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Abstract

Flower-visiting insects are important crop pollinators, but their populations in agricultural
landscapes are declining. One reason is the decreasing quantity and quality of floral resources.
Deterioration of the situation caused by an increasing production of energy crops like maize, a
pollen-only resource, may be mitigated by alternative crops such as Silphium perfoliatum L.,
which produces pollen and nectar over a long-lasting flowering period (July - September).
The aim of this study was to assess the floral resources of S. perfoliatum.

We calculated pollen grains and nectar sugar mass per inflorescence as well as inflorescences
per plant using experimental plots and commercial fields in Germany. In addition, we

analyzed free and protein-bound amino acids in pollen as well as sugars and free amino acids
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in nectar.

The amount of pollen and nectar sugar per inflorescence decreased with increasing stem
branching. The production of pollen and nectar sugar, however, was greatest in the second
half of August due to the high number of inflorescences per plant at that stage.

About half of the farmers harvested S. perfoliatum before the end of flowering to gain higher
methane yields. With an early harvest around the beginning of September about one sixth of
total pollen and one fifth of total nectar sugar production were lost to pollinators.

Pollen and nectar showed high amounts of certain essential amino acids, particularly histidine,
but total amino acids were low in concentration. Hence, S. perfoliatum should be

complemented with different bee fodder plants to ensure a well-balanced diet.

Keywords: energy crop production, perennial crop, cup plant, pollen, nectar, bee pasture,

pollinator protection

1. Introduction

A major proportion of plant species worldwide are animal pollinated (Ollerton, Winfree, &
Tarrant, 2011). Flower-visiting insects, in particular, are important pollinators of many crops
(Klein et al., 2007). It was estimated that 9.5% of the economic value of global crop
production can be attributed to insect pollination (Gallai, Salles, Settele, & Vaissiére, 2009).
The honeybee Apis mellifera L. is one of the most important pollinators of crops (see Free,
1993), although wild bees or other insect groups like flies are also relevant to secure crop
yields (Klein et al., 2007; Rader et al., 2016; Ssymank, Kearns, Pape, & Thompson, 2008).
Pollen and nectar are usually the staple food of flower-visiting insects, and bees also gather

pollen and nectar to feed their larvae (Amiet & Krebs, 2012). Pollen is their main source of
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proteins and amino acids, most important for brood rearing (Brodschneider & Crailsheim,
2010). According to de Groot (1953), ten amino acids are essential for the growth of young
honeybees. Nectar is the main source of sugars, needed for maintaining energy-consuming
flying (Brodschneider & Crailsheim, 2010). Sucrose, glucose and fructose are the most
abundant sugars in nectar with varying proportions (Percival, 1961). The second most
abundant solutes of nectar are amino acids (Pacini & Nicolson, 2007). Consequently, both
quantity and quality of nutrients in pollen and nectar influence pollinator's health and
reproduction (Alaux, Ducloz, Crauser, & Le Conte, 2010; Tasei & Aupinel, 2008).
Considering the importance of flower-visiting insects for crop production, floral resources
have to be present in agricultural landscapes in sufficient and well-balanced quantity and
quality over the entire lifetime of those insects to ensure strong populations for the time when
crop pollination is required.
In recent years, the demand for energy crops has greatly increased due to policy targets and
resulting federal programs and legal regulations (e.g. Renewable Fuel Standard in the USA,
Directive 2009/28/EC in the EU, Renewable Energy Act in Germany). This led to an
expansion of the acreage of cultivated maize (Zea mays L., Poaceae) to produce bioethanol (in
the USA) or biogas (in Germany), causing direct or indirect land use changes (Britz &
Delzeit, 2013; Nitsch, Osterburg, Roggendorf, & Laggner, 2012; Wright & Wimberly, 2013).
Maize as a grass is a pollen-only resource except for honeydew in case of aphid infestation
(Schick & Spiirgin, 1997). Honeybees collect maize pollen (Keller, Fluri, & Imdorf, 2005),
although its amount of amino acids is comparatively low (Wille et al., 1985). Therefore, an
increasing maize cultivation in monoculture could negatively affect honeybees (Hocherl,
Siede, Illies, Gitschenberger, & Tautz, 2012).

In the context of improving agricultural landscapes for pollinators, energy crops of higher
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ecological value are required as alternatives to maize (Gardiner et al., 2010; Werling et al.,
2014). One candidate used as feedstock for biogas production is the cup plant, Silphium
perfoliatum L. (Asteraceae) (Gansberger, Montgomery, & Liebhard, 2015). After the first year
of establishment, the perennial crop can be harvested at least ten years in succession
(Biertiimpfel & Conrad, 2013). Improvements in breeding and cultivation are expected to
result in yields competitive to maize (Haag, Nagele, Reiss, Biertiimpfel, & Oechsner, 2015).
The transition from experimental to commercial cultivation of S. perfoliatum is ongoing
(Biertimpfel, Kohler, & Miiller, 2015; Wilken & Benke, 2013). The acreage of S. perfoliatum
in Germany has already reached 2000 ha (Schittenhelm & Grunwald, 2018) and will most
likely increase as the crop can be counted towards the Ecological Focus Area (EFA)
requirement of the EU common agricultural policy (CAP) since 2018 (European Parliament,
2017; Fachverband Biogas e.V., 2018).

The cultivation of S. perfoliatum leads to changes in soil and crop management practices (no
tillage, low herbicide input) that reduce the risk of soil erosion and nutrient loss and have
positive effects on the soil humus content and the soil biodiversity (Gansberger et al., 2015;
Schorpp & Schrader, 2016). With respect to pollinating insects S. perfoliatum has the
advantage of a late and long-lasting flowering period from July to September (Gansberger et
al., 2015). The inflorescences are yellow with a diameter of about 6 to 10 cm (Ladd, 1995). In
contrast to maize, S. perfoliatum supplies both pollen and nectar. While the ray florets of

S. perfoliatum hold the ovules, the disk florets produce the floral resources (personal
observation, see also Kadereit, Korner, Kost, & Sonnewald, 2014; Ladd, 1995). In North
America, its native range, S. perfoliatum is recommended as bee pasture (Decourtye, Mader,
& Desneux, 2010).

The introduction of S. perfoliatum as new crop is therefore considered as beneficial for
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5
pollinators in European agricultural landscapes (Gansberger et al., 2015). This might in
particular be true because S. perfoliatum flowers during a crucial point in the life cycle of
some important pollinators, i.e. in late summer, when honeybees rear new worker bees for
overwintering (Brodschneider & Crailsheim, 2010) and bumblebees rear the males and the
new hibernating queens (Amiet & Krebs, 2012). The cultivation of S. perfoliatum may thus
contribute to stabilize insect populations and maintain pollination service for agricultural
production. However, as a non-native plant to Europe, it is important to assess which insects
actually use S. perfoliatum as food resource (see, e.g., Mueller & Dauber, 2016), as well as to
assess the production of floral resources under the local growing conditions and management
practices.
The objective of our study was therefore to evaluate pollen and nectar quantity and quality of
the perennial energy crop S. perfoliatum. For this purpose, we 1) quantified the number of
pollen grains, the nectar volume, and the sugar mass per disk floret and inflorescence using
experimental fields of different years of establishment, 2) calculated the total amount of floral
resources per hectare of S. perfoliatum by counting the number of inflorescences per plant
using commercial fields, and 3) analyzed the free and protein-bound amino acids in pollen as
well as sugars and free amino acids in nectar. We compared our results with existing results
for other energy crops and related our findings to the pollen and nectar sugar mass
requirements of honeybee larvae as well as worker honeybees. This comprehensive
assessment can contribute to develop pollinator-friendly energy cropping systems that ensure

sufficient and well-balanced pollen and nectar resources in agricultural landscapes.

2. Materials and methods

2.1 Study sites
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Sampling of pollen and nectar took place at the experimental station of the Thuringian State
Institute for Agriculture (Thiiringer Landesanstalt fiir Landwirtschaft [TLL]) in
Dornburg/Jena (Germany), where plots of S. perfoliatum from different years of establishment
were available. Soil type on this station is a luvisol from loess. In the research years 2012 and
2013, the average annual temperature was 9.1°C and 8.7°C, respectively (+0.2°C above and -
0.2°C below the long-term mean 1981-2010, respectively). The number of inflorescences per
plant over the flowering period was counted on 15 commercial fields in Lower Saxony (mean:
1.2 ha, range: 0.4-2.8 ha), a federal state with a leading position in the biogas production in

Germany (3N Centre of Experts, 2014) (for further information see Mueller & Dauber, 2016).

2.2 Flowering of disk florets and inflorescences (preparatory observations)

In Asteraceae, the stylus grows through a tube of five connate anthers, pressing the pollen out
of the disk floret (Kadereit et al., 2014). The nectaries are annular and are located inside the
disk florets at the style base (Bernardello, 2007). To be able to design an adequate sampling,
we needed some further knowledge about flowering of S. perfoliatum we could not find in the
relevant literature. Therefore, we performed observations prior to actual assessment in 2012
on early flowering inflorescences in July. We examined eight disk florets from different
inflorescences as well as ten inflorescences at an experimental plot established in 2010. We
found out that disk florets flower for one day and start to loosen and decay in late afternoon.
Pollen was visible with the naked eye between about 7 AM and 10 AM. Disk florets of an
inflorescence open consecutively and centripetally in several rings. The rings of disk florets
that open the next morning elongate the previous day. The inflorescences opened on average
18 disk florets per day (range: 1-52). Flowering of an inflorescence lasted on average 9 days

(range: 7-13).



145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

2.3 Pollen grains per disk floret and disk florets per inflorescence

Due to their connation, anthers of a disk floret cannot be sampled individually so that whole
elongated disk florets were sampled one day before opening to avoid losing pollen. Disk
florets were collected between 24th of July and 28th of August in 2012 on two plots
established in 2005 and 2010 and stored separately in 80% ethanol. Following Langenberger
& Davis (2002), we differentiated between branching degrees of stems: the inflorescences of
the main branches were called primary inflorescences (1°), the inflorescences of the first side
branches were called secondary inflorescences (2°), and so on. While 1° inflorescences were
disregarded because just one inflorescence is produced per stem, disk florets of 2° up to

6° inflorescences were collected. For one sample, five disk florets per inflorescence were
needed. Ten inflorescences of different randomly selected plants per branching degree and
plot were sampled for pollen quantification (500 disk florets for 100 samples).

