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Abstract

Camelina and pennycress are two annual oil-producing plant species that have recently gained attention as bio-
fuel feedstock crops. Prior to commercial production, information on their breeding and pollination system is
essential to ensure sustainable management. We conducted pollination experiments and observed flower visitors
in an experimental double-cropping system in southern Germany. We found that common camelina varieties
were mainly self-pollinated and yield of one variety seemed to benefit from insect visitation, whereas penny-
cress was predominantly wind pollinated. Camelina showed higher overall visitation rates by insects than pen-
nycress. Flies and wild bees visited both crop species, but honey bees visited camelina only. We conclude that
both oil crop species produce yield without pollinators but offer foraging resources for different insect taxa at

times when few other crops and native plants are flowering.
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Introduction

Nowadays agriculture not only provides goods for
human food consumption but also feedstock for the bio-
energy sector. Ever increasing worldwide energy con-
sumption and demand for renewable energy forms has
lead to a steep rise of biofuel feedstock production in
agriculture (United Nations, 1998; BP, 2012; OECD,
2012). In temperate regions main biofuel feedstock crops
are corn (Zea mays L.), rapeseed (Brassica napus L.), and
soy (Glycine max (L.) MERR.) (FAO, 2008; UNEP, 2009).
The expansion of their cultivation for biofuel feedstock
production and its ecological sustainability is, however,
questionable. Major areas of concern are indirect land-
use change (iLUC), simplification of landscapes, rivalry
of food and fuel production, the use of agro-chemicals
and fertilizers, and detrimental effects on biodiversity
(Ludeke-Freund et al., 2012). Therefore, the search for
alternative cultivation systems and biofuel feedstock
species is ongoing.

Camelina (Camelina sativa L. Crantz) and pennycress
(Thlaspi arvense L.) are two species recently considered
for biofuel feedstock production in temperate regions.
Both are gaining importance as their oil has been
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proven suitable for biodiesel (Moser et al., 2009; Moser,
2010) and biokerosene production (Shonnard et al.,
2010). Other applications are in the cosmetic, biolubri-
cant, and in the culinary sector (the last for camelina
only) (Pilgeram et al., 2007; Cermak ef al., 2013).
Camelina and pennycress can be both cultivated in a
double-cropping system with other crops. Double-
cropping is a cultivation method, where two crops are
consecutively produced and harvested on the same land
in the same year. While it is common practice in the
(mid-) southern United States (especially with wheat fol-
lowed by soy; Marra & Carlson, 1986; Crabtree ef al.,
1990), it is less established at higher latitudes as in Ger-
many. A reason is that the second crop may not mature
due to the short remainder of the growing season at
higher latitudes, unless it is a very fast growing early
maturing crop (Shapiro et al., 1992; Gesch & Archer,
2013) or harvested premature, i.e. for biomass produc-
tion (Karpenstein-Machan, 2001; Heggenstaller et al.,
2008). Camelina and pennycress can, however, poten-
tially reach maturity as a second crop in a double-crop-
ping system in Germany due to a very short vegetation
cycle of 80-120 days. Double-cropping increases the per-
iod of time in which the land is used for crop production.
This increases the overall production and economic
returns and minimizes the problem of food displacement
and effects of indirect land-use change (Liideke-Freund
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et al., 2012). Further advantages of double-cropping are
the protection of soils from wind and water erosion
through vegetation cover, the improvement of soil struc-
ture and the reduction in nitrate leaching into deeper soil
layers (Schmidt, 2000; Cherr et al., 2006; Heggenstaller
et al., 2008). Furthermore, double-cropping diversifies
the system on a temporal scale through the introduction
of another crop species. Disadvantages of double-crop-
ping include additional work load for the farmer, risk of
crops not reaching maturity due to climatic constraints,
risk of lower yields of subsequent crops due to delayed
sowing dates, and/or decreased moisture levels affecting
germination and emergence of the second crop (Marra &
Carlson, 1986; Shapiro et al., 1992).

As the cultivation of camelina and especially penny-
cress at a larger scale is still at its beginning many ques-
tions of how to grow the crops ecologically sustainable
remain open. One central question regards the species’
breeding and pollination systems. This information is
important, because crop yields may depend on or bene-
fit from pollination services by insects (Klein et al.,
2007). Therefore, the breeding systems of camelina and
pennycress have to be understood to ensure a reliable
crop production. This knowledge is needed as a basis
for decision-making on pollination management and its
potential optimization. Furthermore, mass flowering of
the two species may retract flower visitors of endan-
gered wild plant species (Holzschuh et al.,, 2011), or
may supply additional flower resources to insects, espe-
cially later in the year (Westphal et al., 2003, 2009).
Hence, it is important to assess the flower visitors and
possible impacts of camelina and pennycress cultivation
in a double-cropping system on pollination services and
wild pollinator functional diversity.

Camelina and pennycress are commonly assumed to
be self-pollinated, often based on flower morphology,
but systematic studies are lacking (camelina: Fruwirth,
1906; Plessers et al., 1962; Zubr, 1997; Mulligan, 2002;
Vollmann et al., 2005; pennycress: Knuth, 1908; Mulli-
gan, 1972, 2002; Best & McIntyre, 1975; Al-Shehbaz,
1986). Flower visitors of pennycress are listed by Knuth
(1908), Mulligan & Kevan (1973), and Al-Shehbaz
(1986); however, no conclusions about the breeding sys-
tem are drawn. Studies explicitly addressing the breed-
ing system are lacking for both species. Thus, the
objective of this study was to assess the breeding and
pollination systems of both plant species.

Material and methods

Crop species and the double-cropping system

Camelina and pennycress are summer and winter annuals
belonging to the mustard family (Brassicaceae). They possess a

short vegetation cycle of 80-120 days and produce oil rich
seeds. Camelina is 30-100 cm tall with light to dark yellow
flowers and pear-shaped fruits. It is native to Eurasia (Francis
& Warwick, 2009) and naturally found as a weed in agricul-
tural fields and in dry ruderal habitats (Rothmahler, 2002). Pen-
nycress is 10-50 cm tall, has small white flowers and winged
silicles containing 10-16 seeds. It originated in Eurasia (Mitich,
1996) and grows naturally on nutrient-rich, loamy fields, and
ruderal habitats (Rothmahler, 2002). Until recently, both species
were mainly considered weeds in crop production systems.
However, camelina was grown for its oil and grain in Europe
as early as the late neolithic, and especially during the Bronze
and Iron Age (Kroll, 1994). During the Middle Ages cultivation
declined and continued only sporadically until the modern
times (Kroll, 1994).

