunflower hybrid
cultivars were sampled in test plots for their nectar secretion under varying conditions of temperature, air
humidity and soil moisture. Air humidity controlled the sugar concentration of nectar, and thus its volume.
To study nectar secretion independently from this effect, analyses subsequently focused on nectar sugar
mass per floret. The nectar sugar mass increased with temperature up to an optimum of 32 °C, while the
variation range of soil water tension was not sufficient to detect an effect on nectar sugar mass. This varied
by up to 100% among the 34 cultivars (from 101 to 216mg sugar per staminate floret in average), with
a similar range to those reported in the literature for older cultivars. Likewise, oleic cultivars, a new type
introduced since the early 2000s, were found to secrete the same amounts of nectar as linoleic cultivars, an
older conventional type. The more self-fertile cultivars also showed no reduction in nectar secretion. Finally,
we tested the method that measures the nectar gross secretion rate in one hybrid, and we observed that this
hybrid secreted in average 28mg sugar per hour per staminate floret. The potential benefits of this method
were discussed.

Keywords: nectar / sunflower / cultivars / abiotic conditions / methodology

Résumé – Effet des conditions environnementales et du génotype sur la sécrétion de nectar chez le
tournesol (Helianthus annuus L.). Le tournesol constitue une miellée importante pour les apiculteurs. En
France, les apiculteurs ont constaté des baisses de miellées sur cette culture ces dernières années par rapport
aux années 1980–1990. Ils suspectent les nouvelles variétés d’être moins nectarifères que les plus anciennes,
mais aucune donnée ne permet de l’établir, et l’on sait que les conditions climatiques ont un fort impact sur la
sécrétion de nectar. Cette étude avait pour objectif d’explorer l’effet des conditions environnementales
abiotiques sur la sécrétion de nectar chez le tournesol, ainsi que la gamme de variation de cette sécrétion sur
un échantillon de variétés courantes. Trente-quatre variétés hybrides actuelles de tournesol ont été
échantillonnées dans des micro-parcelles pour leur sécrétion nectarifère dans des conditions variables de
température et d’humidité de l’air et du sol. L’humidité de l’air contrôlait la concentration du nectar et donc
son volume. Pour s’affranchir de cet effet, l’analyse a porté ensuite sur la masse de sucres sécrétée par
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fleuron. Cette masse de sucres a augmenté avec la température jusqu’à un optimum de 32 °C, tandis que la
gamme de variation de la tension hydrique du sol n’a pas été suffisamment importante pour observer une
diminution de la masse de sucres par fleuron. Cette masse de sucres a varié du simple au double parmi les
trente-quatre variétés étudiées (de 101 à 216mg de sucres par fleuron staminé en moyenne), mais la gamme
de variation observée n’était pas différente de celles rapportées dans la littérature pour des variétés plus
anciennes. De même, les variétés oléiques, type nouveau introduit depuis le début des années 2000, ne
se sont pas révélées moins nectarifères que le type linoléique conventionnel, plus ancien. Les variétés
plus auto-fertiles n’étaient pas non plus moins nectarifères. Enfin, nous avons testé la méthode qui
mesure le taux de sécrétion brut du nectar sur un hybride, et nous avons observé que cet hybride sécrétait
en moyenne 28mg de sucres par heure par fleuron staminé. Les potentiels avantages de cette méthode
ont été discutés.

Mots clés : nectar / tournesol / variétés / conditions abiotiques / méthodologie
1 Introduction

Studying floral nectar secretion of entomophilous crops
can be of importance for crop production, as the more a crop
secretes floral nectar, the more it is visited by pollinators
(Prasifka et al., 2018). It is especially so in the case for
sunflower (Helianthus annuus; Asteraceae) (Tepedino and
Parker, 1982; Mallinger and Prasifka, 2017), for which an
average of 0.2 bees per head is sufficient to maximise seed
yield and oil content (Chabert et al., 2019, in prep). Therefore,
entomophilous crops need to be attractive enough to get
enough pollinator visits so that their yields are not limited by
a pollination deficit.

