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ABSTRACT

Carrot inflorescences are unspecialised in form and structure and as such, may be
pollinated by a large range of insects. Although there is some literature published on
insect visitation to open-pollinated carrot seed crops in several regions around the
world, there are none in Australasia and there is none on insect visitation to hybrid
carrot seed crops worldwide. With much geographic and seasonal visitation evident
among these published studies and a growing hybrid carrot seed crop industry in
Southern Australia and New Zealand, this study was undertaken to investigate insect
visitation to carrot seed crops. Surveys and observation studies of insect visitation were
undertaken over three consecutive seasons in the south of Tasmania in order to identify

and determine the behaviour of potential pollinators in carrot seed crops.

Over 100 morphological groupings of insects were discerned visiting hybrid carrot
seed crops. The majority of insects were classified into the grouping small insects (< 5
mm), and made up 78 % of all insects with the largest group among these being thrips.
Among the insects observed visiting umbels, nectar scarabs (Phyllotocus spp.) were
the most abundant taxa but honey bees (Apis mellifera Linnaeus), muscoid flies and
ladybirds were more frequently observed but at lower numbers. Weather conditions,
site location, time of day, and season all affected the composition of the insect cohort
and the frequency of visitation. Honey bees were the most reliable visitors due to the

provision of hives by local bee-keepers.

Nectar scarabs (Phyllotocus spp.), honey bees (4Apis mellifera Linnaeus) and the hover
fly, Eristalis tenax (Linnaeus), carried high carrot pollen loads on their bodies. Based
on pollen loads, honey bees and muscoid flies appeared to forage mostly within the
male-fertile carrot row whereas nectar scarabs and E. fenax foraged across rows. All
observed insect taxa were more frequently seen visiting male-fertile (MF) than
cytoplasmically male-sterile (CMS) umbels. Lower pollen loads on the honey bee’s
body were six times more likely on bees collected on male-sterile than on MF umbels
and eight times more likely on nectar collecting than pollen collecting worker bees.
Honey bees were found to be visiting a wide range of alternative pollen sources and

made relatively few (ca. 1.4 %) visits to carrot plants over the entire flowering season.

Insect visits were more abundant on certain carrot cultivars. Significant differences in
insect visitation were also found between cultivars from different carrot root types but
not CMS types (brown anther or petaloid) or flower colours. The visitation rates of

honey bees, nectar scarabs (Phyllotocus macleayi Fischer), muscoid flies and wasps
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Abstract

each significantly differed between cultivars but differences were not consistent

between seasons.

At an individual umbel level as umbel diameter increased, visitation by soldier beetles
increased. The presence of soldier beetles on umbels had a negative effect on visitation
by A. mellifera. Differences in a number of chemical attributes were found between
cultivars and were linked to attractiveness to pollinators. Fructose and glucose were
dominant in the nectar of all cultivars with only small amounts of sucrose present.
Twenty-six chemical compounds were detected in the inflorescence headspace of
carrot flowers with all showing significant levels of variation between flowers. Honey
bee visitation was found to be influenced by cis-2,6-dimethyl-2,6-octadiene, decanal,
bornyl acetate and sucrose, whilst visitation by other insects was influenced by a
combination of camphene, alpha-terpinene and umbel diameter. Further work
considering functionally similar insect groups, whose species make-up may change
considerably between years, but which collectively do not vary in their relative

importance to the carrot flower should be the focus of further study.
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PREFACE

This thesis consists of a general introduction followed by five research chapters and
concludes with a general discussion. Each of the research chapters has been prepared
as a publishable manuscript, except that here, figures and tables have been numbered
to fit with the thesis format, references collated at the end of the thesis, and

acknowledgements at the beginning of the thesis.
The chapters are as follows:

Chapter 1 provides a general introduction followed by an overview of the locations,

timing and layouts of the field trials.

Chapter 2 details surveys undertaken to document the number and diversity of insects

in hybrid carrot crops.

Chapter 3 examines insect visitation rates to carrot seed crops in relation to weather,

other insect species and pollen carrying capacity.

Chapter 4 examines honey bee pollen foraging patterns among both nectar collecting
and pollen collecting bees on both male-fertile (MF) and cytoplasmically male-sterile
(CMS) carrot flowers. It also examines daily pollen collection activity of bees from
hives and quantifies the level of carrot pollen collection, relative to pollen from other
flowering resources, over the flowering lifetime of the hybrid carrot seed crop

Chapter 5 aims to identify whether differences exist in rates of insect visitation to
different CMS carrot cultivars.

Chapter 6 examines whether variation in honey bee and other insect visitation to
different cultivars or flowers is related to key floral traits including volatile emissions,

ultraviolet reflectance, nectar production and size of inflorescences.

Chapter 7 is a general discussion containing recommendations for further research
and for industry.
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Chapter 1

GENERAL INTRODUCTION AND FIELD TRIAL LAYOUT

General Introduction

Appearance and Pollination

Carrots (Daucus carota), also known as Queen Anne’s Lace, are a member of the
Apiaceae (previously Umbelliferae). Carrots have small, unspecialised flowers which
are tightly packed in umbels and have five sepals, petals and stamens. The flowers
have exposed stigma and nectar is secreted from disk shaped nectaries on the upper
surface of the ovaries (Erickson et al., 1982). Carrot flowers are aggregated in
umbellets or umbellules which are arranged in whorls on umbels (Koul ef al., 1993).
These create a strong visual impact which may be instrumental in attracting the insects
on which they depend for pollination (Hawthorn et al., 1956) and the ready availability
of both pollen and nectar means that carrot inflorescences are visited and pollinated by

a diverse range of insects (Bell, 1971).

Climatic Requirements for the Growth of Carrot Seed

Carrots have been grown for over 2000 years and can be grown in temperate regions or
in elevated tropical regions where there are cool night temperatures. Carrots grow
optimally between 15° C and 20° C with a minimum of 5° C and a maximum of 24° C.
Germination occurs at a minimum temperature of 2° C and optimal temperatures for
germination are between 10° C and 25° C. Carrot seed crops are sown in the late
summer and grow vegetatively throughout Autumn. When the seedlings have roots
over 6 mm in diameter (known as stecklings) they are subjected to temperatures below
10° C for a period of time (vernalisation). The stecklings are either vernalised in the
soil over winter or lifted from the soil and stored in a cool store. This endows them
with the ability to flower and set seed in the following summer (Advisory Committee
on Vegetable Crops), 2008) when flower development is promoted by long day
conditions (Atherton et al., 1984). With its temperate climate, Tasmania provides the

optimal climate for the production of carrot seed.