Pollen counting was performed at the Thiinen Institute of Biodiversity in Braunschweig
(Germany). Pollen was separated from the components of the disk florets and diluted in water
manually as well as by vortexing (shaker ‘IKA VF2’). All removed components were checked
for remaining pollen grains under the stereo microscope (50 x magnifications). For pollen
count, it was necessary that pollen grains were evenly distributed in the sample. The use of a
liquid other than water, namely 50-80% ethanol (Roulston, 2005), lactic acid/glycerin 3:1
(Lloyd, 1972) or 5% aqueous solution of Tween® 20 (Ferrara, Camposeo, Palasciano, &
Godini, 2007), did not separate the clumping pollen grains satisfactorily, but had negative
handling effects like vaporizing (ethanol), being sticky (lactic acid/glycerin) or foaming
(Tween® 20). Therefore, a full separation of pollen clumps in water was achieved by

dispersing them with a marten brush for 20 minutes. Suspension was filled up to exactly
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8
1.5 ml of water. After centrifugation (20 min, 2000 x g), 1.4 ml supernatant was removed. The
final suspension of 0.1 ml water with pollen of five disk florets had an adequate pollen
concentration for haemocytometer counting (chamber type 'Neubauer improved'). To
extrapolate the production of floral resources from a single disk floret to an inflorescence, we

counted the number of disk florets of the same inflorescences used for pollen counting

(n=100).

2.4 Nectar volume and sugar mass per disk floret

As nectar sampling had to take place directly in the field, we carried out two sampling periods
in 2012 on one plot established in 2008. The first sampling took place in the first week of
August, when mainly 3° inflorescences were flowering, and the second sampling in the fourth
week of August, when mainly 5° inflorescences were flowering. Inflorescences were isolated
a day before sampling to avoid nectar removal by insects. For this purpose, we used bags of
breathable non-woven fabric. We quantified nectar volume with the help of microcapillary
tubes (Drummond Microcaps®, 0.25 and 0.5 ul) from the morning to the afternoon between

7 AM and 5 PM and categorized five time categories of two hours each (TC 1 to TC 5).
Because sampling could harm the small disk florets, one floret was sampled only once and
several disk florets of one inflorescence were sampled during a day. To further minimize
sampling errors, we measured two to three disk florets per inflorescence and time category in
dependence of the total number of open disk florets (up to 15 disk florets per inflorescence
and day). Sugar concentration of these nectar samples was measured afterwards using two
hand-held refractometers for low volume (Eclipse Refractometer by Bellingham and Stanley
45-81 (0-50°Bx) and 45-82 (45-80°Bx)). One degree brix (°Bx) is equivalent to one gram of

sucrose per 100 g of solution (1% sucrose by weight). The Brix reading was corrected for
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9
temperature with the help of data recorded by the weather station of the experimental station
situated nearby. While not all nectar samples could be transferred correctly to the
refractometer we sampled 201 disk florets out of 22 inflorescences for nectar volume and 163
disk florets out of 16 inflorescences for sugar concentration. We aggregated pseudo-replicated
samples from disk florets of the same inflorescence and time category which resulted in 76
nectar volume measurements and 63 sugar concentration measurements. Sugar mass per disk

floret was calculated from nectar volume and sugar concentration as described in Galetto &

Bernardello (2005).

2.5 Inflorescences per plant produced over the flowering period

We counted flowering and withered inflorescences per stem and stems per plant on six
randomly selected plants per field. In doing so, we differentiated between the branching
degrees of the inflorescences. We carried out four counts per field over the flowering period in
2012. In the first sampling period between 20th and 28th of July and in the second sampling
period between 09th and 16th of August, all 15 fields were sampled. In the third sampling
period between 28th of August and 07th of September, one field was harvested and so
unusable. After the third sampling, farmers told us to stop counting because they were about
to harvest. Hence, in the last sampling period between 14th and 20th of September, only eight

fields remained for counting.

2.6 Composition of free and protein-bound amino acids in pollen
Pollen was collected in 2013 on two plots established in 2005 and 2010 (Sect. 2.3). It was
hand-collected with marten brushes in the morning during pollen presentation and stored in

clean microcentrifuge tubes. Five to seven disk florets of ten bagged inflorescences of
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different randomly selected plants, respectively, were needed to gain enough pollen for one
sample (mean amount of 2,7 mg dry wt, see below). Pollen for three samples per plot and
branching degree (2°, 3° and 4° inflorescences) was collected (18 samples in total). Samples
were cooled down to -21°C until analyses.
Analyses of free and protein-bound amino acids in pollen were performed at Newcastle
University (United Kingdom). Before analyses, pollen was dried (40°C, 24h) and a mean
amount of 2.7 mg per sample was added to a microcentrifuge tube. Free and protein-bound
amino acids were extracted from each sample using the methods described in Stabler, Power,
Borland, Barnes, & Wright (2018). Twenty-one amino acids were measured: alanine (ala),
arginine (arg), asparagine (asn), aspartic acid (asp), cysteine (cys), gamma-aminobutyric acid
(GABA), glutamine (gln), glutamic acid (glu), glycine (gly), histidine (his), isoleucine (ile),
leucine (leu), lysine (lys), methionine (met), phenylalanine (phe), proline (pro), serine (ser),
threonine (thr), tryptophan (trp), tyrosine (tyr) and valine (val). Tryptophan is almost

completely destroyed during acid hydrolysis of protein-bound amino acids.

2.7 Composition of sugars and free amino acids in nectar

Similarly to pollen sampling (Sect. 2.6), 18 nectar samples were taken in 2013 using the same
plots and branching degrees. Nectar of 12 bagged inflorescences of different randomly
selected plants, respectively, was extracted with microcapillary tubes (Drummond
Microcaps®) for one sample. According to the results of daily nectar volume and sugar mass
production (Sect. 3.2), nectar was sampled after midday, when sugar had already accumulated
in the disk florets. Samples were cooled down to -21°C until analyses.

Analyses of sugars and free amino acids in nectar were also performed at Newcastle

University (United Kingdom). Sugars (sucrose, glucose, fructose) were analyzed by High
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Performance Ton Chromatography (HPIC). HPIC analysis was conducted by injecting 20 ul of
each sample via a Rheodyne valve onto a Carbopac PA-100 column (Dionex, Sunnyvale,
California, USA) fitted with a Dionex Carbopac PA-100 BioL.C guard (4 x 50 mm). Sample
components were eluted isocratically using 100 mM NaOH (de-gassed by helium gas)
flowing at 1 ml/min for 10 min at RT. The chromatographic profile was recorded using pulsed
amperometric detection with an ED40 electrochemical detector (Dionex, Sunnyvale,
California, USA). Elution profiles were analyzed using Chromeleon (Thermo Fisher
Scientific Inc., MA, USA) which automatically calculates solute concentrations (mol/l) based
on a range of pre-programmed reference curves for each sugar.
Ultra High Performance Liquid Chromatography (UHPLC) was used to measure
concentrations of the respective amino acids (Sect. 2.6), using methods described in Power,
Stabler, Borland, Barnes, & Wright (2018). Two samples of free amino acids in raw nectar of

4° inflorescences could not be used (n=16 samples in total).

2.8 Floral resources of S. perfoliatum in comparison to other energy crops

To assess the ecological value of S. perfoliatum as alternative energy crop, the results of the
present study on floral resources were compared with available literature for maize as well as
for the nectariferous energy crops sunflower (Helianthus annuus L., Asteraceae) and oilseed
rape (Brassica napus L., Brassicaceae). S. perfoliatum and H. annuus belong to the same
subtribe, while B. napus is the second most cultivated energy crop in Germany used for
biofuel production (Fachagentur Nachwachsende Rohstoffe e.V. [FNR], 2017). When data on
pollen grains and nectar sugar mass was only available for the production per flower we
calculated resource production for other units by using information about the number of

flowers per plant and plants per hectare.
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2.9 Floral resources of S. perfoliatum considering honeybee requirements

To relate the floral resources of S. perfoliatum to the needs of honeybees we considered the
needs of both honeybee larvae, namely 125 to 187.5 mg pollen (Hrassnigg & Crailsheim,
2005) and 59.4 mg sugar (Rortais, Arnold, Halm, & Touffet-Briens, 2005) per larva, as well
as worker honeybees, namely 3.4 to 4.3 mg pollen (Crailsheim et al., 1992) and 4 mg sugar
(Barker & Lehner, 1974) per worker bee and day (data reviewed in Brodschneider &
Crailsheim, 2010).

Therefore, we had to convert the calculated number of pollen grains per S. perfoliatum plant
into pollen mass. For this purpose, we used an approach given by Dicks et al. (2015).

In a first step, we estimated the number of pollen grains per corbicula (pollen basket on the
hind leg of honeybees) by considering a pollen diameter of S. perfoliatum of 26.6 um
(Agentur fiir Gesundheit und Erndhrungssicherheit [AGES], 2012), and hence, a pollen
volume of the spherical pollen of 9.9 x 10°® mm? (compare Miiller et al., 2006) as well as a
corbicular volume of 4-6 mm? (Dicks et al., 2015). Accordingly, we estimated a number of
about 4 x10° to 6 x10° pollen grains per corbicular volume (about 8 x10° to 12 x10° pollen
grains per load). In a second step, we estimated the number of pollen grains per pollen mass
by considering a pollen mass per corbicula of 5.5 mg given for H. annuus (5.15 mg dry mass
and 6.6% water content, Vaissi¢re & Vinson, 1994), that has a similar pollen to S. perfoliatum
(AGES, 1999). Accordingly, we estimated a number of about 73,800 to 111,000 pollen grains
per milligram pollen. Finally, the results on the number of pollen grains per inflorescence
(Sect. 3.1) as well as inflorescences per plant (Sect. 3.3) could be used to calculate the number

of pollen mass per plant of S. perfoliatum.