On the other hand, entomophilous crops can be a source of
nectar relied upon by beekeepers to produce honey, especially
oilseed crops such as sunflower (Breeze et al., 2019).
In France, to explain the decrease of honey yields observed
in this crop since the 1980’s and 1990’s (Cerrutti and Pontet,
2016), some beekeepers suspect recent cultivars to secrete less
nectar compared to the older ones, in particular oleic cultivars,
carrying a type introduced since the early 2000s (Tonin, 2018).
Some beekeepers also suspect breeding for self-fertility to
have led to cultivars that are less productive in nectar.
Unfortunately, no official data is available to support these
contentions.

Several studies observed differences in the quantities of
nectar secreted between lines or cultivars of sunflower, at the
floret or the whole plant scale (Tepedino and Parker, 1982;
Hadisoesilo and Furgala, 1986; Vear et al., 1990; Zajácz et al.,
2006; Ion et al., 2007; Mallinger and Prasifka, 2017). These
differences may be explained in part by differences in nectary
size between genotypes (see Dafni et al., 1988; Petanidou
et al., 2000; Galetto and Bernardello, 2004). This was the
hypothesis adopted by Sammataro et al. (1985) for sunflower.
Additionally, there does not seem to be a difference in the
quantity of nectar secreted at the floret level between male
sterile lines on one hand, and male fertile lines on the other
hand (see Fig. 1; Tepedino and Parker, 1982; Vear et al., 1990;
Mallinger and Prasifka, 2017), unlike for instance oilseed rape
(Brassica napus L.) (Pierre et al., 1999; Chabert et al., 2017).
No differences in floret size, and even more, in nectary size
have been reported between these two genetic types in
sunflower.

In oilseed rape, despite differences of nectar secretion also
observed between lines or cultivars (Szabo, 1982; Pierre et al.,
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1999; Bertazzini and Forlani, 2016; Carruthers et al., 2017;
Ouvrard et al., 2017), Pierre and Emeillat (2009) found that the
low numbers of honey bee visits to flowers observed by
beekeepers in the early 2000s were due more to adverse
weather conditions than to new cultivars which were not
particularly unproductive in nectar. Indeed, nectar secretion is
directly dependent on temperature and soil moisture. Nectar
secretion increases with temperature up to an optimum, and
then decreases (Kenoyer, 1917; Findlay et al., 1971; Villarreal
and Freeman, 1990; Nicolson, 1995; Petanidou and Smets,
1996; Takkis et al., 2015, 2018; Chabert et al., 2017).
It decreases as soil water tension or plant water stress increase
(Villarreal and Freeman, 1990; Carroll et al., 2001; Descamps
et al., 2018, 2020; Phillips et al., 2018), and thus increases with
soil moisture (Wyatt et al., 1992; Waser and Price, 2016;
Gallagher and Campbell, 2017; Mueller et al., 2020).
However, Gillespie et al. (2015) observed an optimum of
soil moisture beyond which nectar secretion decreased. This
sensitivity to soil water tension varies with the genotype
(Boose, 1997; Leiss and Klinkhamer, 2005; Suni et al., 2020),
or with stresses applied on plants (Lindström et al., 2018).
In particular, genotypes that develop a large root mass may be
more tolerant to high soil water tensions than genotypes which
have a smaller root mass (Leiss and Klinkhamer, 2005;
Masalia et al., 2018).

Sugar concentration of nectar is also directly dependent on
relative humidity (RH) of ambient air: low RH leads to fast
evaporationofnectarwater, and thus toahighsugarconcentration,
while conversely high RH limits evaporation of nectar water and
maintains a lower sugar concentration (Pacini and Nepi, 2007),
close to that of phloem sap, as the nectaries are supplied by the
phloem in the Asteraceae (Sammataro et al., 1985; Pacini et al.,
2003; Wist and Davis, 2006, 2008).