The short vegetation cycle and strong competitiveness as
weeds makes both species candidates for cultivation in a low
input double-cropping system, which can be incorporated into
existing crop rotations. In temperate regions, this can either be
in summer from late June to September as the second crop of
the system after the cultivation of winter cereals like barley
(Fig. 1) or during winter from September to June as the first
crop preceding corn or soy (Liideke-Freund et al., 2012; Gesch
& Archer, 2013). The latter is difficult to realize for camelina in
Germany, due to a too short growing season left for the second
crop following camelina. This study was conducted in the sum-
mer double-cropping system, which is feasible in Germany for
both species.

We chose three common varieties of camelina to test for vari-
ety effects within one species (Klein et al., 2007). The target
varieties were Ligena (Deutsche Saatenveredelung, Germany),
Celine (French variety from the United States, obtained from
Cropland Biodiesel), and Calena (Bayrische Saatenveredelung,
Germany). As of yet, no official varieties exist for pennycress.
Therefore, only one line (Spring 32 from Western Illinois Uni-
versity, USA; European lines were not available) was used and
variety effects could not be tested.

Study area

The experiments were conducted from June to September 2011
in Dundenheim, Offenburg, Baden-Wiirttemberg, southern
Germany (48°27'13.85"N, 7°49'08.14"E, 144 m asl.). Mean annual
temperature and precipitation are 10.83 °C and 492.37 mm,
respectively, based on data of 25 years (mean monthly tempera-
ture and precipitation for the study period June-September:
18.80 °C and 104.87 mm, respectively) (Deutscher Wetterdienst,
2012). Each variety/line was hand sown at rates of
0.3-0.5 g m™2 in field strips of 5 x 18 m on June 20th, 2011.
The land was previously cultivated with strawberries. The field
was ploughed and harrowed before broadcasting the seeds,
which were mixed with 2 kg of sand for better distribution. To
ensure proper soil contact a roller was used afterward. No fertil-
izer was applied and the use of agrochemicals against pests and
diseases was not deemed necessary. The site was chosen due to
warmer climatic conditions and a longer vegetation period com-
pared to northern Germany as time availability for growing an
additional crop may be a critical issue later in the year.

© 2013 John Wiley & Sons Ltd, GCB Bioenergy, doi: 10.1111/gcbb.12122
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Fig. 1 Commonly used crop rotation (upper panel) and the proposed summer double-cropping system with winter cereals and
camelina and pennycress (lower panel) adapted for Germany. Pictures of barley and wheat modified from Rasbak (2004), Filippov

(2010).

Pollination experiment

We studied the breeding system (degree of autonomous self-
pollination = autogamy, wind pollination = anemogamy and
insect pollination = zoogamy) by conducting the following pol-
lination treatments:

Open pollination (OP)

Autonomous self-pollination (SP)

Wind pollination (WP)

Hand cross-pollination with pollen from a different plant
individual of the same variety (CP,)

5 Hand cross-pollination with pollen of another variety (CP,,
for camelina only).

= W N =

Each treatment comprised 10 plant individuals, totaling 150
plant individuals for all camelina varieties (50 plants per vari-
ety) and 40 plant individuals for pennycress. Treatments were
conducted on a plant scale during five and six consecutive
days starting with nonflowering plants on July 30th until
August 3rd for camelina and July 30th until August 4th 2011
for pennycress, respectively.

In the open pollination treatment (OP), plant individuals
were marked without any further manipulations and insects
had access to flowers. For the self-pollination (SP) treatment,
plant individuals were bagged with air permeable bags (Cri-
spac bags, 330 x 750 mm for camelina, 100 x 175 mm for pen-
nycress, small punching Super micro SM, diameter 0.5 mm,
Baumann Saatzuchtbedarf, Waldenburg, Germany), excluding
pollen carried by wind or insects, but allowing autonomous
self-pollination including geitonogamy. For WP, insects were
excluded by gauze bags, allowing autonomous self-pollination
and wind-transported pollen to enter (Klein ef al., 2003). We
used mesh gauze (Rantai 548, mesh size 0.8 x 0.8 mm, thread
size 0.19 mm) bags of 45 x 75cm for camelina and
20 x 24 cm for pennycress, which were closed around the stem
by stapling. To keep insects from climbing up the stem into the
bags through the remaining gap we placed sticky glue (Aurum
Insekten Leim, Neudorff GmbH KG, Emmerthal, Germany)
onto the stem. Hand cross-pollination was conducted daily by
transferring pollen with a pin from fresh flowers of other plant

individuals of the same variety to all newly opened flowers of
the focal plant individuals (CPy). To test for variety effects of
the pollen source (same vs. different variety) on pollination
success in camelina we conducted hand cross-pollination with
pollen of a different variety (CP,). Focal plant individuals were
pollinated with pollen of the neighboring variety: Ligena was
fertilized with pollen from Celine, Celine with pollen from
Calena, and vice versa. The plant individuals of both hand
cross-pollination treatments were also covered with Crispac
bags to exclude wind and insect pollination after flower open-
ing before daily treatments. However, self-pollination could
not be excluded.

To keep bags from touching plant parts, especially flowers,
and to rule out insect pollination from the outside (in WP), all
bags were stabilized with wire.

After treatment was completed, bags and newly emerging
flowers and flower buds were removed to ensure maturing
fruits derived from our treatments. All flowers/fruits in the
experiment were counted and plants left for ripening. Fruits
were harvested on September 1st for camelina and August
30th/31st for pennycress. Seeds of 10 pods per plant individual
were counted to calculate the mean number of seeds per pod.
All seeds per plant individual were counted (Seed counter
‘Contador’ with feed container No.1, for rape seeds and small
seeds, Pfeuffer GmbH, Germany), dried at room temperature,
and weighed (Sartorius Model BP 1200 toploader balance, Sar-
torius, Germany).