289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

13
2.10 Statistical analyses
We conducted all data analyses using R, version 3.3.2 (R Core Team, 2016). For pollen
production, we modeled the response variables disk florets per inflorescence, pollen grains
per disk floret and pollen grains per inflorescence. We used generalized least squares models
(package nlme, see Pinheiro, Bates, DebRoy, Sarkar, & R Core Team, 2016) and set the factor
branching degree (five levels: 2° up to 6° inflorescences), the factor plot (two levels:
establishment in 2005 and 2010) as well as their interaction as explanatory variables. To
account for variance heterogeneity, we allowed for different variances per stratum where
needed (Zuur, Ieno, Walker, Saveliev, & Smith, 2009).
Regarding nectar volume and sugar mass per disk floret, we analyzed the effect of the factor
time category (five levels: TC 1 to TC 5) and the factor sampling period (two levels: sampling
periods at the beginning and the end of August, equivalent to differences in lower and higher
degrees of stem branching). As the samples were nested (because disk florets that were
measured on different time categories originated from the same inflorescences, and the
measurements took place on different sampling days), we applied linear mixed-effects models
(package lme4, see Bates, Maechler, Bolker, & Walker, 2015) with the factors inflorescence
and day as random effects. Nectar volume was square root transformed to meet normality
assumption of residuals.
Model selection was done using likelihood ratio test (LRT) as described in Zuur et al. (2009).
At significance of a multilevel factor (p(LRT)<0.05), t-tests with Bonferroni correction of
p-values were performed for pairwise comparisons of different factor levels using the package

predictmeans (Luo, Ganesh, & Koolaard, 2014).

3. Results
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3.1 Pollen grains per disk floret and inflorescence
An inflorescence of S. perfoliatum produced on average 122 disk florets (SD=31, range: 68-
205, n=100), a disk floret on average 14,200 pollen grains (SD=3,400, range: 6,000-21,400,
n=100), resulting in a mean number of 1.75 x 10° pollen grains per inflorescence
(SD=0.65 x 10°, range: 0.54 x 10°-3.74 x 10, n=100). The pattern in those data could best be
explained by the factor branching degree, while the interaction branching degree x plot or the
factor plot were not significant at the 5% level in all models (Table A.1, suppl. mat.). Figure 1
therefore shows the decreasing number of disk florets per inflorescence (Fig.1a), pollen grains
per disk floret (Fig.1b) and pollen grains per inflorescence (Fig.1c) with increasing branching
of the stem by including the results of the pairwise comparisons of different branching
degrees.

[Figure 1]

3.2 Nectar volume and sugar mass per disk floret and inflorescence

According to the statistical models on nectar volume and sugar mass per disk floret the factor
time category was significant at the 5% level due to the LRT (Table A.2, suppl. mat.). Nectar
and sugar production of a disk floret started in the morning with small amounts and increased
until midday. Although the results of the last three time categories after 11 AM did not differ
significantly in both models (Fig.2), nectar volume per disk floret tended to decrease in the
afternoon, as shown by the insignificant difference between TC 2 and the latter TC 4 and

TC 5. Despite this decreasing nectar volume, sugar mass remained stable due to increasing
sugar concentrations over the day being on average 19°Bx (TC 1), 44°Bx (TC 2), 55°Bx

(TC 3) and 68°Bx (TC 4 and TC 5). Due to these varying sugar concentrations, the further

resource quantification is based on nectar sugar mass instead of nectar volume. According to
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model prediction, where nesting of data is taken into account, the accumulated nectar sugar
mass was 0.09 mg per disk floret in all three time categories after 11 AM (n=44). In contrast
to daily nectar production, no significant difference in nectar or sugar production per disk
floret was detected between the early and late sampling as the factor had no explanatory
power due the LRT (Table A.2, suppl. mat.). Highest amounts of nectar volume and sugar
mass were measured in disk florets of 5° inflorescences, namely 0.38 pul of nectar (22th of
August, 11:10 AM) and 0.21 mg of sugar (21th of August, 11:14 AM). However, considering
that the number of disk florets per inflorescences decreased with increasing stem branching
(Sect. 3.1), nectar sugar mass per inflorescences still decreased by the same factor with
increasing branching degree. By using the predicted value of 0.09 mg per disk floret, we
calculated a sugar mass of 12 mg per 2° inflorescence, but 9 mg per 6° inflorescence (Table
A.3, suppl. mat.).

[Figure 2]

3.3 Inflorescences per plant produced over the flowering period

A single stem developed on average 1.5 inflorescences (SD=0.7, range: 0-5, n=90) until the
end of July, 8 inflorescences (SD=4, range: 1-29, n=90) until mid-August, 26 inflorescences
(SD=16, range: 1-121, n=84) until the end of August/ beginning of September, and 33
inflorescences (SD=19, range: 4-108, n=48) until mid-September with a mean number of
about 6 stems per plant (SD=3, range: 1-15, n=312). Thus, total number of inflorescences per
plant was estimated to be 10 (end of July), 55 (mid-August), 150 (end of August/ beginning of
September) and 188 (mid-September). Due to ongoing stem branching over the flowering
period, 3° (mid-August), 4° (end of August/beginning of September) or 5° inflorescences

(mid-September) accounted on average for the largest part of all inflorescences per plant
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(Fig.3).

[Figure 3]

3.4 Period of highest supply of floral resources

By multiplying the average production of pollen grains and nectar sugar mass per
inflorescence and branching degree (Sect. 3.1 and 3.2) with the average number of
inflorescences per plant and branching degree (Sect. 3.3) the period of highest pollen and
nectar sugar supply was estimated (see Table A.3 to A.6, suppl. mat., for full estimation).
Regarding pollen production, 4° inflorescences have produced the largest amount on average
until both sampling periods, the one at the end of August/ beginning of September and the one
in mid-September (32% and 28% of total production, respectively). Regarding nectar sugar
production, 4° inflorescences produced the largest amount of sugar on average until the third
sampling period (31% of total production), but until mid-September, 5° inflorescences had
produced the largest amount of sugar on average (30% of total production). Considering a
mean number of 314 x 10° pollen grains/plant (Table A.5, suppl. mat.), a mean nectar sugar
mass of 2 g/plant (Table A.6, suppl. mat.) and a recommended stand density of 4 plants/m?
(TLL, 2015), it can be roughly estimated that S. perfoliatum supplied on average 12.5 x 10'?
pollen grains/ha and 80 kg sugar/ha until mid-September. While the flowering period had just
started at the end of July, when about 3% of the total average amount of pollen and nectar
sugar was already produced, about 29% and 26%, respectively, was produced from the first to
the second sampling period, 51% and 52%, respectively, from the second to the third

sampling period, and 17% and 19%, respectively, from the third to the last sampling period.
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3.5 Free and protein-bound amino acids in pollen
In pollen, the mean total of free amino acids was 1.16 pg/mg (range: 0.09-2.23, n=18) and the
mean total of protein-bound amino acids was 79.5 pg/mg (range: 70.6-88.4, n=18) (Table 1),
corresponding to a protein content of about 8% (dry wt). Histidine and arginine were the most
abundant amino acids in pollen. This resulted in high average proportions of essential amino

acids of about 88% of total free amino acids and 81% of total protein-bound amino acids.

3.6 Sugars and free amino acids in nectar

The average amount of sucrose in nectar was 0.252 mol/l (SD=0.125, range: 0.029-0.468,
n=18), that of glucose 0.868 mol/l (SD=0.426, range: 0.054-1.515, n=18) and that of fructose
1.043 mol/l (SD=0.513, range: 0.079-1.850, n=18).

Regarding free amino acids in nectar, the mean total was 1.11 umol/ml (range: 0.10-3.03,
n=16). In contrast to amino acids in pollen, the amount and composition of free amino acids
in nectar varied much more between samples (Table 1). Again, histidine accounted for the
largest amount, but it dominated six samples only. The essential amino acids was 61% of the
mean total amino acids measured, due to the larger amounts of histidine and lysine.

[Table 1]

3.7 Floral resources of S. perfoliatum in comparison to other energy crops

The number of pollen grains as well as nectar sugar mass of S. perfoliatum in comparison to
other energy crops is shown in Table 2. Mean estimated pollen production per hectare of

S. perfoliatum is higher than estimated maximum pollen production per hectare of maize,
sunflower and oilseed rape. The ranges between potential minimum and maximum nectar

sugar production per hectare of all nectariferous energy crops are overlapping. While nectar
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sugar potential per hectare of S. perfoliatum exceeds that of sunflower, it does not exceed that
of oilseed rape.

[Table 2]
Regarding amino acids in pollen, maize, sunflower and Brassica spec. showed distinctly
higher amounts in a study of Wille et al. (1985) (Z. mays: 143.2 pg/mg, H. annuus:
172.2 ng/mg, Brassica spec.: 237.8 pg/mg, data converted from g/100 g) in comparison to
S. perfoliatum (Sect. 3.5). When the profile of amino acids from the pollen is compared, only
the concentration of the essential amino acids histidine and arginine was much higher for
S. perfoliatum (Z. mays: 3.4 and 9.1 pg/mg, H. annuus: 9.9 and 8.3 ng/mg, Brassica spec.: 5.9
and 12.7 pg/mg, data converted from g/100 g, see Wille et al., 1985). It should be mentioned
that Wille et al. (1985) used pollen pellets collected from honeybees instead of hand-collected
pollen taken directly from the flower, as it was done in our study. Roulston, Cane, &
Buchmann (2000) showed that protein content of hand-collected pollen tends to be higher
than that of bee-collected pollen, since honeybees add nectar to the pollen pellets. Hence, the
amounts of amino acids in pollen given by Wille et al. (1985) may still be underestimated.
Regarding sugars and amino acids in nectar of B. napus, Lohaus & Schwerdtfeger (2014)
reported mean amounts of 0.006 mol/I sucrose, 0.858 mol/l glucose and 0.782 mol/l fructose,
that is quite similar to S. perfoliatum, but 2.0 pmol/ml amino acids (data converted from

mM), that is about two-fold higher than that of S. perfoliatum.