This study aimed to explore (i) the effect of abiotic
environmental conditions on nectar secretion in sunflower, i.e.
air humidity, air temperature, soil moisture, and time of day,
and (ii) the range of variation of nectar secretion among several
current sunflower hybrids. In particular, the nectar secretion of
some oleic cultivars was compared to that of several linoleic
cultivars (the linoleic type being a more conventional and older
type than the oleic one), and we also tested the possible
correlation between the level of nectar secretion and the level
of self-fertility in this pool of cultivars. Finally, we tested
another method to measure the nectar secretion, the one which
measures the gross secretion rate.
f 12



Fig. 1. Comparison of apparent nectar secretion between different types of sunflower genotypes, from three studies. A line: genic or cytoplasmic
male sterile line; B line: male fertile line; R line: male fertile line provided with the restorer nuclear gene of fertility. Male sterile F1 hybrid: result
of a cross between a cytoplasmic male sterile line and a B line. Male fertile F1 hybrid: result of a cross between a genic male sterile line (recessive
allele) and a B line, or between a cytoplasmic male sterile line and an R line. The reference studies are given with the sampled floret stage and the
method of nectar extraction. The sugar mass data of Tepedino and Parker (1982) and Vear et al. (1990) were calculated using the formula of
Cruden and Hermann (1983) from the nectar volume and the sugar concentration (measured by gas chromatography in Vear et al., 1990) given
for each genotype in the respective Tables 1 of these studies. The data of Mallinger and Prasifka (2017) were recovered using Plot Digitizer 2.6.8
(http://plotdigitizer.sourceforge.net/) from their Figure 1a.
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2 Materials and methods

2.1 Nectar sampling

To meet these objectives, 34 current oilseed F1 hybrid
cultivars of sunflower, coded from 1 to 34, were sampled in test
plots of the Syngenta

®

site of Lombez, France. Twenty-three of
these cultivars were oleic, and the remaining 11 others were
linoleic. Two plots per cultivar were sown two weeks apart in
April each year to extend the sampling period during flowering
and they were distributed at random among the plots. The
measures were made in July 2016–2019, between 07:00 h and
17:00 h GMT on at least four dates per cultivar each year.
Plants were regularly watered to avoid an excessive water
stress. For each cultivar and each sampling date, three heads
chosen at random among those in the R5.3–R5.6 stage
(reproductive stage with 30–60% of the head florets open)
were isolated under tulle bags of 1mm mesh size (cloth F510,
Diatex, France) the day before to prevent insect foraging. As
nectar secretion can be very variable from one floret to another
depending on the head region, four florets at the staminate
stage (Fig. 2) were sampled per head from four regions: at the
top, bottom, left and right of the head.

Nectar volume was extracted and measured in each floret
with microcapillary tubes of 1mL (intraEND, Blaubrand

®

,
Germany; or microcaps

®

, Drummond, USA; or minicaps
®

,
Hirschmann

®

, Germany; Fig. 3). Sugar concentration was
measured with hand-held refractometers Eclipse 45–81 (0–
50%Brix) or 45–82 (45–80%Brix), adapted for small volumes
(Bellingham and Stanley Ltd., UK). Nectar volume and sugar
concentration were then converted into sugar mass per floret
with the formula of Cruden and Hermann (1983):

M ¼ VC 0:000046 C þ 0:009946ð Þ ð1Þ
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where M is the sugar mass in mg, V the nectar volume in nL,
and C the sugar concentration in g of sugar per 100 g of
solution (% Brix). This method made it possible to assess the
apparent nectar secretion rate (Corbet, 2003), hereafter called
ASR.
2.2 Abiotic environmental conditions

Air temperature and relative humidity were recorded every
hour during flowering with one sensor placed in a shelter in the
centre of the plots. Soil moisture was measured with a
Watermark sensor (Irrometer

®

, USA) that recorded soil water
tension at a depth of 30 and 60 cm once a day.
2.3 Rate of self-fertility