Flower visitor observations

We studied the pollination systems by observing the flower-
visiting community. Therefore, five rounds of transect walks
were conducted for camelina (two per variety for Celine and
Calena, one for Ligena) and two rounds for pennycress.
Transects were 1.5 m from the field edge, resulting in three
transects of 15 m length and 0.7 m width per field, which
were repeatedly sampled over a period of 30 min. Sampling
was done on sunny days with temperatures above 18 °C
and low wind speeds (<25 ms ). All observed flower-
visiting insects were caught in vials with ethyl acetate in the

© 2013 John Wiley & Sons Ltd, GCB Bioenergy, doi: 10.1111/gcbb.12122
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field and stored in 80% ethanol in the lab. Identification was
done to species level for the main functional groups honey
bees (Apis mellifera), wild bees, and syrphid flies (Syrphidae)
using Amiet ef al. (1999, 2001, 2007) and Bothe (1996). True
bugs (Hemiptera), other flies (Diptera), and all other groups
were identified to morphospecies. Mean number of captured
insect individuals per transect walk were used for compari-
son among plant species.

Data analyses

Analyses were based on plant individuals. Yield in terms of
fruit set (FS), mean number of seeds per pod (SpP), mean num-
ber of seeds per open flower (SpOF), and mean seed weight
per open flower (SWpOF) were used as response variables to
compare pollination treatments.

The number of open flowers (OF) correlated with the type of
bags used for the treatment (low in treatments with Crispac
bags, high with gauze or no bag, camelina: P = 0.0001, penny-
cress: P = 3.19e-06) suggesting a bag or microclimate effect
(Fig. S1).

As the number of OF influences the number of pods that can
potentially develop, the response variable developed pods (DP)
may show a mixture of treatment and bag effect. Therefore,
fruit set (FS), calculated as:

FS = DP/OF 1)

was used resulting in a response variable clean of bag effects.

Pollination treatment may not only influence the number of
fruit set, but also pod filling, i.e. number and weight of seeds
in pods. Thus, pollination success (PS) was defined as the prod-
uct of DP and mean number of seeds per pod (SpP):

PS = DP * SpP )

However, because DP, as a term based on different numbers
of open flowers, may be affected by a bag effect we used FS
instead, resulting in the mean number of seeds set per open
flower (SpOF):

SpOF = (DP/OF) % SpP 3)

This term is independent of the flower actually setting fruit
or not, but reflects the mean number of seeds produced by one
flower.

To further take into account weight difference resulting from
the treatments mean individual seed weight (ISW) was added
to Eqn (3), resulting in the following:

SWpOF = (DP/OF) * SpP x ISW (4)

SWpOF is the mean collective seed weight produced by one
flower.

The effect of the pollination treatment on fruit set and polli-
nation success was analyzed using a one-way aNova with sub-
sequent Tukey test (glht function in library multcomp, R
version 2.15.0 for Linux) (Hothorn et al., 2008; R Development

Core Team, 2012). Response variables used were FS, mean
number of seeds per pod (SpP), mean number of seeds per
open flower (SpOF) and mean seed weight per open flower
(SWpOF). SpOF and SWpOF are adequate units to answer the
question of the study, as they are independent of any
unequally distributed number of open flowers and also reflect
the quality of pollination. For camelina we analyzed the
data pooled for all varieties, as also the varieties on a separate
basis.

In the camelina variety Ligena three plant individuals
(one SP, two WP) and in pennycress one plant individual (WP)
died during the experiment and were excluded from the
analyses.

As the experimental pollination treatments partly intermix
the different pollination regimes SP, WP, and insect pollination
(IP), we estimated the effect of the last on the mean number of
seeds per open flower and mean seed weight per open flower
using the following model:

vi = Pi + ey, (5)

where y seeds per open flower or seed weight per open flower

P pollination treatments (Crispac bags, gauze bags, no bag)

e error term

The different bagging types used for the pollination treat-
ments allow for different pollination regimes. With no bags
( =OP treatment) SP, WP, and insect pollination (IP) is possible.
The gauze bags ( =WP treatment) allow SP and WP, whereas
the Crispac bags ( =SP treatment) only allow SP.

Rewriting Eqn (5) in matrix notation and replacing treat-
ments by pollination regimes gives the equation:

y=Xb+e (6)

where y vector (of seeds per OF or seed weight per OF)

X incidence matrix linking observations with unknowns (b)
b vector of unknowns (SP, WP, IP)

e error term.

X has then to be set up for the three constituent components
SP, WP, and IP, instead of experimental treatments. As an
example, for a plant under OP (no bag) the correspondent line
in Xis 1 1 1 indicating SP, WP, and IP, whereas a plant with a
gauze bag leads to 11 0.

Once X has been set up, the least squares solution for b is
straight forward:

b=(XX)-1xXYy 7)
The obtained estimates were then added together and set at
100%, representing the naturally available pollination. Subse-

quently, the contribution of each pollination regime in percent
was calculated.

Results

Breeding system of camelina

Our experiments showed that camelina is mainly self-
pollinated. Across all treatments and the three varieties,
a total of 9527 flowers opened of which 7936 developed

© 2013 John Wiley & Sons Ltd, GCB Bioenergy, doi: 10.1111/gcbb.12122
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and 1626 did not develop to pods. Fruit set was signifi-
cantly higher in the open and hand cross-pollination
treatment with pollen of another variety compared to
the wind pollination treatment, but fruit set from self-
pollination did not differ from that in open pollination
(Fig. 2a). The mean number of seeds per pod, the mean
number of seeds per open flower as well as mean seed
weight per open flower (in the following section
referred to as number of seeds per pod, number of
seeds per open flower, and seed weight) were all signifi-
cantly higher in the open compared to the wind and
self-pollination treatments (Fig. 2b—d). The different
cross-pollination treatments with pollen of a different or
the same variety did not differ between each other for
any of the response variables.

All varieties presented highest fruit set, number of
seeds per pod, number of seeds per open flower as
well as seed weight when open pollinated (Table S1).
Fruit set of the variety Ligena differed among treat-
ments in the overall model, however, we found no
significant differences between the pairwise treatment
combinations. The number of seeds per pod, number of
seeds per open flower as well as seed weight did not
significantly differ among pollination treatments (Table
S2).