Hybrid Carrots

Approximately 60 % of the worldwide production of carrot seed is attributed to the

production of hybrid seed. Carrots grown from this hybrid seed provide relative
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uniformity in the shape, colour, size, taste and other qualities that the market demands.
Hybrid or cytoplasmically male-sterile (CMS) carrot cultivars require cross-pollination
between two plants; a CMS cultivar which does not produce pollen, and an F1 male-
fertile (MF) line. The CMS cultivars, which produce the seeds, are planted in beds
interspersed with beds of a pollinating (MF) cultivar. MF to CMS cultivars are usually
planted in ratios of 1:2 to 1:4 (George, 1999; Rubatzky et al., 1999). The MF cultivar
is later removed after seed set and the seeds produced by the CMS cultivar are
harvested for the commercial production of carrots. CMS plants exist in two forms;
brown anther and petaloid. Both forms do not produce pollen. In petaloid types the five
anthers develop as petaloid structures. These petaloid structures vary in appearance
from filamentous to petal-like (George, 1999) (Figure 1Figure 2)(Figures 1 & 2). In
brown anther types the production of pollen is aborted and the anthers do not dehisce
(open to distribute pollen) as they shrivel and turn brown prior to the opening of the
petals (Welch & Grimball, 1947) (Figure 3).

Figure 2. Male-sterile carrot flower;
petaloid type. Anthers form petal-
like structures

Figure 1. Male-sterile carrot flower;
petaloid type. Anthers form
filamentous structures

Figure 3. Male-sterile carrot flower; brown anther type. Anthers are shrivelled and brown and
do not produce pollen
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Pollination of Carrots

There has been considerable research devoted to the improvement of seed yield in
open-pollinated carrots. Some areas of investigation have included: steckling size
(Arya & Saini, 1977); umbel order (Cardoso, 2000; Gill et al., 1981; Gray & Steckel,
1983; Hassell & Kretchman, 1997; Malik et al., 1983; Muhammad & Anjum, 2001;
Nascimento, 1991; Satyaveer ef al., 1994); watering regimes (Hutmacher et al., 1990;
Steiner et al., 1990); effect of pruning and plant maturity at harvest (Gadzhonov, 1974;
Gray, 1979), and the effect of chemical growth regulators and vernalisation methods
(Elballa & Cantliffe, 1997; Ghoname et al., 2004).

Australia has a carrot seed industry worth approximately $5 million annually. Previous
research conducted at the Tasmanian Institute of Agricultural Research shows that seed
yields obtained from hybrid seed crops in Australia are typically between 25 and 70 %
of maximum yield potential (Tasmanian Institute of Agricultural Research, 2006). The
issue of poor seed yield in hybrid carrots is a problem worldwide. This has been
narrowed down to several areas of investigation; poor pollen viability and seed
degradation by pest species (Spurr, 2003a; Spurr et al., 2001); and poor pollination.
Research conducted in Southern Tasmania by Spurr (2003a) revealed low rates of
pollen transfer to hybrid carrot crops and a low incidence of potential pollinators

within these crops was observed.

Supplementary use of Apis mellifera as pollen vectors

The production of hybrid cultivars is intrinsically expensive due to the need for extra
land to accommodate the MF parents and the subsequent labour required to remove
these prior to harvest (George, 1999). This cost is exacerbated when low pollination
results in the poor seed yield associated with hybrid systems (Erickson & Peterson,
1979; George, 1999). The pollination services of the local insect population are
supplemented by the provision of honey bee (Apis mellifera Linnaeus) hives by local
bee keepers during the flowering period of crops. Poor seed set still occurs in
Tasmanian hybrid carrot seed crops despite the use of honey bee hives, and low
attractiveness of carrot flowers to honey bees has been suggested by industry to

explain low pollination rates.

It is evident that further investigation is required into the pollinators and pollination of
hybrid carrots in Australia. Research into the identification of potential pollinators in
hybrid crops and their behaviour under varying biological conditions and their

response to the floral characteristics was therefore undertaken.
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Chapter 1

Carrot Cultivars

The carrot cultivars used in all field trials are listed in Table 1. Each cultivar has been

given a unique experimental identification number.

Table 1. Cultivars of carrots used in field trials

Experimental ID Root Type CMS Type Colour
BN1 Nantes Brown Anther White
BB1 Berlicumer Brown Anther White
BN2 Nantes Brown Anther White
PBF1 Berl/Flakee Petaloid Light Green
MBF1 Berl/Flakee Male-fertile White
PN3 Nantes Petaloid White
MN3 Nantes Male-fertile White
PB2 Berlicumer Petaloid Light Green
PAl Amsterdam Petaloid Light Green
BN4 Nantes Brown Anther White
BCl1 Chantenay Brown Anther White
PF1 Flakee Petaloid White
MF1 Flakee Male-fertile White
PN5 Nantes Petaloid Light Green
PI1 Imperator Petaloid Light Green
PC2 Chantenay Petaloid White
MC2 Chantenay Male-fertile White
PBF2 Berl/Flakee Petaloid Light Green
P12 Imperator Petaloid Light Green
PK1 ABK/N Petaloid Purple
PB3 Berlicumer Petaloid Light Green
MB3 Berlicumer Male-fertile White
SA 2002 = PN6 Nantes Petaloid Light Green
UFTT 2003 = PN7 Nantes Petaloid Light Green
M UF 03, /05,Bejo 04/05 = MX1 Male-fertile Light Green
Male SA 2002 MY'1 Male-fertile White
Male SA 2003 MZ1 Male-fertile White
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Sites

Experiments were conducted at three sites in southern Tasmania during three

consecutive summer seasons from 2001/2002 to 2003/2004. Experimental sites were

located at
1)  Bejo Seeds Pty. Ltd., (42.704° S, 147.445° E)
il)  StrathAyr Turf Systems Pty. Ltd. (42.755° S, 147.403° E)

ii1)  University Farm, University of Tasmania (42.797° S, 147.426° E).

All sites were within 30 km of Hobart and within 15 km of each other (Figure 4).

Figure 4. Location of trial sites. - i =Bejo Seeds Pty. Ltd, (42.704°S, 147.445°E), ii=StrathAyr
Turf Systems Pty Ltd.(42.755°S, 147.403°E), iii)=University Farm, University of
Tasmania (42.797°S, 147.426°E)
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Seven field trials were conducted at these three sites over three field seasons. Insect
trapping and observations were conducted and umbel trimming was used at some sites
to promote lateral flower stem development so that pollinator activity could be
observed over an extended carrot growing season. The crop area of these sites and the
activities conducted for each trial are detailed in Table 2. Traps were placed in
trimming trials to take advantage of the extended carrot flowering time and thus the
longer carrot and insect monitoring season. Hives were not placed near trial number 1
but were present adjacent to the carrot crop in all other trials. Details of these trials
follow Table 2.