3.8 Floral resources of S. perfoliatum considering honeybee requirements
The number of honeybee larvae, that could have been provided by the floral resources of one
plant of S. perfoliatum, are shown in Table. 3. The number of worker honeybees, that could

have been provided by the floral resources of one plant of S. perfoliatum per day, are shown in
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Table 4.
[Table 3]

[Table 4]

4. Discussion

The amount of floral resources per inflorescence decreased with ongoing stem branching, but
the number of inflorescences per plant increased with ongoing stem branching up to

5° inflorescences. It was shown that of these opposing effects the increasing number of
inflorescences per plant and branching degree tended to have a stronger influence on total
production of floral resources. On average, 4° inflorescences produced the highest amount of
pollen and 5° inflorescences the highest amount of nectar sugar until mid-September.
Consequently, pollen and nectar sugar supply by S. perfoliatum was highest when those
higher branching inflorescences were flowering mostly in the second half of August.

One farmer harvested after the second sampling in mid-August, six farmers after the third
sampling at the end of August/beginning of September and eight farmers after the fourth
sampling in mid-September. These different harvesting dates reflect two contradicting
requirements. On the one hand, the optimal time for harvest to reach the highest methane
yield per hectare for energy production is between the last ten days of August and the first ten
days of September (Biertiimpfel & Conrad, 2013). On the other hand, farmers growing

S. perfoliatum on single small fields are advised to harvest S. perfoliatum late together with
maize around the end of September, because for them, labor and machinery cost savings from
a joint harvest are higher than the returns from a separate early harvest of S. perfoliatum at
highest methane yield (Wilken & Benke, 2013). According to our estimates, about one sixth

of the potential pollen and about one fifth of the potential nectar sugar production were lost in
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the study region with a harvest around the beginning of September. There is reason for
concern that with an expansion of S. perfoliatum acreage, an early harvest could become
economically viable and thus common practice. This would mean that pollinators that rely on
floral food sources through late summer would not benefit from a cultivation of
S. perfoliatum, e.g. hoverflies like Eristalis tenax L., that visited the remaining commercial
fields mostly in mid-September (Mueller & Dauber, 2016). To enhance floral rewards for
pollinators in agricultural landscapes, we suggest that the eligibility of S. perfoliatum as EFA
crop should be on condition of a late harvest after the flowering period.
Regarding pollen, it was shown that the estimated mean number of pollen grains per hectare
of S. perfoliatum was higher than that of the common energy crops maize, sunflower and
oilseed rape. In contrast, mean total amount of amino acids in the pollen of S. perfoliatum was
much lower compared to the pollen of other energy crops. Due to the fact that pure pollen
diets of maize and sunflower were shown to negatively affect reproduction and development
of pollinators (Hocherl et al., 2012; L.S. Schmidt, Schmidt, Rao, Wang, & Xu, 1995; Tasei &
Aupinel, 2008), a monofloral diet with the pollen of S. perfoliatum may also be detrimental.
However, by providing high amounts of the essential amino acids histidine and arginine, we
estimate that the pollen of S. perfoliatum can still be a valuable part of the honeybee diet. This
might particularly be true because S. perfoliatum is cultivated in bioenergy crop dominated
regions, where maize is an abundant pollen resource of low histidine content in particular
(Hocherl et al., 2012). In addition, arginine is important for brood rearing (Génissel, Aupinel,
Bressac, Tasei, & Chevrier, 2002; Herbert, Bickley, & Shimanuki, 1970; Loper & Berdel,
1980). Nevertheless, a cultivation of S. perfoliatum should be combined with other agri-
environmental measures like organic farming, diversification of crops and crop rotation, and

the implementation of flower strips as well as measures outside the farmland like the
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protection of semi-natural habitats, not only to guarantee the provision of floral resources
outside the flowering period of S. perfoliatum, but also to guarantee that pollinators can
acquire all the nutrients they need from floral pollen (see Vaudo, Tooker, Grozinger, & Patch,
2015).
Regarding nectar, a replacement of maize as a pollen-only resource by S. perfoliatum would
increase its supply by 100%. It was further shown that the production of nectar sugar mass of
S. perfoliatum was within the same range of other nectariferous energy crops. Nectar of
S. perfoliatum is hexose rich, which is typical for exposed nectar of open flowers
(Gottsberger, Schrauwen, & Linskens, 1984; Percival, 1961) and very common for Asteraceae
(H. G. Baker & Baker, 1983; Torres & Galetto, 2002), including sunflower (Vear et al., 1990),
and Brassicaceae (H. G. Baker & Baker, 1983), including oilseed rape (Lohaus &
Schwerdtfeger, 2014). However, the amount of free amino acids in nectar of S. perfoliatum
was much smaller than that given for oilseed rape. Although honeybees forage different nectar
types, ranging from sucrose to hexose dominant nectars (Percival, 1961), it was shown that
honeybees at least prefer sucrose-rich solutions compared to hexose-rich solutions (Waller,
1972), as well as sugar-amino acid solutions over sugar-only solutions (Alm, Ohnmeiss,
Lanza, & Vriesenga, 1990). Hence, nectar of S. perfoliatum might not be honeybees’ first
choice.
Finally, we linked pollen and nectar sugar production of S. perfoliatum to the requirements of
honeybee larvae as well as worker honeybees. We could show that by one plant of
S. perfoliatum, up to 34 honeybee larvae could be provided with both pollen as well as nectar
sugar. However, the number of worker honeybees that could be provided daily by
S. perfoliatum with pollen was much higher than the number that could be provided with

nectar sugar. With a high supply of floral resources especially in the second half of August,
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S. perfoliatum may therefore serve as a pollen and sugar resource for larval rearing to develop
winter bees in late summer. Those winter bees, that have a longer lifespan than summer bees,
can use S. perfoliatum pollen to store proteins in the body for overwintering (Brodschneider &
Crailsheim, 2010). Nevertheless, when beekeepers want to use S. perfoliatum for winter bee
feeding they also have to consider limited nectar sugar resources for worker bees. In the first
half of September, nectar sugar amount of one plant would have sufficed for about 6 worker
bees per day without considering sugar needed for larval feeding. It was shown that honeybee
colonies collected nectar mainly for their own direct requirements and stored only little or no
honey in the supers when placed on S. perfoliatum fields (six colonies per either 1.0, 1.2 or
3.0 hectares) and a few colonies even needed supplementary feed (Heidinger, 2016). This
shows that beekeepers have to consider factors as colony strength, flowering time, and field
size, when they decide on the number of colonies placed next to a field of S. perfoliatum. In
addition, they need to carefully control sugar supply of the bee hives. Furthermore, late
flowering crops with good nectar sources could be fostered to complete the food supply by
S. perfoliatum as a good pollen source, e.g. green manure like Melilotus Mill. species or

Phacelia tanacetifolia Benth. (Schick & Spiirgin, 1997).

5. Conclusion

Diversifying the production of maize as a pollen-only resource by S. perfoliatum would in any
case result in a surplus regarding nectar resources for flower-visiting insect. In addition,

S. perfoliatum has a greater pollen potential than maize and other nectariferous energy crops.
Considering the needs of worker honeybees, it seems to be a better pollen, rather than nectar
sugar resource. S. perfoliatum may therefore be of particular importance to rear winter bees in

late summer and, for those bees, to build storage proteins for overwintering, but not to store
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honey in appreciable amounts. Furthermore, S. perfoliatum provides high amounts of the
essential amino acids histidine and arginine, but contents of other amino acids in pollen are
low. Both results — that on the one hand S. perfoliatum has a greater pollen than nectar sugar
potential, but that pollen on the other hand supplies high amounts of only some of the
essential amino acids — show that S. perfoliatum can be a valuable food resource in
agricultural landscapes, but its cultivation has to be combined with other measures that
enhance different bee fodder plants with supplementary nutritional values.
Our study showed that total pollen and nectar production of S. perfoliatum depends on
harvesting time. Harvest is often realized in a late joint harvest with maize when field sizes
are small to save labor costs, although this is too late to gain the maximum methane yield for
biogas production. Such a late harvest at the end of the flowering period might not gain
acceptance by farmers in the long term, because with increasing acreage and field sizes,
harvesting dates might progressively be orientated on yield maximization. Such a potential
development to an early harvest within the flowering period should be taken into

consideration when developing regulations for S. perfoliatum counted as EFA.

Acknowledgements

Special thanks go to the farmers who provided their fields for our sampling. We thank Juliane
Bader, Agnes Forster, Katharina Haupt, Andrea Kremling, Stefan Schuster and Katja
Steininger for support in the field and laboratory work. We thank Adam Kent for assistance
with protein hydrolysis.

Funding: This work was supported by the Federal Ministery of Food and Agriculture (BMEL)
through its central coordinating institution for research, development and demonstration

projects in the field of renewable resources (FNR) under Grant number 22004411 to JD; and



552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

24
by the Biotechnology and Biological Sciences Research Council (BBSRC); the Department
for Environment, Food and Rural Affairs (Defra); the Natural Environment Research Council
(NERC); the Scottish Government and; the Wellcome Trust under the Insect Pollinators

Initiative under Grant number BB/1000968/1 to GAW.

Appendix A. Supplemental material

References

3N Centre of Experts for Renewable Resources Lower Saxony. (2014). Biogas in Lower
Saxony, Inventory 2014 (6" rev. ed.). Werlte: 3N Centre of Experts for Renewable
Resources Lower Saxony.

Agentur fiir Gesundheit und Erndhrungssicherheit. (1999). Pollen database PONET:
Helianthus annuus L. Retrieved from
http://ponetweb.ages.at/pls/pollen/PDB12.PDB12 3?stax 1d=8033&sfam=Asteraceae&sge
n=Helianthus&sspez=annuus&sklas=Heigl+H.&sdet=Pechhacker+H.&sstaat=Austria&sor
t=Neuhofen,+Krems&sherb=&sehr=&sInk=flora.nhm-wien.ac.at/Seiten-Arten/Helianthus-
annuus.htmé&sautor=L.

Agentur fiir Gesundheit und Erndhrungssicherheit. (2012). Pollen database PONET: Silphium
perfoliatum L. Retrieved from
http://ponetweb.ages.at/pls/pollen/PDB12.PDB12 37stax_id=10474&sfam=Asteraceae&s
gen=Silphium&sspez=perfoliatum&sklas=Auer+W.&sdet=Mayr+Josef&sstaat=Austria&s
ort=Wien+XXII&sherb=&sehr=83701&sInk=&sautor=L.