The self-fertility rate of twenty cultivars was measured in
test plots of the Syngenta

®

site of Grisolles, France, in 2018
and 2019. Each cultivar was sown on two plots side by side
each year. One plot was covered by a cage made of screen
with 1�1mm2mesh opening during flowering to isolate
heads from insect pollination, while the other plot was left for
open pollination. Twenty heads chosen at random were
harvested at physiological maturity in each plot each year to
assess the mean seed set per pollination treatment per year.
The self-fertility rate was calculated for each year and each
cultivar by dividing the number of seeds obtained on the
20 heads isolated under the cage by the number of seeds on
the 20 open pollinated heads. The self-fertility rates
calculated each year per cultivar were averaged over all of
the years per cultivar.
f 12
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Fig. 3. Nectar extraction in a sunflower floret at the staminate stage
with a microcapillary tube of 1mL.©MathieuMourereau, Syngenta

®

.

Fig. 2. Sunflower floret at the staminate stage. Red arrow shows the
nectary position, located at the very base of the floret, just above the
ovule (according to Sammataro et al., 1985). © Laurent Guilbaud,
INRAE.
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2.4 Other measure of nectar secretion: the gross
secretion rate

The measure of the nectar gross secretion rate (Corbet,
2003), hereafter called GSR, was tested on one date (July 24,
2018) on one oleic cultivar (cv. 31), with four staminate florets
per head on six heads. This method consisted first in emptying
the florets of their nectar at 07:30 h GMT, which was
equivalent to measure the ASR at this time, then again
extracting the nectar in the same florets at 10:30 h GMT, then
again at 13:30 h GMT. This method enabled us to assess the
quantity of nectar secreted per floret during three hours,
between 07:30 h and 10:30 h GMT and then between 10:30 h
and 13:30 h GMT, and thus to calculate the quantity of nectar
secreted per hour.

2.5 Data analysis
2.5.1 Air humidity

The relation between the nectar sugar concentration per
floret and the air humidity at the time of nectar extraction from
Page 4 o
the floret (within half an hour) was analysed by comparing two
models, each using a different variable to describe air humidity.
The first model used the relative drought (RD) of ambient air as
explanatory variable, which was calculated as follows:

RD ¼ 100� RH

where RD is the relative drought in %, and RH is the relative
humidity in %.

The second model used the vapour pressure deficit (VPD)
of ambient air as explanatory variable, which measures the gap
between the saturation vapour pressure and the observed
vapour pressure. VPD integrates that the amount of water
vapour that the air can hold varies with temperature (see
Grossiord et al., 2020). The VPD was calculated as follows
(Allen et al., 1998):

VPD ¼ 0:6108e
17:27 T
237:3þTð Þ 1� RH=100ð Þ

where VPD is the vapour pressure deficit in kPa, and T is the
temperature in °C.

We used the two models to analyse the relation between
sugar concentration and humidity with a piecewise polynomial
function with one breakpoint (Bolker, 2008): when sugar
concentration is not in equilibrium with the air humidity level
of the air humidity (Pacini and Nepi, 2007), the sugar
concentration C increases linearly with RD or VPD up to reach
f 12



S. Chabert et al.: OCL 2020, 27, 51
a maximum beyond which nectar water can no longer
evaporate. This function is written as follows:

if X < d0;C ¼ cmax � co
do

xþ c0

if X > d0;C ¼ cmax

(
ð2Þ

where C is the sugar concentration, X is the air drought level
expressed either by RD or VPD, c0 is the intercept, cmax is the
maximum sugar concentration beyond which nectar water can
no longer evaporate, and d0 is the air drought level at which C
reaches cmax.