Fruit set of the variety Celine was significantly
lower in the wind compared to the open and self-pol-
lination treatments (Table S2). However, fruit set of
self-pollinated flowers did not differ from open-
pollinated flowers. The number of seeds per pod of
open-pollinated flowers did not differ from the wind-
and self-pollinated flowers, but was significantly
higher in the open pollination treatment compared to
both hand cross-pollination treatments. The number of
seeds per open flower was significantly higher in the
open compared to the wind and both hand cross-polli-
nation treatments, but the self-pollination treatment
did not differ from the open pollination treatment
(Table S2). Furthermore, the seed weight was higher in
the open pollination treatment than under hand cross-
pollination with pollen of the same variety and wind
pollination, but not higher compared to the self-polli-
nation treatment.

None of the pollination response variables of the vari-
ety Calena were significantly different among the polli-
nation treatments (Table S2).

In all varieties, autonomous self-pollination contrib-
uted highest to the number of seeds per open flower
and seed weight. The individual contribution of wind
and insect pollination varied among varieties (Table 54).
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Fig. 2 (a) Fruit set, (b) mean number of seeds per pod, (c) mean number of seeds per open flower, and (d) mean seed weight per
open flower as a function of the pollination treatments hand cross-pollination with pollen of a different variety (CP,), hand cross-
pollination with pollen of the same variety (CPy), open (OP), self- (SP), and wind pollination (WP) for camelina (pooled across varie-
ties). The horizontal line in each box is the median, the box defines the hinge (25-75% quartile), and the vertical line represents the
sample minimum and maximum within max. 1.5 times the hinge. Points outside this interval are represented as dots. P-values are
<0.05 between WP-CP, and WP-OP in (a), OP-CP,, OP-CP,, OP-SP, and OP-WP in (b), OP-CP,, OP-SP and OP-WP in (c) and OP-SP

and OP-WP in (d).
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Breeding system of pennycress

Our experiments revealed that pennycress is mainly
wind pollinated. A total of 3008 flowers opened during
the experiment, out of which 2212 developed into
mature pods, whereas 775 flowers did not. Fruit set and
number of seeds per pod were significantly lower in the
self-pollination than in all other pollination treatments
(Fig. 3a and b; Table S3). Furthermore, hand cross-
pollinated flowers produced significantly less seeds per
pod than open-pollinated flowers (Fig. 3b). The number
of seeds per open flower as well as seed weight was
also significantly lower in the self-pollination treatment
than in all other pollination treatments (Fig. 3c and d).

Wind pollination contributed 61% to the number of
seeds per open flower, whereas self- and insect pollina-
tion contributed 29% and 9%, respectively. For seed
weight the estimated contribution was 29%, 58%, and
13% for self-, wind, and insect pollination, respectively
(Table S4).

Flower-visiting insects of camelina and pennycress

In total, we found 29 species visiting camelina and 19
visiting pennycress (Table 1). The mean number of
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flower-visiting insects per transect walk was higher on
camelina (24.6 individuals) than on pennycress (16.5
individuals). Main functional flower-visiting taxa were
honey bees, Apis mellifera, wild bees of the genera Lasio-
glossum (sweat bees) and Hylaeus (face masked bee), and
syrphid flies (Syriphidae). Overall, the flower visitor
community did not differ by genera, but by species
between the two plant species (Fig. 4). Only four flower
visitor species were found in both crop species
(Table 1). Honey bees were only present in camelina,
but not in pennycress (Fig. 4). The most dominant sweat
bee species was L. malachurum in camelina and L. calcea-
tum in pennycress. Syrphid flies were mainly found in
camelina, while other fly species were more abundant
on flowers of pennycress.

Discussion

We studied the breeding and pollination system of
camelina and pennycress in a double-cropping system.
By doing so we filled one of several ecological knowl-
edge gaps that need to be answered before a new agri-
cultural crop growing concept for biofuel production
can be successfully established and considered sustain-
able (Ludeke-Freund et al., 2012).
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Fig. 3 (a) Fruit set, (b) mean number of seeds per pod, (c) mean number of seeds per open flower, and (d) mean seed weight per
open flower as a function of the pollination treatments hand cross-pollination with pollen of the same variety (CP,), open (OP), self-
(SP), and wind pollination (WP) for pennycress. The horizontal line in each box is the median, the box defines the hinge (25-75%

quartile), and the vertical line represents the sample minimum and maximum within max. 1.5 times the hinge. Points outside this
interval are represented as dots. Self-pollination is significantly different (P < 0.05) from all other treatments across all response vari-
ables. In addition, in (b) the contrast OP-CP; is significantly different (P < 0.05).
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Table 1 Species list with total number of individuals and means of flower visitors from transect walks in camelina and pennycress
(total duration of transect walks 5 x 30 min and 2 x 30 min, respectively). The category ‘others’ contains a total of seven species of
which five were present in camelina, three in pennycress, and one in both