Alaux, C., Ducloz, F., Crauser, D., & Le Conte, Y. (2010). Diet effects on honeybee

immunocompetence. Biology Letters, 6(4), 562—565.


http://ponetweb.ages.at/pls/pollen/PDB12.PDB12_3?stax_id=8033&sfam=Asteraceae&sgen=Helianthus&sspez=annuus&sklas=Heigl+H.&sdet=Pechhacker+H.&sstaat=Austria&sort=Neuhofen,+Krems&sherb=&sehr=&slnk=flora.nhm-wien.ac.at/Seiten-Arten/Helianthus-annuus.htm&sautor=L
http://ponetweb.ages.at/pls/pollen/PDB12.PDB12_3?stax_id=8033&sfam=Asteraceae&sgen=Helianthus&sspez=annuus&sklas=Heigl+H.&sdet=Pechhacker+H.&sstaat=Austria&sort=Neuhofen,+Krems&sherb=&sehr=&slnk=flora.nhm-wien.ac.at/Seiten-Arten/Helianthus-annuus.htm&sautor=L
http://ponetweb.ages.at/pls/pollen/PDB12.PDB12_3?stax_id=8033&sfam=Asteraceae&sgen=Helianthus&sspez=annuus&sklas=Heigl+H.&sdet=Pechhacker+H.&sstaat=Austria&sort=Neuhofen,+Krems&sherb=&sehr=&slnk=flora.nhm-wien.ac.at/Seiten-Arten/Helianthus-annuus.htm&sautor=L
http://ponetweb.ages.at/pls/pollen/PDB12.PDB12_3?stax_id=8033&sfam=Asteraceae&sgen=Helianthus&sspez=annuus&sklas=Heigl+H.&sdet=Pechhacker+H.&sstaat=Austria&sort=Neuhofen,+Krems&sherb=&sehr=&slnk=flora.nhm-wien.ac.at/Seiten-Arten/Helianthus-annuus.htm&sautor=L
http://ponetweb.ages.at/pls/pollen/PDB12.PDB12_3?stax_id=10474&sfam=Asteraceae&sgen=Silphium&sspez=perfoliatum&sklas=Auer+W.&sdet=Mayr+Josef&sstaat=Austria&sort=Wien+XXII&sherb=&sehr=83701&slnk=&sautor=L
http://ponetweb.ages.at/pls/pollen/PDB12.PDB12_3?stax_id=10474&sfam=Asteraceae&sgen=Silphium&sspez=perfoliatum&sklas=Auer+W.&sdet=Mayr+Josef&sstaat=Austria&sort=Wien+XXII&sherb=&sehr=83701&slnk=&sautor=L
http://ponetweb.ages.at/pls/pollen/PDB12.PDB12_3?stax_id=10474&sfam=Asteraceae&sgen=Silphium&sspez=perfoliatum&sklas=Auer+W.&sdet=Mayr+Josef&sstaat=Austria&sort=Wien+XXII&sherb=&sehr=83701&slnk=&sautor=L

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

25

Alm, J., Ohnmeiss, T. E., Lanza, J., & Vriesenga, L. (1990). Preference of cabbage white
butterflies and honey bees for nectar that contains amino acids. Oecologia, 84(1), 53-57.

Amiet, F., & Krebs, A. (2012). Bienen Mitteleuropas - Gattungen, Lebensweise, Beobachtung
[Bees of Central Europe — genera, lifestyle, observation]. Bern, Stuttgart, Wien: Haupt
Verlag.

Astiz, V., & Hernandez, L. F. (2013). Pollen production in sunflower (Helianthus annuus L.)
is affected by air temperature and relative humidity during early reproductive growth.
Phyton, International Journal of Experimental Botany, 82, 297-302.

Baker, H. G,, & Baker, 1. (1983). Floral nectar sugar constituents in relation to pollinator type.
In C. E. Jones & R. J. Little (Eds.), Handbook of experimental pollination biology (pp.
117-141). New York, NY: Van Nostrand Reinhold.

Barker, R. J., & Lehner, Y. (1974). Acceptance and sustenance value of naturally occurring
sugars fed to newly emerged adult workers of honey bees (Apis mellifera L.). Journal of
Experimental Zoology, 187(2), 277-285.

Bates, D., Maechler, M., Bolker, B., & Walker, S. (2015). Fitting linear mixed-effects models
using Ime4. Journal of Statistical Software, 67(1), 1-48.

Bernardello, G. (2007). A systematic survey of floral nectaries. In S. W. Nicolson, M. Nepi, &
E. Pacini (Eds.), Nectaries and Nectar (pp. 19-128). Dordrecht: Springer Netherlands.

Biertiimpfel, A., & Conrad, M. (2013). Teilvorhaben 2: Optimierung des Anbauverfahrens
und Bereitstellung von Selektionsmaterial [Sub-project 2: Optimizing the cultivation and
provision of material]. (Report No. 22012809). Jena: Thiiringer Landesanstalt fiir
Landwirtschaft. Retrieved from http://www.fnr-server.de/ftp/pdf/berichte/22012809.pdf

Biertiimpfel, A. Kohler, J., & Miiller, R. (2015). Neues von der Silphie [News from

S. perfoliatum). Biogas Journal, 2, 42—43.


http://www.fnr-server.de/ftp/pdf/berichte/22012809.pdf

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

26

Britz, W., & Delzeit, R. (2013). The impact of German biogas production on European and
global agricultural markets, land use and the environment. Energy Policy, 62, 1268—1275.

Brodschneider, R., & Crailsheim, K. (2010). Nutrition and health in honey bees. Apidologie,
41(3), 278-294.

Burmistrov, A.N. (1965). The melliferous value of some sunflower varieties. 20"
International Apicultural Congress of Apimondia Bucharest (pp. 320-323). Bucharest:
Apimondia Publishing House.

Chévre, A. M., Eber, F., Renard, M., & Darmency, H. (1999). Gene flow from oilseed rape to
weeds. In P. J. W. Lutman (Chair), Gene flow and agriculture: relevance for transgenic
crops. Keele Proceedings 72 (pp. 125—130). London: British Crop Protection Council.

Crailsheim, K., Schneider, L. H. W., Hrassnigg, N., Biihlmann, G., Brosch, U., Gmeinbauer,
R., & Schoffmann, B. (1992). Pollen consumption and utilization in worker honeybees
(Apis mellifera carnica): dependence on individual age and function. Journal of Insect
Physiology, 38(6), 409—419.

Cresswell, J. E. (1999). The influence of nectar and pollen availability on pollen transfer by
individual flowers of oil-seed rape (Brassica napus) when pollinated by bumblebees
(Bombus lapidarius). Journal of Ecology, 8§7(4), 670—677.

Cresswell, J. E., Hagen, C., & Woolnough, J. M. (2001). Attributes of individual flowers of
Brassica napus L. are affected by defoliation but not by intraspecific competition. Annals
of Botany, 88(1), 111-117.

Decourtye, A., Mader, E., & Desneux, N. (2010). Landscape enhancement of floral resources
for honey bees in agro-ecosystems. Apidologie, 41(3), 264-277.

De Groot, A. P. (1953). Protein and amino acid requirements of the honeybee (Apis mellifica

L.). Physiologia Comparata et Oecologia, 3, 197-285.



624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

27

Deutsches Maiskomitee e.V. (2009). Orientierung fiir die anzustrebende Bestandesdichte in
Pflanzen/m? [target density in plants/m?]. Retrieved from
http://www.maiskomitee.de/web/public/Produktion.aspx/Saatgut/ Aussaat/Bestandesdichte

Dicks, L. V., Baude, M., Roberts, S. P. M., Phillips, J., Green, M., & Carvell, C. (2015). How
much flower-rich habitat is enough for wild pollinators? Answering a key policy question
with incomplete knowledge. Ecological Entomology, 40, 22-35.

European Parliament. (2017). Amendments to various regulations in the field of agriculture
and rural development. Retrieved from
http://www.europarl.europa.eu/sides/getDoc.do?type=TA&reference=P8-TA-2017-

0476& format=XML&language=EN

Fachverband Biogas e.V. (2018). Start der Aussaat fiir die Durchwachsene Silphie [Sowing of
S. perfoliatum has started]. Retrieved from
https://www.biogas.org/edcom/webfvb.nsf/id/DE-Start-der-Aussaat-fuer-die-
Durchwachsene-Silphie/$file/18-04-19 PM_ Aussaat%?20Silphie.pdf

Fachagentur Nachwachsende Rohstoffe e.V. (2017). Facts and figures renewable ressources:
raw material supply. Retrieved from https://factsandfigures.fnr.de/rohstoffbereitstellung/

Ferrara, G., Camposeo, S., Palasciano, M., & Godini, A. (2007). Production of total and
stainable pollen grains in Olea europaea L. Grana, 46(2), 85-90.

Free, J. B. (1993). Insect Pollination of Crops (2nd ed.). London: Academic Press.

Galetto, L., & Bernardello, G. (2005). Rewards in flowers: nectar. In A. Dafni, P. G. Kevan, &
B. C. Husband (Eds.), Practical Pollination Biology (pp. 261-313). Cambridge ON:
Enviroquest, Ltd.

Gallai, N., Salles, J.-M., Settele, J., & Vaissiere, B. E. (2009). Economic valuation of the

vulnerability of world agriculture confronted with pollinator decline. Ecological


https://www.biogas.org/edcom/webfvb.nsf/id/DE-Start-der-Aussaat-fuer-die-Durchwachsene-Silphie/$file/18-04-19_PM_Aussaat%20Silphie.pdf
https://www.biogas.org/edcom/webfvb.nsf/id/DE-Start-der-Aussaat-fuer-die-Durchwachsene-Silphie/$file/18-04-19_PM_Aussaat%20Silphie.pdf

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

28
Economics, 68(3), 810-821.

Gansberger, M., Montgomery, L. F. R., & Liebhard, P. (2015). Botanical characteristics, crop
management and potential of Silphium perfoliatum L. as a renewable resource for biogas
production: A review. Industrial Crops and Products, 63, 362-372.

Gardiner, M. A., Tuell, J. K., Isaacs, R., Gibbs, J., Ascher, J. S., & Landis, D. A. (2010).
Implications of three biofuel crops for beneficial arthropods in agricultural landscapes.
Bioenergy Research, 3(1), 6-19.