2.5.2 Air temperature

The relation between the mass of nectar sugar per floret and
the air temperature at the time of nectar extraction from the
floret (within half an hour) was analysed by using the equation
proposed by Yin et al. (1995) and Yan and Hunt (1999) to
model the temperature response of plants following a beta
distribution from the cardinal temperatures (Eq. (8c) in Yin
et al., 1995; Eq. (3) in Yan and Hunt, 1999):

if T � tmax;M¼mmax
tmax�T
tmax� topt

� �
T� tmin
topt� tmin

� �topt� tmin
tmax� topt

2
64

3
75
a

if T> tmax;M¼0

8>>><
>>>:

ð3Þ

where T is the ambient air temperature, mmax is the maximum
sugar mass secreted per floret at the optimum temperature topt,
tmin is the minimum temperature below which nectar secretion
is nil, tmax is the maximum temperature above which nectar
secretion is nil again, and a is a parameter that determines the
shape of the curve.

2.5.3 Soil moisture and time of day

The effects of soil water tension and time of day were
tested on the sugar mass per floret with two linear mixed
models. The cultivar, year, date, plot and plant were set as
random variables.

2.5.4 Genotype

The cultivars were sorted in ascending order of mean sugar
mass secreted per floret. Their range of mean sugar masses was
compared descriptively with those of Hadisoesilo and Furgala
(1986), Vear et al. (1990), Zajácz et al. (2006), and Ion et al.
(2007) for hybrids. The data of sugar mass per floret of Vear
et al. (1990) were obtained using equation (1) from the nectar
volume and the dry matter percentage measured by gas
chromatography (as the authors recommend this method
compared with that using enzyme electrode) given in their
Table 1. Hadisoesilo and Furgala (1986) measured sugar mass
by centrifugation of florets at the pistillate stage, while Vear
et al. (1990) used microcapillary tubes on florets at the
staminate stage, and Zajácz et al. (2006) and Ion et al. (2007)
used microcapillary tubes on florets of unspecified stage.

Themean sugarmass perfloret was compared between oleic
and linoleic cultivars with a linear mixed model, with the
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cultivar, year, date, plot and plant set as random variables. The
correlation between the sugarmass perfloret and the rate of self-
fertility per cultivar was tested with a Pearson correlation test.

2.5.5 Gross secretion rate

The mean nectar volume, sugar concentration and sugar
mass per floret were compared between the ASR measured at
07:30 h GMT and the GSR measured at 10:30 h and 13:30 h
GMT on July 24, 2018 on the cultivar 31 with three linear
mixed models, with the plant and the floret set as random
variables.

2.5.6 Statistical methods, software, packages and P-
value threshold

The parameters of the mechanistic models were estimated
with the nonlinear least squares (Bolker, 2008). These models
were compared between them and with the null model with
Akaike information criterion (AIC; Burnham and Anderson,
2002). The coefficients of determination of these models were
calculated by the deviance ratioR2

D (Nakagawa and Schielzeth,
2013).

All the statistics were computed with the software R,
version 3.2.0 (R Core Team, 2015). Asymptotic 95%
confidence intervals (95% CI) of mechanistic model param-
eters were estimated with the package nlstools, version 1.0-2
(Baty et al., 2015). The mixed effects models were computed
with the package lme4, version 1.1-15 (Bates et al., 2015). The
P-values of the linear mixed effects models were obtained with
the package lmerTest, version 2.0-36 (Kuznetsova et al.,
2017). The chosen P-value threshold for statistical significance
was 0.005, as recommended by Johnson (2013) and Benjamin
et al. (2018).

3 Results and discussion

3.1 Air humidity

Nectar sugar concentration was very variable, from 8% up
to almost 80%, with a VPD ranging from 0.1 to 4.4 kPa. VPD
was more suitable than RD to explain the variation of sugar
concentration (Tab. 1). Sugar concentration increased with
VPD, from a predicted mean concentration of 23.2% when the
air was saturated in humidity, a concentration probably close to
that at which the nectar is secreted, to a mean maximum
concentration of 55.6% at a VPD of 0.75 kPa (Tab. 1; Fig. 4a).
VPD explained 55.6% of the variation in sugar concentration.
To study nectar secretion independently of this effect, the
quantity of nectar was subsequently analysed based on the
sugar mass produced, and not according to the volume
secreted. For information, sugar concentration was also
showed in relation with relative humidity (Fig. 4b).
3.2 Soil moisture