10
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Table 2. Details of Individual field trials. * = Open-pollinated carrot
Carrot Carrot Trial T Insecticide
i ) i rial Type i ]
Season Trial Site Trial Chapter Plants Plants A_rea Hives Cultivars Planted Spray
Date No. Total Used in . Nearby Dominex®
Area(m?)  Trial(m?) Obs  Trim Trap
BNI1, BB2, BN2, PBF1, PN3,
i PB2, PA1, BN4, BC1, PF1,
1 Dec-02 Bejo Seeds B1 2,5,6 231 192 X No PNS, PI1, PC2, PBF2, PI2, PK1, 15 Jan 2003
PB3, PN6, PN7
il PN6
1 Jan-03 StrathAyr SA2 2,34 40000 288 X X >1 MY1 Unknown
15 Dec 2003
Dec03/ il - 3 Jan 2004
2 Jan-04 StrathAyr SA3 2,3 40000 300 X X > 1 MZ1 17Jan 2004
3 Feb 2004
Dec-03 il PN6
2 /Tan-04 Uni Farm UF4 2,3 1100 240 X X 1 MY1 6 Feb 2004
Tan-04/ o PBF1, PC2, PN3, PA1, PB3,
2 an- . UF5 2,3,5,6 1100 690 X 1 PF1 6 Feb 2004
Feb 04  Uni Farm
MX1
Dec.04 i PBF1, PC2, PN3, PA1, PB3,
3 Tan-05 Beio Seeds  BY 5 1600 730 X 1 PF1 None
] MX1
Dec-04 i PF1, PBF1
3 /Tan-05  Bejo Seeds B8 4 1600 260 X 1 MX1 None

11
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Field Trial Layouts

Standard Carrot Planting Layout

The carrots used in this study, unless specified otherwise, were planted in beds 1.2
metres wide. The three rows of carrots were planted lengthwise along the centre of the
beds with a distance of 30 cm between each row and a space of 60 cm between the

outside rows of carrots in adjacent beds.

Season 1

Field Trial Bl — December 2002 — Site i) Bejo Seeds Pty. Ltd. (192 mz)

The carrot plants used in this trial were planted for a commercial grow-out trial. These
plants were used to test the attractiveness to insects of 17 different cultivars of CMS
carrots (BN1, BB1, BN2, PBF1, PN3, PB2, PA1, BN4, BC1, PF1, PNS5, PI1, PC2,
PBF2, P12, PK1, and PB3) in a completely randomised design. Carrots were planted in
a 19.2 m x 12 m block, which was divided into 24 plots. Seventeen carrot lines were
allocated to these plots. Each plot was a 5 m x 1.6 m bed of carrots containing three
rows of carrots. The rows of carrots in each bed were 0.3 m distant from each other
with a 60 cm space between each of the different carrot lines. Of the additional seven
plots, six contained duplicated carrot lines not used in this study and one was empty
(Figure 5). Beds of MF carrot lines were planted at the eastern end of the experimental

plot.

12
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Figure 5. Field Trial B1 — December 2002 - Commercial grow-out trial. Site 1; Bejo Seeds
P/L (whole site = 230.4m2)

Field Trial SA2 — January 2003 — Site ii) StrathAyr Turf Systems Pty. Ltd. (288 mz)

Carrots were planted according to the standard carrot planting layout detailed above.
The planting layout was consistent with commercial carrot seed crop layout i.e. two
beds of MF carrots (type MY1), six beds of CMS carrots (type PN6) then two beds of
MF carrots (Type MY 1). Only the CMS plants (PN6) were included in this
experiment. A 60 m x 4.8 m section of this crop containing six beds of CMS carrots
(cultivar PN6) was marked out and divided lengthwise into two blocks. Each of these
blocks was then divided into six plots which were 5 m x 4.8 m each. Six different
trimming treatments were randomly allocated to the plots within each of the two
blocks. Each treatment plot was 1.8 m x 5 m (Figure 6).

13
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Figure 6. Field Trial SA2 — January 2003 - Site ii — StrathAyr 108m2 (whole site =40000
m2). Treatments; C=Control, VE=Very Early, E=Early, M=Mid, LL=Late Trim — Light,
LS=Late Trim — Severe.

All of the carrot trimming treatments were conducted using a line trimmer. The very
early, early and mid treatments were trimmed so that all vegetation 50 cm above
ground level was removed. The first trimming treatment was conducted when 50 % of
the carrots were at an extension of 30 cm or more. Trimming of the late trimming
treatments were conducted at the same time, just prior to the opening of primary
umbels. Carrot plants in the late-severe treatment were trimmed to 60 cm above
ground level and carrot plants in the late-light treatment were trimmed to 75 cm above

ground level. Trimming treatments and dates are listed in Table 3.

Table 3. Trimming dates of carrots used in Field Trial SA2

Treatment Name Trimming Date
Control Not Trimmed
Very Early 14 October 2002
Early 30 October 2002
Mid 13 November 2002
Late - Severe 27 November 2002
Late - Light 27 November 2002
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Season 2

Field Trial SA3- January 2004 — Site ii) StrathAyr Turf Systems Pty. Ltd.(300 mz)

This experiment was situated within a commercial crop laid out as in the standard
carrot planting layout described above. The carrots in this trial were open-pollinated
(MZ1). A random block design was used. The trial was divided into five blocks of six
beds of carrots. These blocks were 2.4 m x 25 m. Five treatment plots of 5 m x 2.4 m
(9 rows of carrots) were randomly allocated to each block (Figure 7). Trimming was
conducted in accordance with the method laid out for field trial SA2. Only treatments
control, early, mid, late-severe and late-light were used. Trimming treatments and
dates are listed in Table 4.

Figure 7. Field Trial SA3- January 2004 - Site ii. - StrathAyr. Open pollinated — 300sgm (site
= 40,000 m2). Treatments; C=Control, E=Early, M=Mid, LL=Late Trim — Light,
LS=Late Trim — Severe.

Table 4. Trimming dates of carrots used in Field Trial SA3

Treatment Name Trimming Date
Control Not Trimmed
Early 22 October 2003
Mid 12 November 2003
Late - Severe 27 November 2003
Late - Light 27 November 2003

15



Chapter 1 General Introduction and
Field Trial Layouts

Field Trial UF4 — December 2003/January 2004 — Site iii) University Farm (260
m2)

The planting layout and carrot cultivar in this trial, MY1 and PN6, were the same as
those used in Field Trial SA2. Only treatments control, early and mid, late-severe and
late-light were used. Twenty different treatment plots 2.4 m x 5 m were randomly
allocated to a 50 m x 4.8 m block of CMS cultivar PN6. Each treatment plot was 2.4 m

x 5 m (Figure 8). Trimming treatments and dates are listed in

Table 5.

Figure 8. Field Trial UF4 — December 2003/January 2004 - Site iii. — Uni Farm 400m2 (whole
site = 1100m2). Treatments; C=Control, E=Early, M=Mid, LL=Late Trim — Light,
LS=Late Trim — Severe.

Table 5. Trimming dates of carrots used in Field Trial UF4

Treatment Name Trimming Date
Control Not Trimmed
Early 15 November 2003
Mid 1 December 2003
Late - Severe 23 December 2003
Late - Light 23 December 2003
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Field Trial UF5 — January 2004- — Site iii) University Farm (690 mz)

Five blocks of 10 m x 0.8 m were planted with a single bed (3 rows lengthwise) of
each of six carrot cultivars (PBF1, PC2, PN3, PA1, PB3 & PF1) in a random block
design. A single bed (3 rows) of one MF cultivar (MX1) was planted in between each
of the experimental CMS cultivars to separate the plots and to stimulate pollinating
insects, as is the practice in commercial crops. A 4 m gap was left in between each
cultivar (Figure 9). One block of cultivar PA1 failed to germinate leaving five blocks
of each of the other cultivars and four blocks of PA1.