Génissel, A., Aupinel, P., Bressac, C., Tasei, J.-N., & Chevrier, C. (2002). Influence of pollen
origin on performance of Bombus terrestris micro-colonies. Entomologia Experimentalis et
Applicata, 104(2-3), 329-336.

Gottsberger, G., Schrauwen, J., & Linskens, H. F. (1984). Amino acids and sugars in nectar,
and their putative evolutionary significance. Plant Systematics and Evolution, 145(1-2),
55-717.

Haag, N. L., Ndgele, H.-J., Reiss, K., Biertiimpfel, A., & Oechsner, H. (2015). Methane
formation potential of cup plant (Silphium perfoliatum). Biomass and Bioenergy, 75, 126—
133.

Heidinger, I. (2016). Weniger als erhofft. Die Durchwachsene Silphie wird gut beflogen,
bringt aber keinen Honig [Less than expected. S. perfoliatum is visited frequently, but does
not yield honey]. ADIZ, Die Biene, Imkerfreund, 1/2016, 18—19.

Herbert, E. W., Bickley, W. E., & Shimanuki, H. (1970). The brood-rearing capability of
caged honey bees fed dandelion and mixed pollen diets. Journal of Economic Entomology,
63(1), 215-218.

Hocherl, N., Siede, R., Illies, 1., Gitschenberger, H., & Tautz, J. (2012). Evaluation of the

nutritive value of maize for honey bees. Journal of Insect Physiology, 58(2), 278-285.



672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

29

Hrassnigg, N., & Crailsheim, K. (2005). Differences in drone and worker physiology in
honeybees (4Apis mellifera). Apidologie, 36(2), 255-277.

Kadereit, J. W., Korner, C., Kost, B., & Sonnewald, U. (2014). Strasburger — Lehrbuch der
Pflanzenwissenschaften [Strasburger’s plant science] (37% rev. ed.). Berlin, Heidelberg:
Springer-Verlag.

Keller, 1., Fluri, P., & Imdorf, A. (2005). Pollen nutrition and colony development in honey
bees: part 1. Bee World, 86(1), 3—10.

Klein, A.-M., Vaissiere, B. E., Cane, J. H., Steffan-Dewenter, 1., Cunningham, S. A., Kremen,
C., & Tscharntke, T. (2007). Importance of pollinators in changing landscapes for world
crops. Proceedings of the Royal Society B: Biological Sciences, 274(1608), 303-313.

Kottowski, Z. (2005). The effect of pollinating insects on the yield of winter rapeseed
(Brassica napus L. var. napus f. biennis) cultivars. Journal of Apicultural Science, 49(2),
29-41.

Ladd, D. M. (1995). Tallgrass prairie wildflowers: a field guide / text by Doug Ladd; photos
by Frank Oberle and others. Helena, Montana: Falcon Publishing Inc.

Langenberger, M. W., & Davis, A. R. (2002). Honey bee pollen foraging in relation to
flowering phenology of biennial caraway (Carum carvi L.). Canadian Journal of Plant
Science, 82(1), 203-215.

Lindstrom, L. 1., Pellegrini, C. N., Aguirrezabal, L. A. N., & Hernandez, L. F. (2006). Growth
and development of sunflower fruits under shade during pre and early post-anthesis period.
Field Crops Research, 96(1), 151-159.

Lloyd, D. G. (1972). Breeding systems in Cotula L. (Compositae, Anthemideae). I. The array
of monoclinous and diclinous systems. New Phytologist, 71, 1181-1194.

Lohaus, G., & Schwerdtfeger, M. (2014). Comparison of sugars, iridoid glycosides and amino



696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

30
acids in nectar and phloem sap of Maurandya barclayana, Lophospermum erubescens, and
Brassica napus. PLoS ONE, 9(1), e87689.

Loper, G. M., & Berdel, R. L. (1980). The effects of nine pollen diets on brood rearing of
honeybees. Apidologie, 11(4), 351-359.

Luo, D., Ganesh, S., & Koolaard, J. (2014). predictmeans: calculate predicted means for
linear models. R package version 0.99. Retrieved from http://CRAN.R-
project.org/package=predictmeans

Maurizio, A., & Schaper, F. (1994). Das Trachtpflanzenbuch : Nektar und Pollen - die
wichtigsten Nahrungsquellen der Honigbiene [Bee plants: nectar and pollen — the most
important food resources of the honeybee] (4 rev. ext. ed.). Miinchen: Ehrenwirth.

Miller, P. D. (1982). Maize pollen: collection and enzymology. In W. F. Sheridan (Ed.), Maize
for biological research (pp. 279-282). Grand Forks ND: University Press.

Minckley, R. L., Wcislo, W. T., Yanega, D., & Buchmann, S. L. (1994). Behavior and
phenology of a specialist bee (Dieunomia) and sunflower (Helianthus) pollen availability.
Ecology, 75(5), 1406—1419.

Mueller, A. L., & Dauber, J. (2016). Hoverflies (Diptera: Syrphidae) benefit from a cultivation
of the bioenergy crop Silphium perfoliatum L. (Asteraceae) depending on larval feeding
type, landscape composition and crop management. Agricultural and Forest Entomology,
18(4), 419-431.

Miiller, A., Diener, S., Schnyder, S., Stutz, K., Sedivy, C., & Dorn, S. (2006). Quantitative
pollen requirements of solitary bees: implications for bee conservation and the evolution of
bee—flower relationships. Biological Conservation, 130(4), 604-615.

Nitsch, H., Osterburg, B., Roggendorf, W., & Laggner, B. (2012). Cross compliance and the

protection of grassland — illustrative analyses of land use transitions between permanent



720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

31
grassland and arable land in German regions. Land Use Policy, 29(2), 440—448.

Ollerton, J., Winfree, R., & Tarrant, S. (2011). How many flowering plants are pollinated by
animals? Oikos, 120(3), 321-326.

Pacini, E., & Nicolson, S. W. (2007). Nectar components. In S. W. Nicolson, M. Nepi, & E.
Pacini (Eds.), Nectaries and Nectar (pp. 8—10). Dordrecht: Springer Netherlands.

Percival, M. S. (1961). Types of nectar in angiosperms. New Phytologist, 60(3), 235-281.

Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D., & R Core Team. (2016). nlme: linear and
nonlinear mixed effects models. R package version 3.1-128. Retrieved from
http://CRAN.R-project.org/package=nlme

Power, E. F., Stabler, D., Borland, A. M., Barnes, J., & Wright, G. A. (2018). Analysis of
nectar from low-volume flowers: a comparison of collection methods for free amino acids.
Methods in Ecology and Evolution, 9(3), 734—743.

Rader, R., Bartomeus, 1., Garibaldi, L. A., Garratt, M. P. D., Howlett, B. G., Winfree, R., ...
Woyciechowski, M. (2016). Non-bee insects are important contributors to global crop
pollination. Proceedings of the National Academy of Sciences, 113(1), 146—151.

R Core Team. (2016). R: a language and environment for statistical computing. Vienna: R
Foundation for Statistical Computing. Retrieved from http://www.R-project.org/

Rortais, A., Arnold, G., Halm, M.-P., & Touffet-Briens, F. (2005). Modes of honeybees
exposure to systemic insecticides: estimated amounts of contaminated pollen and nectar
consumed by different categories of bees. Apidologie, 36(1), 71-83.

Roulston, T. H. (2005). Pollen as a reward. In A. Dafni, P. G. Kevan, & B. C. Husband (Eds.),
Practical Pollination Biology (pp. 236-260). Cambridge ON: Enviroquest, Ltd.

Roulston, T. H., Cane, J. H., & Buchmann, S. L. (2000). What governs protein content of

pollen: pollinator preferences, pollen-pistil interactions, or phylogeny? Ecological



744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

32
Monographs, 70(4), 617-643.

Schick, B., & Spiirgin, A. (1997). Die Bienenweide [Bee pasture] (4. rev. ed.). Stuttgart:
Eugen Ulmer.

Schittenhelm, S., & Grunwald, D. (2018). Silphie und Mais — Vorziige und Grenzen der
Biogaspflanzen [The cup plant and maize — advantages and limits of the biogas crops].
Mais, 1/2018, 28-30.

Schmidt, L. S., Schmidt, J. O., Rao, H., Wang, W., & Xu, L. (1995). Feeding preference and
survival of young worker honey bees (Hymenoptera: Apidae) fed rape, sesame, and
sunflower pollen. Journal of Economic Entomology, 88(6), 1591-1595.

Schorpp, Q., & Schrader, S. (2016). Earthworm functional groups respond to the perennial
energy cropping system of the cup plant (Silphium perfoliatum L.). Biomass and
Bioenergy, 87, 61-68.

Ssymank, A., Kearns, C. A., Pape, T., & Thompson, F. C. (2008). Pollinating flies (Diptera): a
major contribution to plant diversity and agricultural production. Biodiversity, 9(1-2), 86—
89.

Stabler, D., Power, E. F., Borland, A. M., Barnes, J. D., & Wright, G. A. (2018). A method for
analysing small samples of floral pollen for free and protein-bound amino acids. Methods
in Ecology and Evolution, 9(2), 430—438.

Tasei, J.-N., & Aupinel, P. (2008). Nutritive value of 15 single pollens and pollen mixes tested
on larvae produced by bumblebee workers (Bombus terrestris, Hymenoptera: Apidae).
Apidologie, 39(4), 397-4009.

Thom, M. D., Eberle, C. A., Forcella, F., Gesch, R., Weyers, S., & Lundgren, J. G. (2016).
Nectar production in oilseeds: food for pollinators in an agricultural landscape. Crop

Science, 56(2), 727-739.



768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

790

791

33

Thiiringer Landesanstalt fiir Landwirtschaft. (2015). Anbautelegramm Durchwachsene Silphie
(Silphium perfoliatum L.) [Production guide for Silphium perfoliatum L.]. Retrieved from
http://www.tll.de/www/daten/publikationen/anbautelegramm/silphie1015_i.pdf

Torres, C., & Galetto, L. (2002). Are nectar sugar composition and corolla tube length related
to the diversity of insects that visit Asteraceae flowers? Plant Biology, 4(3), 360-366.