Despite a large variation of soil water tension (from 0 to
240Centibars at30 cmdeepand from0 to200Centibars at 60 cm
deep), the sugar mass did not vary with the increase in water
tension, measured either at 30 cm deep (t= 2.58; P= 0.012;
Fig. 5a) or at 60 cm(t= 2.49;P= 0.017;Fig. 5b).This is probably
f 12



Table 1. Statistics of the piecewise polynomial models (Eq. (2)) between nectar sugar concentration in the floret and air humidity, approximated
either by the relative drought or by the vapour pressure deficit.

Model k Parameter values ± 95% CI R2
D AIC Model rank DAIC

d0 c0 cmax

Null 2 54,574 3 23,363

Relative drought 4 28.1 ± 1.0 17.1 ± 2.8 55.7 ± 0.4 0.552 31,485 2 274
Vapour pressure deficit 4 0.750 ± 0.033 23.2 ± 2.3 55.6 ± 0.4 0.556 31,211 1 0

k: number of estimated parameters per model; CI: confidence interval; R2
D: coefficient of determination calculated by the deviance ratio; model

rank: model ranking by increasing AIC value; DAIC: AIC value minus the lowest AIC; d0: drought level at which the sugar concentration
reaches cmax; c0: intercept; cmax: maximum sugar concentration beyond which nectar water can no longer evaporates. The model in bold is the
one with the minimum AIC value.

Fig. 4. Relation between sugar concentration per floret and the vapour
pressure deficit (VPD) (a) or the relative air humidity (b) at the time of
nectar extraction. Solid line depicts Eq. (2) with parameters given in
Table 1.

Fig. 5. Relation between nectar sugar mass per floret and the soil
water tension at 30 (a) or 60 (b) cm deep.
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due to the fact that plants were regularly watered, avoiding
excessive water stress. Higher soil water tensions would
probably have been necessary to detect a threshold of water
stress impacting nectar secretion.

3.3 Time of day

Nectar sugar mass per floret increased with the time of day
between 07:00 h and 17:00 h GMTat a mean rate of 8.0mg.h�1
Page 6 o
on the overall range of cultivars sampled (±3.8, 95% CI;
t= 4.16; P< 0.005; Fig. 6).
3.4 Air temperature

Nectar sugar mass per floret increased with air temperature
over the range of 16–32°C and appeared to decrease beyond
32 °C on the overall range of cultivars sampled (Tab. 2; Fig. 7).
However, a true estimation of topt, tmin and tmax would have
required temperatures below 16 °C and also above 35 °C.
Furthermore, the temperature at the time of nectar extraction
f 12



Fig. 6. Relation between nectar sugar mass per floret and the time of
day. Solid line depicts the predictions of the linear mixed model.

Fig. 7. Relation between nectar sugar mass per floret and the
temperature at the time of nectar extraction. Solid line depicts the
predictions of Eq. (3) with parameters given in Table 2.

Table 2. Statistics of the beta distribution model (Eq. (3)) between nectar sugar mass per floret and air temperature.

Model k Parameter values ± 95% CI R2
D AIC Model rank DAIC

a mmax tmin topt tmax

Null 2 32 029 2 118

Temperature 4 0.618 ± 0.515 180 ± 8 �11.0 ± 86.7 32.0 ± 0.5 36.3 ± 0.8 0.046 31 911 1 0

k: number of estimated parameters per model; CI: confidence interval; R2
D: coefficient of determination calculated by the deviance ratio; model

rank: model ranking by increasing AIC value; DAIC: AIC value minus the lowest AIC; a: parameter that determines the shape of the curve;
mmax: maximum sugar mass secreted per floret at the optimum temperature topt; tmin, tmax: respectively minimum, maximum, temperature below
and above which nectar secretion is nil.
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from the floret does not depict the real temperature range met
by the floret during all the secretion process. To test this
variable correctly, the method that measures the nectar GSR
should have been used instead, by associating the sugar mass
measured in the floret with the average of the temperatures met
by the floret between the time it was emptied and the time of
measurement (see for instance Nicolson, 1995; Chabert et al.,
2017).