Figure 9. Field Trial UF5 — January 2004 - Site iii — University Farm 690 m2 (whole site =
1100 m2)
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Season 3

Field Trial B6 — December 2004/ January 2005 — Site i) Bejo Seeds Pty. Ltd. (730 mz)

Design and carrot cultivars were identical to Field Trial UF5. However, six rather than

five blocks of carrots were planted resulting in six blocks of each cultivar (Figure 10).

Figure 10. Field Trial B6 — December 2004/January 2005 — Site | — Bejo 730 m2 (site = 1100
m2)

18
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Field Trial B8 — December 2004/January 2005 — Site i) Bejo Seeds Pty. Ltd. (260 m’ )

This trial was a randomised block design. Eight blocks were divided into two plots of
2.4 x 5m. Each plot was planted with one bed of an MF carrot (MX1) and then two
beds of either carrot cultivar PF1 or PBF1. Each block contained a plot of PF1 and a
plot of PBF1 (Figure 11).

Figure 11. Field Trial B8 — December 2004/January 2005 — Site | — Bejo study area =260m2
whole site =1600m2)
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Chapter 2

INSECT VISITATION TO HYBRID CARROT SEED CROPS IN TASMANIA

Abstract

Although there is some literature published on insect visitation to open-pollinated
carrot seed crops in several regions around the world, there are none in Australasia and
there is none on insect visitation to hybrid carrot seed crops worldwide. With a
growing hybrid carrot seed industry in southern Australia and New Zealand, a survey
of insect visitation to carrot seed crops is timely. Surveys of insect visitation were thus
undertaken over consecutive seasons in the south of Tasmania in order to identify
potential pollinators in carrot seed crops. Sticky traps, water traps and observations
were conducted within five carrot crops at three geographically independent sites to
determine the variety and quantity of insects present in carrot crops. Nearly 42,000
insects were counted from observations, sticky traps and water traps. The survey
method employed affected the composition of the insect populations collected. Over
100 morphological groupings were discerned. The majority of insects were small
insects (< 5 mm) which made up 78 % of all insects, with the largest group among
these being thrips trapped on sticky traps. Among the insects observed visiting umbels
nectar scarabs (Phyllotocus spp.) were the most abundant taxa but honey bees (A4pis
mellifera), muscoid flies and ladybirds were more often observed within and between
observation days.

Introduction

Insect visitation and efficient pollination are essential to the production of many food
crops such as fruit and grain and to the production of seed for the growth of future
crops. Considerable attention has been paid to the identification, abundance and
maintenance of insect pollinators of seed crops such as male-sterile sunflowers
(DeGrandi-Hoffman & Martin, 1993; Greenleaf & Kremen, 2006; Parker, 1981; Singh
et al., 2000; Singh et al., 2001; Skinner, 1987; Tepedino & Parker, 1982), hybrid male-
sterile lettuce (Goubara & Takasaki, 2004) and male-sterile onions (Currah &
Ockendon, 1984; Gary et al., 1977; Nye et al., 1971). The majority of this research is,
however, devoted to the examination of the behaviours and pollination success of those
insects, such as honey bees (Apis mellifera Linnaeus) which are already recognised as
existing pollinators. Very few surveys of other potential pollinators have been
conducted in commercial crops. There has been increasing concern about the
worldwide decline in insect pollinators, particularly honey bees, and the impact that
this will have on food crops (Aizen et al., 2008; Aizen et al., 2009; Allen-Wardell et
al., 1998; Canto-Aguilar & Parra-Tabla, 2000; Cunningham et al., 2002; Gallai ef al.,
2009; Klein et al., 2007; Winfree, 2008). In this climate of potential depletion of
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pollinator services, it is wise to identify potential pollinators of crops so that they can

be utilized efficiently and managed as an essential resource.

Carrot flowers reproduce sexually and are protandrous and pollen is transferred by
insects (Koul et al., 1989). Although, open-pollinated carrot lines are self-fertile,
generally, pollination does not occur within a single umbel but between umbels at
different stages of sexual development (Free, 1970b). Hybrid carrot cultivars require
cross-pollination between two parent lines, one of which is male-sterile and this can
only produce seed when pollinated from the other line. Cytoplasmically male-sterile
(CMS) parent lines are the most common form of male sterility used in hybrid carrot
seed production. The CMS cultivars are planted in beds which are interspersed with
beds of a MF cultivar. The MF cultivar is later destroyed after flowering and prior to
harvest. Carrot inflorescences consist of many, small, closely spaced flowers in
conspicuous umbels (Figure 12). The flowers are unspecialised with both nectar and

stigma exposed. Each has flat stylopodia and five open petals.

Figure 12. Carrot flowers are small and unspecialised

There are some surveys of insect visitation to open-pollinated carrots worldwide
(Abrol, 1997; Ahmad & Aslam, 2002; Bohart & Nye, 1960; Sinha & Ckrabarti, 1992)
though none in the Australasian region. The majority of such surveys are from the

Indian subcontinent. In a study of insect visitors to carrot crops in Srinagar, Kashmir,
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India, (Abrol, 1997), dwarf honey bees (4pis florea Fabricius) were found to be the
predominant flower visitors (95 %), with the balance of insect visitors including
dipteran flies (Musca sp. and Syrphus sp.), halictine bees (Halictus sp.: Lasioglossum
sp.) and black ants (Camponotus compressus Fabricius). Seventy-one species of
insects were counted visiting carrot crops in Ludhiana, India (Goyal et al., 1989). The
majority of these were syrphid flies (4805) followed by Apidae (914). Most of the bee
visitors were Apis florea (814) whilst there were few visits by A. mellifera. Further
research conducted in Karnal, India showed that dipterans (sepsid and syrphid flies)
were the most abundant flower visitors constituting 90 % of insect visitors in the first
of their observation years and 85 % in the second year (Sinha & Ckrabarti, 1992).
Dwarf honey bees (4. florea) made up 7.7 % and 11.5 %, respectively. Hymenopterans
(predominantly A4. florea) were found to be the most frequent visitors to carrot flowers
in Faisalabad, Pakistan followed by dipterans (Ahmad & Aslam, 2002).

Outside of India and Pakistan, two other surveys in the United Kingdom and USA also
show great variation in insect visitor assemblages. Approximately 20 species of insect
visitor were estimated to be visiting carrot inflorescences in Westmoreland (now
Cumbria), UK during 1996 and 1997 (Lamborn & Ollerton, 2000). Predominant
among these in 1996 was a soldier beetle species (Rhagonycha fulva (Scopoli)), which
was not present in the following year. In contrast, Syrphidae were the most frequent
visitors in 1997 but not common in 1996. Other major visitors were other species of
Diptera, sawflies (Tenthrido sp.) and various parasitic wasps (Lamborn & Ollerton,
2000). In Utah, 334 species of insect were observed visiting carrot flowers (Bohart &
Nye, 1960). Species varied in abundance between locations and over time at each
location. In 1955 and 1956, syrphid flies (Syritta pipiens (Linnaeus)) made up the
majority of insect visits whereas in 1957 coccinellid beetles (Hippodamia convergens
Guérin-Méneville) were the most predominant insect visitors (Bohart & Nye, 1960).