Camelina Pennycress
Order Family Species Sum Mean Sum Mean
Hymenoptera Apidae Apis mellifera 57 11.4 0 0
Andrenidae Andrena sp.1 1 0.2 0 0
Halictidae Lasioglossum calceatum 5 1.0 8 4.0
Lasioglossum malachurum 19 3.8 0 0
Lasioglossum morio 0 0 1 0.5
Lasioglossum pauxillum 1 0.2 0 0
Lasioglossum subhirtum 2 0.4 0 0
Lasioglossum tricinctum 1 0.2 0 0
Lasioglossum zonolum 1 0.2 0 0
Halictus sp. 1 1 0.2 0 0
Colletidae Hylaeus annulatus 0 0 0 0
Hylaeus communis 2 0.4 4 2.0
Hylaeus punctatus 0 0 1 0.5
Pompilidae Gen. sp. 1 0 0 1 0.5
Chalcidoidea Gen. sp. 1 1 0.2 0 0
Diptera Syrphidae Epeodes corrolae 1 0.2 0 0
Eristalis sp. 1 1 0.2 0 0
Helophilus trivittatus 1 0.2 0 0
Sphaerophoria sp. 1 5 1.0 0 0
Syritta pipiens 2 0.4 1 0.5
Gen.sp. 1 1 0.2 0 0
Other (Brachycera) Fam. gen. sp. 1-5 0 0 5 2.5
Fam. gen. sp. 6-7 2 0.4 0 0
Hemiptera Fam. gen. sp. 1 0 0 1 0.5
Fam. gen. sp. 2-5 11 22 0 0
Coleoptera Coccinellidae Gen. sp. 1 0 0 1 0.5
Gen. sp. 2 1 0.2 0 0
Nitidulidae Brassicogethes aeneus 0 0 4 2.0
Other 7 14 4 2.0
Total 123 24.6 33 16.5
Breeding system of camelina
Our pollination experiment identified a breeding system . B Honey bees
@ Wild bees
dominated by autonomous self-pollination for camelina, P © Syrphid flies
thereby supporting earlier statements in the literature g 2 Others
(Fruwirth, 1906; Knuth, 1908; Plessers et al., 1962; Zubr, :_é ol
1997; Mulligan, 2002; Vollmann et al., 2005). Recently, E
Walsh et al. (2012) reported low out-crossing rates of g
0.09-0.28%, also pointing to self-pollination. Our data, e
pooled for all varieties, indicate that camelina benefits g 5|
from insect pollination with better filled pods — both for B
seed number and weight. However, this effect was not =
significant on a variety scale. All varieties presented
highest fruit set, number of seeds per pod, number of 0
Camelina Pennycress

seeds per open flower as well as seed weight per open
flower when open (insect)-pollinated. However, the dif-

ference of open pollination to self-pollination was not
statistically significant. The estimated contribution of
insect pollination to yield of 12-36% is substantial, but

Fig. 4 Mean number of flower-visiting individuals per tran-
sect walk in camelina and pennycress with SE (total duration
of transect walks 5 x 30 min and 2 x 30 min, respectively).
For pennycress, wild bees SD = 0, therefore SE = 0.
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may be by chance. The positive effect of insect pollina-
tion on yield in the pooled data was driven by an open
pollination benefit found in the variety Celine. How-
ever, yield was only significantly higher in the open
than in the wind pollination treatment, but not higher
than in the self-pollination treatment. Therefore, Celine
seems to benefit a little from insect pollination, whereas
Ligena and Calena do not. There was no effect on polli-
nation success depending on pollen source, i.e. whether
the pollen came from the same or another variety.

Although insects were visiting our experimental open
pollination treatment, their visitation frequency may
have been too low for a significant effect. An additional
open pollination treatment with supplemental hand pol-
lination and hand pollination treatments with different
pollination intensities may help to understand the role
of pollen limitation. To further elucidate how much pol-
linating insects can contribute to camelina yield, a cage
experiment with high stocking rates of pollinators such
as honey bees or solitary bees should be considered in
future research (see Jauker et al., 2011 for a cage experi-
ment on rape pollination).

Other biofuel crops, such as rapeseed and soy, also
produce yield without the contribution of insects, but
may benefit from insect pollination (Erickson, 1975;
McGregor, 1976; Steffan-Dewenter, 2003; Chiari et al.,
2005; Sabbahi et al., 2005; Klein et al., 2007; Duran et al.,
2010; Bommarco et al., 2012; Milfont et al., 2013). Other
studies, however, found little evidence of insect pollina-
tion benefits to yield (Erickson, 1975; Williams et al.,
1986, 1987; Mesquida et al., 1988). These contrasting
results may be caused by differences in insect pollination
benefits among varieties (Erickson, 1975; Williams, 1978;
Kevan & Eisikowitch, 1990; Hudewenz et al., 2013).

The estimated contribution of wind pollination varied
greatly among varieties in our experiment. While wind
pollination was high for Ligena and low for Calena,
Celine showed negative estimates. This resulted from
lower values in the wind than self-pollination treatment.
In the experimental wind pollination treatment, both,
self- and wind pollination were possible. Therefore, one
would expect similar or higher values for the treatment
wind than self-pollination. This indicates high variabil-
ity among plant individuals per treatment. Future
research should therefore increase the number of repli-
cated plant individuals. However, even though the
extent of contribution from wind pollination remains
unclear, our results show a clear dominance of self-
pollination for all three camelina varieties.

Breeding system of pennycress

For pennycress, this study revealed a breeding system
strongly dominated by wind pollination, which is

contrary to findings in the literature stating self-pollina-
tion as the main mode of pollination (Knuth, 1908; Best
& McIntyre, 1975; Al-Shehbaz, 1986; Warwick et al.,
2002). Best & McIntyre (1975) reported high yield after
covering flowers to prevent cross-pollination. However,
they did not state which bagging material was used. Pos-
sibly it allowed pollen transported by wind to pass
through. Knuth (1908) and Al-Shehbaz (1986) suggested
self-pollination based on flower morphology, with Knuth
(1908) additionally mentioning floral features serving for
cross-pollination.

Contrary to our expectations, pollination success was
lower under hand cross-pollination than under open
pollination in both, camelina and pennycress. This is
likely due to incomplete hand cross-pollination, i.e. too
little amounts of pollen transferred to the stigma for
maximum seed set, yet enough to set fruit (Winsor et al.,
1987). Because pennycress pollen is not sticky (personal
observation), it was challenging to transfer high pollen
amounts to the stigmas. Therefore, it is difficult to draw
final conclusions about pollen limitation from our
experiment and future experiments should consider a
cross-pollination treatment of freely accessible flowers
experiencing supplementary pollination on top of insect
pollination.

The estimates for pennycress showed the highest con-
tribution to pollination success by wind pollination,
whereas self-pollination contributed half as much and
insect pollination played a minor role.

Consequences of production for insects and future research
directions

Several bioenergy crops, including the two annual oil
crop species presented here, can produce commercial
yield without insect pollination. However, their produc-
tion may still have major consequences for native and
managed pollinating insects. These may include positive
and negative effects resulting from mass flowering to
alterations of landscapes. Mass-flowering crops can sup-
port important pollinator groups (Westphal ef al., 2003,
2009; Diekotter et al., 2013), but can conversely threaten
the reproductive success of native plant species flower-
ing at the same time by drawing away pollinators
(Holzschuh et al., 2011). Vegetation cover during winter,
as in the winter cultivation of pennycress (Liudeke-
Freund et al., 2012), may positively affect populations of
beneficial insects, such as pollinators or natural enemies
of pests (Booij & Noorlander, 1992). On the other hand,
agricultural pests and diseases may also benefit, by hav-
ing additional resources to survive the winter (Sumner
et al., 1995).