3.5 Genotype

As in other studies, the nectar sugar mass secreted per floret
varied among cultivars sampled, ranging from 101 to 216mg
sugar per floret on average (Fig. 8), with no difference between
the oleic and linoleic types (t= 0.46; P= 0.649). This range is
similar to those observed by Vear et al. (1990) with eight
hybrids (ranging from 36 to 190mg sugar per floret; see Fig. 8),
by Zajácz et al. (2006) with 19 hybrids (ranging from 40 to
100mg sugar per floret), and by Ion et al. (2007) with
33 hybrids (ranging from 70 to 250mg sugar per floret; see
Fig. 8). However, this range is lower than that observed by
Hadisoesilo and Furgala (1986) with 18 oilseed hybrids,
ranging from 303 to 491mg sugar per floret. But in their study,
the nectar was extracted by centrifugation of pistillate florets,
while this method artificially dilutes the nectar and it may add
Page 7 o
sugars from damaged plant tissue cells (Mesquida et al., 1988;
Vear et al., 1990). From these few elements of literature, it is
therefore not possible to assert that current hybrids secrete less
nectar than those from the 1980’s or 2000’s.

Furthermore, the data available show no evidence for a
negative correlation between the amount of nectar secreted and
the level of self-fertility of the hybrids studied (R = -0.17;
P= 0.473; Fig. 9). If these two traits are not genetically linked,
there is no reason to expect that they should be inversely
correlated. While it is true that nectar secretion can be costly
for plants (Southwick, 1984; Pyke, 1991), natural selection
does not operate alone in crop selection programs. More
investigations are necessary to conclude on this link since the
rate of self-fertility can be quite variable for one cultivar
according to where it is grown (Chabert et al., in prep). Nectar
secretion and self-fertility should be measured in the same
field, which was not the case in our study.

3.6 Other measure of nectar secretion: the gross
secretion rate

By emptying the florets with the method that measures the
nectar GSR, sugar concentration was 20.4% at 10:30 h GMT
and 14.6% at 13:30 h GMT, while it was 50.1% at 07:30 h
GMT with the ASR method (Tab. 3; Fig. 10b). As the mean
f 12
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Table 3. Pairwise comparisons of the mean nectar quantity and sugar concentration per floret between the two measure methods used and the
three times of measurement (see Fig. 10).

Compared treatments Nectar volume (nL) Sugar concentration (%) Sugar mass (mg)

b± SE t P b± SE t P b ± SE t P

GSR 10:30 versus ASR 07:30 242 ± 50 4.84 <0.005 �29.8 ± 2.8 �10.8 <0.005 �13.3 ± 9.1 �1.47 0.150

GSR 13:30 versus ASR 07:30 416 ± 53 7.82 <0.005 �35.7 ± 2.9 �12.4 <0.005 �5.4 ± 9.6 �0.56 0.579
GSR 13:30 versus GSR 10:30 174 ± 55 3.17 <0.005 �5.9 ± 2.9 �2.05 0.047 7.9 ± 9.8 0.81 0.425

GSR: gross secretion rate; ASR: apparent secretion rate.

Fig. 9. Nectar sugar mass per floret and per cultivar in relation with
their rate of self-fertility.

Fig. 10. Nectar quantity and sugar concentration (mean ± SE) per
floret according to the method used: apparent secretion rate (ASR) or
gross secretion rate (GSR). Measures done on July 24, 2018, on
cultivar 31.