Hence, a wide range of insect species may act as significant pollinators of open-
pollinated carrot seed crops, with syrphid flies and Apis spp. the most commonly
reported visitors. These insect surveys in open-pollinated carrot cultivars also clearly
demonstrate geographical and seasonal variation in the insect assemblages that visit
open-pollinated carrot inflorescences. Despite the now extensive use of CMS parent
lines for hybrid carrot seed production worldwide, there are as yet no published studies
of the diversity of insects visiting CMS carrots in the field. Indeed, the only published
papers on insects and CMS carrots deal with honey bee foraging on CMS carrots in
caged experiments (Erickson & Peterson, 1979; Erickson ef al., 1979; Rodet et al.,
1991a)
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This chapter thus aims to identify insect visitation and abundance in hybrid carrot seed
crops in Tasmania. Surveys of insect visitation were undertaken over two seasons in

order to identify seasonal variation in insect visitors. Insect surveys were conducted in
five carrot crops at three geographically independent sites to determine the variety and

quantity of insects present in carrot crops.

Materials and Methods

Figure 13. Clearing insect traps at StrathAyr Turf Systems Pty Ltd in January 2004

In order to find out what kinds of insects were present within carrot crops, surveys
were conducted over two seasons (December 2002 to January 2003, December 2003 to
February 2004). Sampling was conducted in commercial hybrid carrot seed crops and
trial plots utilizing CMS parent lines at three different locations, all within 30 km of
Hobart, Tasmania. The crops had a range of peak flowering times from late December
to early February. The three sites were Bejo Seeds Pty. Ltd. (42.704° S, 147.445° E),
StrathAyr Turf Systems Pty. Ltd. (42.755° S, 147.403° E) and the University Farm,
University of Tasmania (42.797° S, 147.426° E) with the latter two sites being less
than 5 km apart. Crops at StrathAyr Pty. Ltd. (Figure 13) were commercial seed crops
while trial plots were utilized at the other two sites. Three sampling methods, sticky
traps, water traps and direct observation were used to identify the insect populations

moving around and within the carrots, and those insects that landed directly on the
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umbels. The timing, carrot type, crop area, honey bee hive placement and insecticide

spray history of these crops is given in

Table 6. All CMS crops were petaloid only, with the exception of crop B1 which had

both petaloid and brown anther cultivars present. Insecticide sprays were undertaken

by farm managers to control Rutherglen bug(Nysius vinitor Bergroth) which if left

unchecked, damages seed viability (Spurr et al., 2001).

Table 6. Details of individual field trials used for insect surveys. (O. P. = Open-pollinated)

. Carrot Carrot .
Trial Trial S't? Plants Total Plants Hone_y Carrot Insecticide
No Date Location Area A_rea U_sed Bee Hive Type Sp_ray
' and ID 2 in Trial Nearby Dominex®
(m%) 2
(m%)
Static trap trials
15-Dec-2003
3 Jan 2004
Dec-03/ StrathAyr
SA3 o4 Pty Lid. 40000 300 > 1 O.P. 219004
3 Feb 2004
Dec-03/  University
UF4 Mar-04 Farm 1100 240 1 CMS 6-Feb-04
Observation trials
Bejo Seeds
B1 Dec-02 Pty. Lid. 240 192 No CMS 15-Dec-02
SA2  Jan-03  StrathAyr 40000 288 >1 CMS  Unknown
Pty. Ltd.
Jan-04/  University
ufs Feb 04 Farm 1100 690 1 CMS 6-Feb-04
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Water and Sticky Trapping

Sticky traps and water traps were erected just above umbel height; that is, at
approximately 150 cm above ground level, and left in the carrot crops to capture
insects which were present in the vicinity of carrot umbels and to provide a continuous
record of variation and composition of insect populations throughout the flowering
period. Insect traps were placed in pairs at 2 m apart down the central long axis of each
of each field trial. There were five sets of trap pairs (one water trap and one sticky trap
per pair). The water and sticky trap from each pair were placed 30 cm apart. The sticky
traps used were commercially available AgriSense® (Pontypridd, UK) 10 cm x 20 cm,
double-sided, yellow sticky traps (Figure14). These were rigidly mounted between two
sections of pipe on metal star posts and water traps made from yellow plastic (10 cm
deep and 15 cm diameter) (Figure 15) were mounted on wooden poles. Each water trap
was filled with 600 mL water containing 10 % ethanol as a preservative and a small
amount of Cusson’s® Morning Fresh dishwashing liquid to break the surface tension

and thus aid the insects to drown in the water.

Figure14. AgriSense® (Pontypridd, UK) 100 mm x 200 mm, double-sided, yellow sticky trap
used to catch insects in carrot crops.
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Figure 15. Water trap made from yellow plastic (100 mm deep and 120 mm diameter). Traps
were mounted on wooden poles. Each water trap was filled with 600ml water
containing 10% ethanol as a preservative and a small amount of dishwashing liquid
to break the surface tension.

Traps were set in the same season (season 2) over a similar period of time 59 days
(field trial SA3) and 65 days (field trial UF4). Sampling in field trial UF4 began three
weeks after sampling in field trial SA3 and sampling periods overlapped by five
weeks. Traps in field trial SA3 were set between 5" December 2003 and 2™ February
2004 and were cleared 17 times. Traps in field trial UF4 were set between 27"
December 2003 and 1% March 2004 and were cleared 19 times (Figure 13).

Traps were collected every three to four days, i.e. twice weekly. New sticky traps were
set as used traps were collected and water traps were refilled. The sticky traps were
wrapped in clear cling wrap as they were collected. Sticky traps were examined under
a binocular dissecting microscope at 40X magnification to quantify and categorise all
of the insects attached to them. Insects were divided into two groups; very small
insects (< 5 mm), and larger insects. Very small insects were divided taxonomically
into order and these orders were divided up into sub-groups where these had large
numbers and were easily identifiable; for example Psyllidae and Rutherglen bug, were
placed into separate groups from the rest of the Hemiptera. Larger insects were
separated taxonomically as far as possible. This process resulted in morphological
groupings which may be from species level to order level depending on the level of
identification undertaken.
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Water traps were emptied and refilled at the same time as the sticky traps. Water traps
catches were also examined under a binocular microscope as above. The insects in
these could be identified more readily as they could be examined more easily when not
stuck to a surface as were the insects on sticky traps.