Vaissiere, B. E., & Vinson, S. B. (1994). Pollen morphology and its effect on pollen collection
by honey bees, Apis mellifera L. (Hymenoptera: Apidae), with special reference to upland
cotton, Gossypium hirsutum L. (Malvaceae). Grana, 33(3), 128—138.

Vaudo, A. D., Tooker, J. F., Grozinger, C. M., & Patch, H. M. (2015). Bee nutrition and floral
resource restoration. Current Opinion in Insect Science, 10, 133—-141.

Vear, F., Pham-Delegue, M., Tourvieille de Labrouhe, D., Marilleau, R., Loublier, Y., le
Meétayer, M., ... Philippon, J. (1990). Genetical studies of nectar and pollen production in
sunflower. Agronomie, 10(3), 219-231.

Waller, G. D. (1972). Evaluating responses of honey bees to sugar solutions using an artificial-
flower feeder. Annals of the Entomological Society of America, 65(4), 857-862.

Werling, B. P., Dickson, T. L., Isaacs, R., Gaines, H., Gratton, C., Gross, K. L., ... Landis, D.
A. (2014). Perennial grasslands enhance biodiversity and multiple ecosystem services in
bioenergy landscapes. Proceedings of the National Academy of Sciences, 111(4), 1652—
1657.

Wilken, F., & Benke, M. (2013). Durchwachsene Silphie in Niedersachsen [S. perfoliatum in
Lower Saxony]. Chamber of Agriculture Lower Saxony. Retrieved from https://www.lwk-
niedersachsen.de/index.cfm/portal/2/nav/74/article/21404.html

Wille, H., Wille, M., Kilchenmann, V., Imdorf, V., Imdorf, A., & Biihlmann, G. (1985).

Pollenernte und Massenwechsel von drei Apis mellifera-Volkern auf demselben



792

793

794

795

796

797

798

799

34
Bienenstand in zwei aufeinanderfolgenden Jahren [Pollen gathering and population
dynamics of three Liebefeld bee colonies of Apis mellifera during two consecutive years].
Revue Suisse de Zoologie, 92(4), 897-914.

Wright, C. K., & Wimberly, M. C. (2013). Recent land use change in the Western Corn Belt
threatens grasslands and wetlands. Proceedings of the National Academy of Sciences,
110(10), 4134-4139.

Zuur, A. F., Ieno, E. N., Walker, N. J., Saveliev, A. A., & Smith, G. M. (2009). Mixed Effects

Models and Extensions in Ecology with R. New York, NY: Springer.



Table 1 Free and protein-bound amino acids in pollen, as well as free amino acids in nectar of
S. perfoliatum

Free amino acids Protein-bound amino acids Free amino acids
in pollen (n=18) in pollen (n=18) in nectar (n=16)
Amino mean SD Freq mean SD Freq mean SD Freq
acid [ng/mg] [ng/mg] [x/18] [ng/mg] [ng/mg] [x/18] [umol/ [umol/ [x/16]
ml] ml]
ALA 0.000 0.000 0 0.13 0.23 18 0.062 0.214 7
ARG® 0.037 0.011 18 22.24 6.67 18 0.038 0.054 14
ASN 0.000 0.000 18 0.00 0.00 17 0.000 0.000 15
ASP 0.047 0.044 12 1.97 1.27 18 0.017 0.026 15
CYS 0.002 0.001 17 545 2.16 18 0.026 0.021 15
GABA® 0.000 0.000 18 0.00 0.00 14 0.000 0.000 16
GLN 0.000 0.000 18 0.00 0.00 9 0.000 0.000 16
GLU 0.053 0.042 17 1.38 1.19 18 0.078 0.121 12
GLY 0.000 0.001 5 0.06 0.24 2 0.027 0.046 7
HIS® 0.931 0.211 18 37.54 14.68 17 0.249 0.150 15
ILE® 0.001 0.002 18 0.10 0.16 12 0.057 0.073 14
LEU® 0.007 0.004 18 1.81 0.64 18 0.020 0.031 13
LYS® 0.003 0.001 18 0.74 0.27 18 0.198 0.136 15
MET® 0.005 0.002 18 0.16 0.15 18 0.022 0.056 4
PHE® 0.007 0.002 18 1.42 0.65 18 0.023 0.016 14
PRO 0.002 0.001 18 0.07 0.10 16 0.098 0.229 11
SER 0.029 0.014 18 4.84 3.26 14 0.113 0.084 15
THR® 0.019 0.006 18 0.05 0.16 4 0.023 0.045 10
TRP®© 0.000 0.000 7 0.00 0.00 13 0.000 0.000 5
TYR 0.004 0.001 18 0.96 0.36 18 0.016 0.022 15
VAL® 0.016 0.007 18 0.64 0.29 18 0.046 0.087 10
Sum (all) 1.16 0.26 18 79.5 26.2 18 1.11 0.73 16

(a) Essential for the growth of young honey bees of A. mellifera after de Groot (1953), shaded grey; (b) GABA is a non-
proteinogenic amino acids; (c) Tryptophan is almost completely destroyed during acid hydrolysis of protein-bound amino

acids



Table 2 Number of pollen grains and nectar sugar mass of S. perfoliatum in comparison to other energy
crops

Pollen Nectar sugar
Crop
. grains/ . . mg/ o
%]rz;EtS/ inflorescenc graEglsl/(l)aél]a nt g[r;uln gf?]a disk floret rgi/é:ri% g/plant kg/ha
e [x 109] and day
Silphium 14,200 1.8 314 12.5 0.09 © 11 2 80
perfoliatum (6,000-  (0.5-3.7)@  (109-627)  (4.4-25.1) 9-12@ (0.6-4,2) ©  (25-170) @
21,400) @ ®) ®)

Zea 6,000- - 14-50®  0.8-6.0 -® - - - -
mays 22,500 ®
Helianthus 22,000- 35-90 &9 3590 D 2,0-5.0 "D 0.097- 640- 0.6-1.1 G0 13-140 O;
anuus 50,000 ® 0270 1,080 -0 18-47®
Brassica 64,900 ™, - 11-41 (m.n.0) 5.7- 0.29-0.90 @ - 0.1-0.8 ©9  40-200 @,
napus 96,700 ™ 11.6 (mn.0) 131 ®

5®

(a) Sect. 3.1; (b) Sect. 3.1, 3.3, Table A.5, suppl. mat.; (c) Sect. 3.2; (d) Sect. 3.1, 3.2; (e) Sect. 3.2, Sect. 3.3, Table A.6
suppl. mat.; (f) Miller (1982) and references therein: three anthers per floret, 2000 to 7500 pollen grains per anther; (g)
Deutsches Maiskomitee e.V. (2009): 6-12 maize plants/m?; (h) Astiz & Hernandez (2013); (i) Lindstrom, Pellegrini,
Aguirrezabal, & Hernandez (2006): about 1,600-1,800 disk florets per inflorescence at a stand density of 5.6 plants/m?.
They used two sunflower cultivars, therefore the number of inflorescences per plant is supposed to be one. Wild sunflowers
produce one to several inflorescences (Ladd, 1995), but smaller numbers of disk florets (50-400) (Minckley, Wcislo,
Yanega, & Buchmann, 1994); (j) Schick & Spiirgin (1997); (k) Free (1993): nectar secretion of H. annuus lasts three days,
highest rate at second day. Thus, multiplying the amount of 24h by 3 might create wrong values. Burmistrov (1965, cited by
Free, 1993) gives values of total sugar amount per floret of 0.4 to 0.6 mg; (1) Thom et al. (2016): spring oilseed rape; (m)
Cresswell (1999); (n) Cresswell, Hagen, & Woolnough (2001); (o) Koltowski (2005): 175 flowers/plant at a stand density of
50 plants/m? and 427 flowers/plant at a stand density of 28 plants/m?; (p) Chévre, Eber, Renard, & Darmency (1999); (q)
Maurizio & Schaper (1994): nectar secretion of B. napus: two times per flower



Table 3 Number of honeybee larvae that can be provided by one plant of S. perfoliatum with pollen and
nectar sugar

Pollen Nectar sugar
grains/plant mass/plant larvae provided/ mass/plant larvae provided/
[x 106]@® [g]® plant© [g]@ plant ©
mean values 314 2.8-4.2 15-34 2.0 34
minimum values 109 1.0-1.5 5-12 0.6 10
maximum values 627 5.7-8.5 30-68 4.2 71

(a) Sect. 3.1, 3.3; Table. A.5 suppl. mat; (b) considering 74 x10° to 111 x10° pollen grains per gram pollen, Sect. 2.9; (c)
considering a pollen requirement per larva of 125-187.5 mg (Hrassnigg & Crailsheim, 2005, cited in Brodschneider &
Crailsheim, 2010); (d) Sect. 3.2, 3.3; Table. A.6 suppl. mat.; (e) considering a sugar requirement per larva of 59.4 mg
(Rortais, Arnold, Halm, & Touffet-Briens, 2005, cited in Brodschneider & Crailsheim, 2010)



Table 4 Number of worker honeybees that can be provided by one plant of S. perfoliatum with pollen and nectar sugar per day

The requirements are given in pollen and sugar mass per worker bee and day. Therefore, we had to consider the days between samplings. As
we do not know how many days S. perfoliatum was already in bloom until the first sampling period, we only consider the time between the
first an the last sampling (97% of total pollen and nectar sugar production).