We suggest a number of research directions as a
result of this study. An investigation of the impacts of

© 2013 John Wiley & Sons Ltd, GCB Bioenergy, doi: 10.1111/gcbb.12122
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camelina and pennycress cultivation on native plant
species and flower visitor populations is lacking at the
landscape scale. The effect of cultivation on the repro-
duction of native plants and other crop species should
be tested by assessing which species are still flowering
in the period of cultivation and by comparing visitation
rates of pollinators to flowering wild plant species in
the presence and absence of a double-cropping system.
Furthermore, the amount of pollen and nectar available
from camelina and pennycress and their utilization by
pollinators should be quantified.

We conclude that, although production of biofuel
feedstock from both crop species is little dependent on
pollinators, they offer foraging resources for different
insect taxa at times when few other crops and native
plants are flowering.

Acknowledgements

We thank the Mild family for provision of the field and assis-
tance during field work, W. Phippen for supply with penny-
cress seeds and Cropland Biodiesel, BSV and DSV for providing
us with camelina seeds. K. Averdunk is acknowledged for
discussion on the double-cropping system and we thank
D. Walmsley and three anonymous referees for valuable com-
ments on the manuscript. The study was conducted within the
EU project Innovation Incubator ‘Platform for sustainable avia-
tion fuels’. We thank The European Regional Development
Fund (ERDF), the Federal State of Lower Saxony and the Leuph-
ana University Innovation Incubator for funding this research.

References

Al-Shehbaz TA (1986) The genera of Lepidieae (Cruciferae; Brassicaceae) in the
southeastern United States. Journal of the Arnold Arboretum, 67, 265-311.

Amiet F, Miiller A, Neumayer R (1999) Fauna Helvetica 4. Apidae 2: Colletes, Dufourea,
Hylaeus, Nomia, Nomioides, Rhophitoides, Rophites, Sphecodes, Systropha. Centre sui-
sse de cartographie de la faune & Schweizerische Entomologische Gesellschaft,
Neuchantel, Switzerland.

Amiet F, Herrmann M, Miiller A, Neumayer R (2001) Fauna Helvetica 6. Apidae 3:
Halictus, Lasioglossum. Centre suisse de cartographie de la faune & Schweizerische
Entomologische Gesellschaft, Neuchatel, Switzerland.

Amiet F, Herrmann M, Neumayer R (2007) Fauna Helvetica 20. Apidae 5: Ammobates,
Ammobatoides, Anthophora, Biastes, Ceratina, Dasypoda, Epeoloides, Epeolus, Eucera,
Macropis, Melecta, Melitta, Nomada, Pasites, Tetralonia, Thyreus, Xylocopa. Centre
suisse de cartographie de la faune & Schweizerische Entomologische Gesellschaft,
Neuchantel, Switzerland.

Best K, McIntyre G (1975) The biology of Canadian weeds: 9. Thlaspi arvense L. Cana-
dian Journal of Plant Science, 55, 279-292.

Bommarco R, Marini L, Vaissiere BE (2012) Insect pollination enhances seed yield,
quality, and market value in oilseed rape. Oecologia, 169, 1025-1032.

Booij C, Noorlander J (1992) Farming systems and insect predators. Agriculture, Eco-
systems & Environment, 40, 125-135.

Bothe G (1996) Schwebfliegen. Deutscher Jugendbund fiir Naturbeobachtungen (DJN),
Hamburg, Germany.

BP (2012) BP Statistical Review of World Energy June 2012. Available at: http://www.
bp.com/sectionbodycopy.do?categoryld=7500&contentld=7068481 (accessed 13
May 2013).

Cermak SC, Biresaw G, Isbell TA, Evangelista RL, Vaughn SF, Murray R (2013) New
crop oils—Properties as potential lubricants. Industrial Crops and Products, 44,
232-239.

Cherr CM, Scholberg JMS, McSorley R (2006) Green manure approaches to crop pro-
duction. Agronomy Journal, 98, 302.

Chiari WC, Toledo VAA, Ruvolo-Takasusuki MCC et al. (2005) Pollination of soy-
bean (Glycine max L. Merril) by honeybees (Apis mellifera L.). Brazilian Archives of
Biology and Technology, 48, 31-36.

Crabtree RJ, Prater JD, Mbolda P (1990) Long-term wheat, soybean, and grain sor-
ghum double-cropping under rainfed conditions. Agronomy Journal, 82, 683-686.
Deutscher Wetterdienst (2012) Klimadaten: Monatswerte Lahr. DWD, Offenbach,
Germany. Available at: http://www.dwd.de/bvbw/appmanager/bvbw/dwd
wwwDesktop?_nfpb=true&_pageLabel=_dwdwww_klima_umwelt_klimadaten_
deutschland &T82002gsbDocumentPath=Navigation%2FOeffentlichkeit%2FKlima__
Umwelt%2FKlimadaten%2Fkldaten__kostenfrei%2Fausgabe__monatswerte__node.

html%3F__nnn%3Dtrue (accessed 13 May 2013).

Diekotter T, Peter F, Jauker B, Wolters V, Jauker F (2013) Mass-flowering crops
increase richness of cavity-nesting bees and wasps in modern agro-ecosystems.
GCB Bioenergy, doi: 10.1111/gcbb.12080.

Durdn XA, Ulloa RB, Carrillo JA, Contreras JL, Bastidas MT (2010) Evaluation of
yield component traits of honeybee pollinated (Apis mellifera L.) rapeseed canola
(Brassica napus L.). Chilean Journal of Agricultural Research, 70, 309-314.

Erickson EH (1975) Effect of honey bees on yield of three soybean cultivars. Crop Sci-
ence, 15, 84-86.

FAO (2008) The State of Food and Agriculture 2008 - Biofuels: Prospects, Risks and Oppor-
tunities. FAO Food and Agriculture Organization of the United Nations, Rome,
Italy.