Observation Trials

The observation studies were conducted in field trial SA2 (December 2002: four days,
n =408 umbels), field trial B1 (January 2003: ten days, n = 224 umbels) and field trial
UF5 (January-February 2004: five days, n = 870 umbels), with the latter being a
separate trial plot to UF4 that was used for water and sticky traps at the University
Farm. All of the carrots under observation were CMS cultivars. Observations were
performed by teams of one to three people simultaneously between 9:00-15:00 (ESDS)
across three observation periods (9:00-11:00, 11:00-13:00, 13:00-15:00) per day. A
total of 12, 28 and 15 observation periods were undertaken for trials B1, SA2 and UF5
respectively with final numbers varying between studies due to numbers of observers
available and number of suitable days for observation. Only those umbels with > 40 %
receptive flowers were included in the random selection of umbels for observations of
insect behaviour. Each observer watched two umbels simultaneously for five minutes
per observation in all trials. Prior to the commencement of each 5-minute observation,
the number and type of insects that were already present on each of the selected
umbels was recorded. Each time an insect alighted on one of the umbels under
observation it was recorded according to its classification. No distinction was made
between insects alighting for the first time on an umbel or returning to an umbel after
departing for any period of time. Observations were conducted on warm (temperature
at 0900 hrs over 15° C and maximum temperature over 20° C), sunny, calm days
which was noted at the site. This was later confirmed from weather data collected at
Hobart Airport Weather Station by the Australian Government Bureau of
Meteorology. Hobart Airport Weather Station is located at 42.834° S, 147.503° E and
is less than 12 km distant from the three sites.

Up to 14 insect categories were recorded. Insect visitors could only be identified by
their gross morphological characteristics as they were observed from a distance of 1
metre to 1.5 metres. Insect identification was confirmed by microscopic examination
of a sub-sample of collected specimens using the appropriate taxonomic keys provided
in Commonwealth Scientific and Industrial Research Organisation (1991). Some
insects such as nectar scarabs (Phyllotocus macleayi Fischer and Phyllotocus
rufipennis (Boisduval)), soldier beetles (Chauliognathus lugubris (Fabricius)) (Figure
16d), ladybird (Coccinellidae) (Figure 16e), hoverflies (Eristalis tenax (Linnaeus))
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(Figure 16¢) and Melangyna/Simosyrphus sp.), honey bees (A. mellifera) (Figure 16b)
and bee flies (Comptosia ocellata Newman) (Figure 16a) were easily identified and
listed separately. Other insects were grouped into broader categories. These categories
included muscoid flies, wasps and halictid/colletid bees and other types of Diptera,
Hemiptera and Coleoptera. Insects that could not readily be identified were placed in a
separate ungrouped category. Rutherglen bug was present in all of the field trials but

was not counted in the observation trials due to its small size.

Figure 16. Insects on carrot inflorescences. a) Comptosia ocellata, b) Apis mellifera (with
halictid/colletid bee bottom left), c) Eristalis tenax, d) Chauliognathus lugubris, €)
Coccinella transversalis, f) Muscoid fly.
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Results

Overall, nearly 42,000 insects were counted from observations, sticky traps and water
traps (Table 7). Sticky traps yielded the most insects with more than 34,424 insects,
and water traps the least with only 2,625 individuals. There were 4,897 insects counted
during direct observation of carrot inflorescences. Very small insects (< 5 mm) were
the most prevalent, accounting for over 32,633 of the total 41,946 insects. Within each
morphological grouping, insect numbers were disproportionate between water trap,
sticky trap and observation studies. When comparing only those insects which were
recorded by all three data collection methods A. mellifera were observed (38 %) more
frequently than trapped (2 % - 3 %), as were C. ocellata (4 % observed to <0.1 %
trapped). Conversely only 2 % of the insects observed landing on carrot inflorescences
were halictid and colletid bees, whereas, they represented 11 %-12 % of the insects

trapped. Large numbers of thrips (> 10,000) were caught in sticky traps.

Water Traps: Field Trial SA3 and Field Trial UF4

Water traps yielded 2,625 insects. Of these, 2,622 were adult insects (Table 8). One
hundred and one morphological groupings were distinguished. Fifty-two of these
groups, totaling 600 individuals, were very small Diptera. Thirty-nine of these small
fly taxa each had a total count of less than ten and so were all pooled in the ,,other very
small flies’ group in Table 3. Regardless of the parallels in time and location between
field sites, the composition of insects caught in water traps at both sites was
significantly different (Contingency table across major groupings in Table 2: y* =
248.5,df=9, P <0.00001). Field trial SA3 yielded only one third of the total number
of insects captured in field trial UF4. Despite the disparity between the insect numbers
collected in the two field trials, both trials had taxonomically similar groups with only
16 of the 62 groups in Table 3 found on one site and not the other; seven not in field
trial SA3 and nine not in field trial UF4. Fifty percent of the insects caught in water
traps were very small insects. The majority of the 217 hemipterans collected were sap-
sucking insects, which can potentially damage carrot seed yield and viability. This
applied especially to Rutherglen bug which is a known pest in commercially grown
carrot seed crops (Spurr ef al., 2001). Myrmeleontidae (lacewings) appeared in water
traps and were prolific on yellow sticky traps but were not recorded during observation
studies. This may be because they are typically crepuscular and thus not active during

the hours when observation trials were conducted.
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Table 7.All insects caught in water and sticky traps and observed on carrot inflorescences.
Categories marked NA were not recorded or, in the case of Myrmeleontidae and

Lepidoptera, were placed in the “Other” category.

Family/taxa Genus/Species/Description \.ﬁ?g .Sl_tr';;z 23?;:
Coleoptera
Very Small Beetles 120 1503 NA
Scarabaeidae  Phyllotocus rufipennis 41 27 1535
Scarabaeidae  Phyllotocus macleayi 767 788 32
Cantharidae  Chauliognathus lugubris 61 156 289
Coccinellidac  Ladybirds 34 350 112
Other Larger Beetles 24 86 5
Diptera
Very Small Flies 600 9970 NA
Muscoidea (SF) 94 321 564
Other Larger Flies 16 129 48
Bombyliidae Comptosia ocellata (Bee Flies) 1 23 186
Syrphidae  Eristalis tenax (Drone Fly) 0 21 25
Syrphidaec  Melangyna/ Simosyrphus sp. 6 17 14
Hemiptera
Very Small Bugs 214 7525 NA
Larger Bugs 3 60 5
Hymenoptera
Micro Wasps 120 2369 NA
Apidaec  A. mellifera (Honey Bees) 28 94 1862
Apoidea (SF) Halictidae/Colletidae (Native Bee) 142 363 80
Tenthredinidae ~ Sawflies 20 15 NA
Apidaec  Bombus terrestris (Bumblebee) 4 2 0
Larger Wasps 44 233 132
Others
Thysanoptera  Thrips 212 >10000 NA
Myrmeleontidae Lacewings 25 276 NA
Lepidoptera Moths and Butterflies 45 &3 0
Other 4 13 8
Totals 2625 >34424 4897
>41946
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Table 8.Insects collected in water traps during 2003/2004 carrot seed season. (Field Trial
SA3 =59 days. Field Trial UF4 = 65 days) Frequencies represent the percentage of
collection days on which a particular species appeared in water traps.