S. Chabert et al.: OCL 2020, 27, 51
sugar masses were similar at the three measurement times with
the two methods (Tab. 3; Fig. 10c), the ASR method yielded
a lower nectar volume than the GSR method (Tab. 3; Fig. 10a).
This result indicates that by regularly emptying the florets, as
happens with foraging by bees, the nectar had less time to
evaporate and its concentration was probably closer to that of
the phloem sap. The sugar concentration measured with the
GSR method was close to that of 23.2% estimated at zero VPD
with the ASR method (see Sect. 3.1). The classic ASR method
may therefore artificially overestimates the sugar concentra-
tion encountered by bees when they forage, as it was still
observed in other plant species (Raw, 1953 and references
therein; Nicolson, 1993; Galetto and Bernardello, 2004; Mione
and Diaz, 2020).

In addition, nectar secretion is a dynamic process. Nectar is
either secreted during a short time during the day or the night
when it is derived from starch stored in parenchyma, or nectar
is secreted in a continuous way during the daytime when nectar
is directly derived from photosynthesis through phloem sap
(Cruden et al., 1983; Pacini et al., 2003; Pacini and Nepi,
2007). Asteraceae belong to this latter category. Their nectaries
are directly connected to the phloem sap through sieve tubes,
and there is no starch storage in parenchyma (Sammataro et al.,
1985; Pacini et al., 2003; Wist and Davis, 2006, 2008).
Therefore, Asteraceae secrete nectar in a continuous way
during the daytime. The GSR method may enable one to
capture this dynamic process, by dividing the sugar mass
extracted in a floret by the time elapsed between the initial
Page 9 o
emptying time of the floret and the time of measurement.
Florets secreted an average of 85mg sugar in three hours
between 07:30 h and 10:30 h GMT, as well as between 10:30 h
and 13:30 h GMT, giving an average rate of 28mg.h�1 sugar.
In addition, many studies showed in other species that by
regularly extracting the nectar from a flower, as it may happen
with animal foraging and as it happens with the GSR method,
repeatedly sampled flowers secrete more nectar in total than
flowers sampled just once (e.g. Raw 1953; B�urquez and
Corbet, 1991; Nicolson 1993, 1995; Castellanos et al., 2002;
Luo et al., 2014; Mione and Diaz, 2020). This is explained by
the fact that regularly extracting the nectar from the flower
f 12
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inhibits the resorption process which occurs concomitantly
with the secretion process (Nepi and Stpiczyńska, 2008).
Therefore, to estimate the total sugar mass produced by one
hectare of sunflower crop foraged by bees, one should estimate
the GSR of this crop and multiply it by the nectar secretion
period (e.g. Chabert et al., 2018), the number of florets per
head and the number of plants per ha.

4 Conclusions

Our study showed that abiotic environmental conditions,
such as air temperature, impacted the secreted sugar mass per
sunflower floret, with minimum, optimum and maximum
temperatures that remain to be accurately assessed. The air
humidity impacted sugar concentration, highlighting the need
to analyse nectar secretion based upon sugar mass rather than
nectar volume. However, we could not observe a soil water
tension effect, probably due to a limited range of variation
encountered for this factor.

We also were able to highlight a variation range of more
of 100% in sugar mass secreted per floret between different
current sunflower hybrids, but with no evidence for reduced
sugar yield between oleic and linoleic cultivars, between
current cultivars compared to those grown in 1980–2000, or
between very self-fertile and less self-fertile cultivars.
Studies therefore remain to be carried out to assess and
potentially explain the poor honey yields reportedly
encountered at present by beekeepers placing their honey
bees on sunflower crops. Other variables may need to be
considered, such as the floret length, which could limit the
access of bees to nectar when florets are too long (see
Mallinger and Prasifka, 2017; Portlas et al., 2018), or the
number of colonies per crop unit area, since the sunflower
crop area in France was divided by almost two between the
1985–1995 and the 2000–2010 years (FAOSTAT, 2020; see
Figure 1 in Chabert et al., 2019).

Finally, the advantages of using the method that measures
the nectar gross secretion rate were discussed, as the
assessment of a secretion rate in mg of sugar per hour.
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