Filippov P (2010) English: Triticum aestivum, Chocei1, Czech Republic, cultivated. Avail-
able at:
(accessed 02 August 2013). This file is licensed under the Creative Commons

http:/ /commons.wikimedia.org/wiki/File:Triticum_aestivum1.JPG

Attribution 3.0 Unported license.

Francis A, Warwick SI (2009) The biology of Canadian weeds. 142. Camelina alyssum
(Mill.) Thell.; C. microcarpa Andrz. ex DC.; C. sativa (L.) Crantz. Canadian Journal of
Plant Science, 89, 791-810.

Fruwirth C (1906) Enclosing single plants and its effect on a large number of impor-
tant agricultural species. Journal of Heredity, 0s-2, 197.

Gesch RW, Archer DW (2013) Double-cropping with winter camelina in the northern
corn belt to produce fuel and food. Industrial Crops and Products, 44, 718-725.

Heggenstaller AH, Anex RP, Liebman M, Sundberg DN, Gibson LR (2008) Produc-
tivity and nutrient dynamics in bioenergy double-cropping systems. Agronomy
Journal, 100, 1740.

Holzschuh A, Dormann CF, Tscharntke T, Steffan-Dewenter I (2011) Expansion of
mass-flowering crops leads to transient pollinator dilution and reduced wild
plant pollination. Proceedings of the Royal Society B: Biological Sciences, 278, 3444~
3451.

Hothorn T, Bretz F, Westfall P (2008) Simultaneous inference in general parametric
models. Biometrical Journal, 50, 346-363.

Hudewenz A, Pufal G, Bégeholz A-L, Klein A-M (2013) Cross-pollination benefits
differ among oilseed rape varieties. The Journal of Agricultural Science, doi: 10.
1017/50021859613000440.

Jauker F, Bondarenko B, Becker HC, Steffan-Dewenter I (2011) Pollination efficiency
of wild bees and hoverflies provided to oilseed rape. Agricultural and Forest Ento-
mology, 14, 81-87.

Karpenstein-Machan M (2001) Sustainable cultivation concepts for domestic energy
production from biomass. Critical Reviews in Plant Sciences, 20, 1-14.

Kevan PG, Eisikowitch D (1990) The effects of insect pollination on canola (Brassica
napus L. cv. OAC Triton) seed germination. Euphytica, 45, 39-41.

Klein AM, Steffan-Dewenter I, Tscharntke T (2003) Bee pollination and fruit set of
Coffea arabica and C. canephora (Rubiaceae). American Journal of Botany, 90, 153-157.

Klein A-M, Vaissiere BE, Cane JH, Steffan-Dewenter I, Cunningham SA, Kremen C,
Tscharntke T (2007) Importance of pollinators in changing landscapes for world
crops. Proceedings of the Royal Society B: Biological Sciences, 274, 303-313.

Knuth P (1908) Handbook of Flower Pollination - Observations on Flower Pollination made
in Europe and the Arctic Regions on Species Belonging to the Natural Orders Ranucula-
ceae to Stylidieae. Clarendon Press, Oxford.

Kroll H (1994) Ein archaologischer Rapsfund des 16. Jahrhunderts, entdeckt in Heide
in Holstein, Norddeutschland. Journal of Agronomy and Crop Science, 173, 17-21.
Liideke-Freund F, Walmsley D, Plath M, Wreesmann J, Klein A-M (2012) Sustainable
plant oil production for aviation fuels: assessment challenges and consequences
for new feedstock concepts. Sustainability Accounting, Management and Policy Jour-

nal, 3, 186-217.

Marra MC, Carlson GA (1986) Double-cropping Wheat and Soybeans in the Southeast:
Input Use and Patterns of Adoption. Natural Resource Economics Division, Eco-
nomic Research Service, U.S. Department of Agriculture, Washington, D.C., USA.

McGregor SE (1976) Insect Pollination of Cultivated Crop Plants. Agricultural Research
Service, U.S. Department of Agriculture, USA.

© 2013 John Wiley & Sons Ltd, GCB Bioenergy, doi: 10.1111/gcbb.12122



10 J. H. GROENEVELD & A.-M. KLEIN

Mesquida ], Renard M, Pierre J-S (1988) Rapeseed (Brassica napus L.) productivity:
the effect of honeybees (Apis mellifera L.) and different pollination conditions in
cage and field tests. Apidologie, 19, 51-72.

Milfont MO, Rocha EEM, Lima AON, Freitas BM (2013) Higher soybean production
using honeybee and wild pollinators, a sustainable alternative to pesticides and
autopollination. Environmental Chemistry Letters. doi: 10.1007/s10311-013-0412-8.

Mitich LW (1996) Field pennycress (Thlaspi arvense L.): the stinkweed. Weed
technology, 10, 675-678.

Moser BR (2010) Camelina (Camelina sativa L.) oil as a biofuels feedstock: Golden
opportunity or false hope? Lipid Technology, 22, 270-273.

Moser BR, Knothe G, Vaughn SF, Isbell TA (2009) Production and evaluation of bio-
diesel from field pennycress (Thlaspi arvense L.) oil. Energy & Fuels, 23, 4149-4155.

Mulligan GA (1972) Autogamy, allogamy, and pollination in some Canadian weeds.
Canadian Journal of Botany, 50, 1767-1771.

Mulligan GA (2002) Weedy introduced mustards (Brassicaceae) of Canada. Canadian
Field Naturalist, 116, 623-631.

Mulligan GA, Kevan PG (1973) Color, brightness, and other floral characteristics
attracting insects to the blossoms of some Canadian weeds. Canadian Journal of
Botany, 51, 1939-1952.

OECD (2012) OECD.StatExtracts - OECD-FAO agricultural outlook 2011-2020 Meta-
Data: biofuel. OECD-FAO Agricultural Outlook 2011-2020, Available at: http://
stats.oecd.org/index.aspx?queryid=30104 (accessed 16 December 2012).

Pilgeram AL, Sands DC, Boss D et al. (2007) Camelina sativa, a Montana omega-3 and
fuel crop. In: Issues in New Crops and New Uses. Proceedings of the Sixth National Sym-
posium Creating Markets for Economic Development of New Crops and New Uses, (eds
Janick J, Whipkey A), pp. 129-131. ASHS Press,Alexandria, VA, USA.