Number Number

(%) (%)
Family, Species or Morphospecies F_Insects_ Frequency 'Insects' Frequency
ield Trial (n=17) Field Trial (n = 19)
SA3 UF4
Coleoptera - Larger Beetles
Phyllotocus macleayi 40 94 727 79
Chauliognathus lugubris 6 35 55 58
Phyllotocus rufipennis 11 12 30 53
Coccinellidae 15 29 19 37
Mordellidae 5 12 4 21
Cerambycidae 0 - 3 11
Elateridae 2 12 1 5
Anobiidae 0 - 2 11
Curculionidae 1 6 1 5
Scarabaeidae 2 12 0 -
Carabidae 1 6 0 -
Chrysomelidae 0 - 1 5
Tenebrionidae 1 6 0 0
Total - Larger Beetles 84 843
Diptera - Very Small Flies
D 02 17 41 92 26
Other Very Small Flies 42 53 52 100
D 09 22 41 32 63
Phoroidea 21 65 33 58
D01 1 6 49 37
D 05 21 65 29 53
D 08 25 59 18 53
D12 9 35 15 32
D16 14 41 10 47
Sciaridae 8 35 15 53
Chironomidae 7 29 15 42
Lauxaniidae 0 - 20 21
D 14 10 35 9 26
D07 3 6 11 21
Total - Very Small Flies 200 400
Hemiptera - Bugs
Psyllidae 15 35 96 89
Nysius vinitor 15 41 62 68
Cicadellidae 9 18 1 5
Miridae 3 18 3 11
Aphididae 0 - 3 5
C 06 2 12 1 5
Other Hemiptera 2 12 1 5
Other Lygaeidae 0 - 2 11
Reduviidae 2 12 0 -
Total - Hemiptera 48 169
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Number (%) Number (%)
. . . Insects Insects
Family, Species or Morphospecies Field Trial Frequency Field Trial Frequency
SA3 (n=17) UF4 (n=19)
Hymenoptera - Bees
Halictidae 27 53 98 89
Apis mellifera (honey bees) 15 47 13 53
Colletidae 1 6 16 37
Bombus terrestris (Bumblebees) 1 6 3 16
Total - Bees 44 130
Diptera - Larger Flies
Anthomyiidae 20 47 43 63
Calliphoridae 7 24 15 53
Heleomyzidae 0 - 11 11
Muscidae 5 18 4 21
Stratiomyidae 3 6 0 -
Acroceridae 0 - 2 11
Comptosia ocellata (Bee Flies) 0 - 1 5
Syrphidae (Other Hoverflies) 5 24 | 5
Total - Larger Flies 40 77
Coleoptera - Very Small Beetles
Corticariinae 23 59 36 68
Ptilidae 13 53 22 37
Staphylinidae 9 41 17 58
Total - Very Small Beetles 45 75
Hymenoptera - Very Small Wasps
Micro Wasps 58 71 62 78
Total - Very Small Wasps 58 62
Hymenoptera - Wasps
Ichneumonidae 8 29 10 56
Vespula germanica 3 18 15 83
Braconidae 2 12 3 17
Pompilidae 0 - 3 17
Total - Larger Wasps 13 31
Hymenoptera - Sawflies
Tenthredinidae 17 24 3 11
Total - Sawflies 17
Others
Thysanoptera (Thrips) 49 35 163 67
Moths 22 47 21 56
Myrmeleontidae (Lacewings) 19 41 6 22
Unidentified Larvae 1 6 2 11
Butterflies 0 - 2 11
Strepsiptera 0 - 1 6
Total - Others 91 195
Total All 640 1985

32



Chapter 2 Insect Visitation to Hybrid Carrot
Seed Crops in Tasmania

Yellow Sticky Traps: Field Trial SA3 and Field Trial UF4

The proportions of the different insect groupings captured on yellow sticky traps at
both sites was significantly different (Contingency table across major groupings in
Table 7, X2 =2105.5, df =9, P <0.00001) (Table 9). As with water traps, more insects
were present in field trial UF4, with over 20,000 insects counted on traps compared
with over 13,500 in field trial SA3. In each of the insect groups, the number of
individuals captured was higher in field trial UF4 than in field trial SA3 but the
frequency of their visitation was similar. Micro wasps, ladybirds and very small flies
were found in 100 % of trap sets as were thrips and psyllids. There was a disparity
between the number of insects caught in traps and the frequency with which they
appeared. An example of this is honey bees, which were caught in relatively small
numbers but were present in 68 %-88 % of trap sets indicating, as seen in water traps,
that they were not readily caught on sticky traps. Large numbers of P. macleayi were
present in traps from field trial UF4 and were the most highly represented of all the
larger insects. Approximately one third of all insects caught were very small Diptera
and a further third were thrips. There were nearly three times as many larger beetles as

larger flies, however, both of these groups showed regular visitation.

Table 9. Insects collected on sticky traps during 2003/2004 carrot seed season. (Site SA3 =
59 days. Site UF4 = 65 days). Frequencies represent the percentage of collection
days on which a particular species appeared on sticky traps.

Number (%) Number (%)
Family, Species or Morphospecies _Insects_ Frequency Insects Field Frequency
FeldTrial (=17  TrialuUF4  (n=19)
SA3
Diptera - Very Small Flies
Very Small Flies 4420 100 5550 100
Total - Very Small Flies 4420 5550
Hemiptera - Bugs
Psyllidae 465 100 4856 95
Nysius vinitor 398 100 531 100
Aphididae 39 82 735 90
Cicadellidae 352 94 71 79
Very Small Hemiptera 18 53 60 74
Larger Hemiptera 26 65 34 68
Total - Hemiptera 1298 6287
Hymenoptera - Very Small Wasps
Micro Wasps 1159 100 1210 100
Total - Very Small Wasps 1159 1210
Coleoptera - Very Small Beetles
Unidentified Very Small beetles 612 100 806 100
Staphylinidae 39 35 46 84
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Number (%) Number (%)
. . . Insects .
Family, Species or Morphospecies Field Trial Frequency  Insects Field Frequency
SA3 (n=17) Trial UF4 (n=19)
Total - Very Small Beetles 651 852
Coleoptera - Larger Beetles
Phyllotocus macleayi 94 82 694 84
Coccinellidae 121 100 229 100
Chauliognathus lugubris 5 29 151 74
Other Larger Beetles 19 53 37 74
Phyllotocus rufipennis 14 29 13 32
Elateridae 11 41 8 26
Mordellidae 7 35 | 5
Staphylinidae | 6 2 11
Total - Larger Beetles 272 1135
Diptera - Larger Flies
Anthomyiidae 60 65 150 95
Other Larger Flies 45 59 73 95
Calliphoridae 29 65 62 95
Comptosia ocellata (Bee Flies) 1 6 22 58
Eristalis tenax (Drone Flies) 1 6 20 11
Muscidae 9 41 11 26
Syrphidae (Other Hoverflies) 11 35 6 26
Stratiomyidae 9 12 2 11
Total - Larger Flies 165 346
Hymenoptera - Bees
Halictidae 124 77 234 100
A. mellifera (Honey Bees) 61 88 33 68
Colletidae 3 12 2 11
Bombus sp. (Bumblebees) 2 12 0 -
Total - Bees 190 269
Hymenoptera - Larger Wasps
Ichneumonidae 90 77 71 84
Vespula germanica 7 29 53 68
Unidentified Wasps 4 18 8 16
Total (Larger Wasps) 101 132
Hymenoptera - Sawflies
Tenthredinidae 13 35 2 11
Total - Larger Wasps 13 2
Others
Thysanoptera (Thrips) > 5000 100 > 5000 100
Myrmeleontidae (Lacewings)* 225 94 51 79
Moths 35 65 37 74
Pieris rapae 5 18 6 21
Dermaptera (Earwigs) 0 - 8 16
Unidentified Others 1 6 4 16
Total - Others > 5266 > 5106
Total All > 13534 > 20889
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Observation Studies; Field Trial, B1 Field Trial SA2 and Field Trial UF5

In field trial B1, 2839 insects from ten morphological groups were recorded visiting
umbels (Table 5). The greatest proportion of the insects (54 %) was represented by P.
rufipennis (nectar scarabs), which swarmed over the umbels. 4. mellifera (honey bees)
were the next most common insect visitors (25 %), followed by muscoid flies (15 %).
These insects were not only the most prolific but were also seen in all of the
observation periods for field trial B1. Other types of insect such as halictid/colletid
bees, wasps, ladybirds, hoverflies and other Diptera were all present in small numbers
(<4 %). Despite this, ladybirds were seen relatively frequently in 75 % of observation

periods.