Pollen Nectar sugar
mean
number of share of total ~ pollen mass/ share of total =~ sugar mass/
days pollen plant and time pollen mass/  worker bees sugar plant and time = sugar mass/  worker bees
between production period plant and day provided/plant  production period plant and day = provided/plant
time period samplings [%]® [g]® [mg] and day© [%]® [g]® [mg] and day @
first half of August 19 29 0.8-1.2 43-65 10-19 26 0.5 28 7
(1t to 2" sampling)
[mean]
second half of August 21 51 1.4-2.2 69-103 16-30 52 1.0 50 12
(2™ to 3™ sampling)
[mean]
first half of September 15 17 0.5-0.7 32-48 7-14 19 0.4 25 6
(3" to 4% sampling)
[mean]
July — Sept. 55 97 2.7-4.1 50-75 12-22 97 2.0 35 9
(1** to 4% sampling)
[mean]
July — Sept. 55 97 1.0-1.4 17-26 4-8 97 0.6 11 3
(1% to 4" sampling)
[minimum]
July — Sept. 55 97 5.5-8.2 100-150 23-44 97 4.1 75 19
(1*t to 4% sampling)
[maximum]

(a) Sect. 3.4; (b) Considering the pollen mass and nectar sugar mass production until mid-September (Table 3); (¢) considering a pollen requirement of 3.4-4.3mg/worker
bee and day (Crailsheim et al., 1992, cited in Brodschneider & Crailsheim, 2010); (d) considering a nectar sugar requirement of 4mg/worker bee and day (Barker &
Lehner, 1974, cited in Brodschneider & Crailsheim, 2010)



Figure captions

Figure 1: Pollen production of S. perfoliatum

Mean number and standard deviation for disk florets per inflorescence (a), pollen grains per disk floret
(b) as well as pollen grains per inflorescence (c) of S. perfoliatum (n=100 each), divided by branching
degrees (2° to 6° inflorescences). Letters show significant differences of the groups according to

pairwise comparisons (p<0.5).

Figure 2: Nectar volume and sugar mass per disk floret of S. perfoliatum
Mean number and standard deviation for accumulated nectar volume (n=76) and sugar mass (n=63) per
disk floret of isolated inflorescences. Samples were grouped to five time categories between 7 AM and

5 PM. Letters show significant differences of the groups according to pairwise comparisons (p<0.5).

Figure 3: Inflorescences per plant of S. perfoliatum
Mean number and standard deviation of flowering and withered inflorescences per plant of
S. perfoliatum measured at commercial fields in Lower Saxony (Germany) during four sampling

periods between July and September, divided by branching degrees (1° to 7° inflorescences).
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Table A.1 Model selection process of models on disk florets per inflorescence, pollen grains per disk
floret as well as pollen grains per inflorescence of Silphium perfoliatum L.

Samples were taken from two plots (establishment in the years 2005 and 2010) and from five branching
degrees (secondary [2°] to senary [6°] inflorescences) at the experimental station of the Thuringian
State Institute for Agriculture (Thiiringer Landesanstalt fiir Landwirtschaft, TLL) in Dornburg/Jena
(Germany) in 2012. Generalized least squares fit by maximum likelihood was used for the comparison
of models via likelihood ratio test (LRT). For all response variables, the comparison of model 2
(containing both factors) and model 3b (without factor branching degree) shows that dropping the
factor branching degree worsens the explanatory power significantly. In contrast, the factor plot and its
interaction with branching degree are statistically not significant.

df=degree of freedom, AIC=Akaike information criterion

model nr. explanatory variables df AIC test L.Ratio p-value

response variable: disk florets per inflorescence
variance structure of the model:
different variances per stratum for branching degree, levels: 2°, 3°, 4°, 5°, 6° inflorescences

plot + branch. degree +

1 plot:branch. degree 15 945.4

2 plot + branch. degree 11 938.6 1vs2 1.228 0.874
3a branch. degree 10 940.1 2vs 3a 3.464 0.063
3b plot 7 969.3 2vs 3b 38.664 <0.001
4 without expl. variable 6 970.0 3avs4 37.935 <0.001

response variable: pollen grains per disk floret
variance structure of the model:
different variances per stratum for plot, levels: establishment in the years 2005 and 2010

plot + branch. degree +

1 plot: branch. degree 12 1865.7

2 plot + branch. degree 8 1860.0 1vs2 2.379 0.666
3a branch. degree 7 1858.1 2vs 3a 0.033 0.856
3b plot 4 1916.0 2vs 3b 64.001 <0.001
4 without expl. variable 3 1914.1 3avs4 63.987 <0.001

response variable: pollen grains per inflorescence
variance structure of the model:
different variances per stratum for plot, levels: establishment in the years 2005 and 2010

plot + branch. degree +

1 plot: branch. degree 12 2919.5

2 plot + branch. degree 8 2914.1 1vs2 2.636 0.621
3a branch. degree 7 2915.3 2vs 3a 3.156 0.076
3b plot 4 2966.4 2vs 3b 60.238 <0.001
4 without expl. variable 3 2966.2 3avs4 58.904 <0.001




Table A.2 Model selection process of models on nectar volume and sugar mass of Silphium
perfoliatum L.

Samples were taken during two periods (beginning and end of August) and at different daytimes (five
time categories of two-hour intervals between 7 AM and 5 PM) in a middle-aged plot (establishment in
2008) at the experimental station of the Thuringian State Institute for Agriculture (Thiiringer
Landesanstalt fiir Landwirtschaft, TLL) in Dornburg/Jena (Germany) in 2012. Linear mixed model fit
by maximum likelihood was used for the comparison of models via likelihood ratio test (LRT). The
inflorescences to whom the disk florets (that were sampled in different time categories) belonged to as
well as the day of sampling formed the random structure. For both response variables, the comparison
of model 1 (containing both factors) and model 2b (without factor time category) shows that dropping
the factor time category worsens the explanatory power significantly. In contrast, the factor sampling
period is statistically not significant.

df=degree of freedom, AIC=Akaike information criterion

model nr. explanatory variables df AIC test L.Ratio p-value

response variable: nectar volume per disk floret [pl] (square root transformed)

1 sampl. period + time cat. 9 -140.2

2a time category 8 -141.8 1vs2a 0.449 0.503
2b sampling period 5 -99.8 1vs2b 48.476 <0.001
3 without expl. variable 4 -101.2 2avs 3 48.589 <0.001

response variable: sugar mass per disk floret [mg]

1 sampl. period + time cat. 9 -238.9

2a time category 8 -240.5 1vs2b 0.414 0.520
2b sampling period 5 -196.5 1vs2b 50.468 <0.001
3 without expl. variable 4 -197.9 2avs 3 50.638 <0.001




Table A.3 to A.6 Estimating mean, minimum and maximum production of floral resources of Silphium
perfoliatum L. over the flowering period

Numbers in bold indicate the branching degree that produced the highest number of inflorescences,
number of pollen grains or nectar sugar mass, respectively, to a given sampling period.

Table A.3 Pollen grains and nectar sugar mass per inflorescence and branching degree of S. perfoliatum

The number of pollen grains per inflorescence and branching degree was calculated by multiplying the
counted numbers of pollen grains per disk floret and disk florets per inflorescence. Nectar sugar mass
per inflorescence was calculated by multiplying the predicted nectar sugar mass per disk floret with the
counted number of disk florets per inflorescence.

branching degree* mean number of pollen grains mean sugar mass
* primary (1°) and septenary (7°) inflorescences per inflorescence per inflorescence
are disregarded
[mg]

2° 2.2x10° 12
3° 2.1x10° 12
4° 1.9 x 10° 12
5° 1.5x 10° 11
6° 1.1x10° 9

Table A.4 Inflorescences per plant and branching degree over the flowering period of S. perfoliatum

Six plants of S. perfoliatum were sampled per commercial field in Lower Saxony (Germany) and
sampling period. In addition to the average number of all study sites, the number of inflorescences per
plant and branching degree are given for the sites with the lowest and highest average number of
inflorescences per plant in mid-September.

branching mean number of inflorescences per plant miminum of maximum of
degree* (n=6 plant per commercial field) sites (n=6) sites (n=6)
* primary (1°) and
in%e(it:f;%c(i";re end of.July mid—Aggust Egg. c:)ff%léi't/. mid—SePtember mid-September | mid-September
disregarded (n=15 fields) (n=15 fields) (n=14 fields) (n=8 fields)
2° 4 19 21 21 21 24
3° 0 21 35 35 25 44
4° 0 9 44 46 5 83
5° 0 0 30 55 0 145
6° 0 0 12 23 0 103
sum 4 49 143 180 51 399




Table A.5 Estimated number of pollen grains per plant and branching degree over the flowering period

Numbers were calculated by considering values of table A3 and A4.

i . estimated estimated
b; ZI;ilgézg estimated pollen supply minimum —
* primary (1°) and [grain number/plant] pollen supply | pollen supply
septenary (7°) dof Aug/
inflorescences are . end or Aug. . . .
disregarded end of July mid-August beg. of Sept. mid-September | mid-September | mid-September
2° 9.9 x 10° 42 x 10° 47 x 10° 46 x 10° 47 x 10° 53 x 10°
3° 0 44 x 10° 74 x 10° 74 x 10° 52 x 10° 92 x 10°
4° 0 17 x 10° 83 x 10° 87 x 10° 9x10° 157 x 10°
5° 0 0 45x 10° 81x 10° 0 213 x 10°
6° 0 0 13 x 10° 25x 10° 0 112 x 10°
sum 9.9 x 10° 102 x 10° 261 x 10° 314 x 10° 109 x 10° 627 x 10°
plants/ha 40,000 40,000 40,000 40,000 40,000 40,000
estim. pollen
supply [grain 0.4 x 10" 4.1 x 10" 10.5 x 10" 12.5x 10" 4.4x 10" 25.1x 10"
number/ha]
Igrlfgirszf}fa[]pollen 3.7 x 10 6.4 x 10" 2.1x 10" 20.7 x 10"
o)
[% on total 29 51 17
supply]
Table A.6 Estimated nectar sugar mass per plant and branching degree over the flowering period
Amounts were calculated by considering values of table A3 and A4.
branching . estimated estimated
degree* estnna;iii s/uig:;tj% upply minimum sugar | maximum sugar
* primary (1°) and &P supply supply
septenary (7°) dof Aug/
inflorescences are . end or Aug. . . .
disregarded end of July mid-August beg. of Sept. mid-September | mid-September | mid-September
2° 51 217 244 240 247 276
3° 0 259 439 439 309 547
4° 0 105 512 539 59 969
5° 0 0 329 599 0 1,566
6° 0 0 103 195 0 886
sum 51 580 1,627 2,012 615 4,244
plants/ha 40,000 40,000 40,000 40,000 40,000 40,000
estim. sugar
supply [kg/hal 2 23 65 80 25 170
increase
[ke/ha] 21 42 15 145
o)
[% on total 26 5o 19
supply]
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