Plessers A, McGregor W, Carson R, Nakoneshny W (1962) Species trials with oilseed
plants: II. Camelina. Canadian Journal of Plant Science, 42, 452-459.

R Development Core Team (2012) R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing, Vienna, Austria. ISBN
3-900051-07-0, Available at: http://www.R-project.org/ (accessed 26 August
2013).

Rasbak (2004) zelfgemaakte foto van aar van tweerijige gerst. Available at: http://com-
mons.wikimedia.org/wiki/File:Gerst_aar.jpg. (accessed 16 December 2012). This
file is licensed under the Creative Commons Attribution-Share Alike 3.0 Unport-
ed license.

Rothmahler W (2002) Exkursionsflora von Deutschland. Grundband. Heidelberg; Ber-
lin, Germany, Eckehart J. Jager and Klaus Werner, Spektrum Akademischer Ver-
lag GmbH, Gefapflanzen.

Sabbahi R, de Oliveira D, Marceau ] (2005) Influence of Honey Bee (Hymenoptera:
Apidae) Density on the Production of Canola (Crucifera: Brassicacae). Journal of
Economic Entomology, 98, 367-372.

Schmidt W (2000) Sommerzwischenfriichte Olrettich, Senf, Phacelia; Managementunterlage
- Bedeutung und Aufgaben des Zwischenfruchtanbaus. Sachsische Landesanstalt fiir
Landwirtschaft, Germany.

Shapiro BI, Wade Brorsen B, Doster DH (1992) Adoption of double-cropping soy-
beans and wheat. Southern Journal of Agricultural Economics, 24, 33.

Shonnard DR, Williams L, Kalnes TN (2010) Camelina-derived jet fuel and diesel:
sustainable advanced biofuels. Environmental Progress & Sustainable Energy, 29,
382-392.

Steffan-Dewenter I (2003) Seed set of male-sterile and male-fertile oilseed rape (Bras-
sica napus) in relation to pollinator density. Apidologie, 34, 227-235.

Sumner DR, Phatak SC, Gay |D, Chalfant RB, Brunson KE, Bugg RL (1995) Soilborne
pathogens in a vegetable double-crop with conservation tillage following winter
cover crops. Crop Protection, 14, 495-500.

UNEP (2009) Towards Sustainable Production and Use of Resources: Assessing Biofuels.
United Nations Environment Programme, Nairobi.

United Nations (1998) Kyoto Protocol to the United Nations Framework Convention on
Climate Change. United Nations, New York.

Vollmann J, Grausgruber H, Stift G, Dryzhyruk V, Lelley T (2005) Genetic diversity
in camelina germplasm as revealed by seed quality characteristics and RAPD
polymorphism. Plant Breeding, 124, 446-453.

Walsh KD, Puttick DM, Hills MJ, Yang R-C, Topinka KC, Hall LM (2012) Short com-
munication: first report of outcrossing rates in camelina [Camelina sativa (L.)

Crantz], a potential platform for bioindustrial oils. Canadian Journal of Plant Sci-
ence, 92, 681-685.

Warwick S, Francis A, Susko D (2002) The biology of Canadian weeds. 9. Thlaspi ar-
vense L. (updated). Canadian Journal of Plant Science, 82, 803-823.

Westphal C, Steffan-Dewenter I, Tscharntke T (2003) Mass flowering crops enhance
pollinator densities at a landscape scale. Ecology Letters, 6, 961-965.

Westphal C, Steffan-Dewenter I, Tscharntke T (2009) Mass flowering oilseed rape
improves early colony growth but not sexual reproduction of bumblebees. Journal
of Applied Ecology, 46, 187-193.

Williams IH (1978) The pollination requirements of swede rape (Brassica napus L.)
and of turnip rape (Brassica campestris L.). The Journal of Agricultural Science, 91,
343-348.

Williams IH, Martin AP, White RP (1986) The pollination requirements of oil-seed
rape (Brassica napus L.). The Journal of Agricultural Science, 106, 27-30.

Williams IH, Martin AP, White RP (1987) The effect of insect pollination on plant
development and seed production in winter oil-seed rape (Brassica napus L.). Jour-
nal of Agricultural Science, 109, 135-139.

Winsor JA, Davis LE, Stephenson AG (1987) The relationship between pollen load
and fruit maturation and the effect of pollen load on offspring vigor in Cucurbita
pepo. The American Naturalist, 129, 643-656.

Zubr ] (1997) Oil-seed crop: Camelina sativa. Industrial Crops and Products, 6, 113-119.

Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Fig. S1. Number of open flowers as a function of the polli-
nation treatments hand cross-pollination with pollen of a
different variety (CP,, camelina only), hand cross-pollina-
tion with pollen of the same variety (CPy), open (OP), self-
(SP), and wind pollination (WP) for (a) camelina (pooled
across varieties) and (b) pennycress.

Table S1. Means and SE of (a) fruit set, (b) mean number of
seeds per pod, (c) mean number of seeds per open flower,
and (d) mean seed weight (mg) per open flower per polli-
nation treatment hand cross-pollination with pollen of a
different variety (CP,), hand cross-pollination with pollen
of the same variety (CP), open pollination (OP), self-polli-
nation (SP), and wind pollination (WP) for the camelina
varieties Ligena, Celine, and Calena.

Table S2. P-values from post hoc Tukey test between the
pollination treatments for (a) fruit set, (b) mean number of
seeds per pod, (c) mean number of seeds per open flower,
and (d) mean seed weight per open flower for the camelina
varieties Ligena, Celine, and Calena.

Table S3. P-values from post hoc Tukey test between the
pollination treatments for (a) fruit set, (b) mean number of
seeds per pod, (c) mean number of seeds per open flower,
and (d) mean seed weight per open flower for pennycress.
Table S4. Contribution of the pollination regimes self- (SP),
wind (WP), and insect pollination (IP) to the mean number
of seeds per open flower (SpOF) and mean seed weight per
open flower (SWpOF) in percent for the camelina varieties
Ligena, Celine, and Calena, and the pennycress line spring
32.
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