Honey bees were the most common visitors to carrot umbels in field trial SA2, making
up 842 of the 885 insect visitors (Table 10). Each of the other insect groups made up
less than 2 % of the total insect visitors. This field site was situated within a

commercial seed crop which was intensively sprayed to control Rutherglen bug (see

Table 6). This spray regimen may have affected the number of other insects as a
random survey of 100 CMS umbels in an adjacent part of the crop which was not
sprayed revealed an average of 7.8 C. lugubris (soldier beetles) per umbel on a day
when no soldier beetles were seen in the experimental area (AG unpubl. data).
Substantial numbers of other insects such as coccinellid beetles and P. rufipennis were
also seen and collected from the unsprayed section during the time that observations

were conducted.

In field trial UF5 observations were conducted in the following carrot growing season
to the field trial B1 and SA2 observations. Fifteen morphological groups of insects
were identified out of 1173 insects. Ladybirds and muscoid flies represented 8 % and
11 % of visitations but were seen in all of the observation periods. The groups with the
highest number of visitors were honey bees (298), soldier beetles (288) and bee flies
(185). These were present 80 %, 93 % and 93 % of the time, respectively. Other
insects such as wasps, halictid/colletid bees, nectar scarabs, E. tenax and other flies
were present in lower numbers but were present in 60 % or more of the observation

periods.

Insect visitors that were common to one field trial were not necessarily common to the
other field trials. Indeed, there was a significant difference in the composition of
different visiting insects to the umbels across all three trials (Contingency table: y* =
3875.3, df =18, P <0.00001). A. mellifera, syrphid flies, halictid/colletid bees,
muscoid flies and wasps were common to all of the observed field trials. Ladybirds,
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syrphid flies and other Diptera were all more prevalent in field trial B1 than in field
trial SA2 despite the fact that both trials were conducted in the same field season.
Nectar scarabs were present in both carrot seasons; however, P. rufipennis was more
prolific in the first season, swarming between 14th-20th December 2002, whilst the
second season saw large numbers of P. macleayi, which swarmed between the 2nd-
8th January 2004. C. ocellata were much more prolific in the second season where 185
were observed landing on umbels in field trial UF5 whilst only one was observed the
previous year in field trial SA2. Numbers of E. tenax were higher in the second season
and were seen 60 % of the time indicating that they were regular visitors. The diversity
of insect fauna also varied. Fifteen different morphological groups were present in
field trial UF5 whilst there were only ten in the other two trials.

Table 10. Insect visitation to carrot umbels in field trials B1, SA2 and UF5.

Field Trial B1 Field Trial SA2 Field Trial UF5
(n=12) (n=28) (n=15)

Noof % of Freq Noof % of Freq Noof % of Freq
Insects Total (%) Insects Total (%) Insects Total (%)

A. mellifera 721 25 100 843 95 100 298 26 80
Halictidae/Colletidae 39 1 8 3 0 7 38 3 87

Wasps 92 3 33 7 1 14 33 3 73

P. rufipennis 1526 54 100 7 1 18 2 0.2 7

P. macleayi 0 - - 0 - - 32 3 60

C. lugubris 0 - - 1 0 4 288 25 93
Coccinellidae 15 1 75 0 - - 97 8 100
Other Coleoptera 0 - - 0 - - 5 0 47
Muscoidea 422 15 100 17 2 18 125 11 100

C. ocellata 0 - - 1 0 4 185 16 93

E. tenax 1 0 8 2 0 7 22 2 60
Syrphidae 12 0 42 1 0 4 1 0 13

Other Diptera 10 0 42 3 0 7 35 3 87
Hemiptera 0 - - 0 - - 5 0 20

Other 1 0 8 0 - - 7 1 27

Total Number of 2839 885 1173

Insects Observed

4897
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Discussion

This study represents the most comprehensive published survey of insect visitation to
CMS carrot crops and the first survey of insect visitation to carrot crops in Australasia.
As has been found in previous studies (Bohart & Nye, 1960; Goyal et al., 1989; Koul
et al., 1993; Lamborn & Ollerton, 2000; Sinha & Ckrabarti, 1992), a large range of
insects visit carrot crops. Visitation by bees (4pis spp.), and flies (Diptera) were
consistent with previous studies. In contrast to these studies, syrphid flies visited in
low numbers but some beetle species (P. rufipennis, P. macleayi and C. lugubris) and
muscoid flies were among the most frequent visitors. In addition, the honey bee (4.
mellifera) was a frequent visitor to Tasmanian carrot seed crops whereas other species
of bee (Halictus sp., Lassioglossum sp. and A. florea) were the most common insect
visitors in overseas studies. There was large variation in the numbers and composition

of insect assemblages between and within seasons and between locations.

In this study, over 100 morphological groupings of insects were recorded within carrot
crops. The variety and number of insects varied from one site and season to another.
Large numbers of very small Diptera and Coleoptera were captured in water traps. As
the majority of these are detritivores and fungivores, it is unlikely that they are a major
contributor to carrot pollination. Their effectiveness as pollinators cannot be
discounted completely. Several studies (Bohart & Nye, 1960; Hawthorn et al., 1956;
Kevan & Baker, 1983) have attributed low levels of pollination in carrots to very small

insects.

With very few exceptions, there were more insects caught in traps in the CMS line
experimental crop than in the open-pollinated line, which was a commercial crop. Only
24 % of the insects caught in water traps and 39 % of insects caught in sticky traps
were from the open-pollinated crop. This result is unexpected as low pollination rates
in CMS carrots indicates that open-pollinated lines are more attractive to pollinators
than CMS lines (Erickson & Peterson, 1979; George, 1999). This indicates that
spraying regimes in commercial crops may have a major impact on the background
level of insect populations. The major exceptions to this bias towards the CMS line
were A. mellifera and Tenthredinidae (sawflies). 4. mellifera are used as
supplementary pollinators in commercial crops as they are proficient pollinators.
Despite the lower numbers of insects caught overall in trapping trials, the number of A4.
mellifera caught was similar in the water traps set in the open-pollinated crop (15 vs
13) and much higher in the sticky traps (61 vs 33). The proficiency of Tenthredinidae

(sawflies) as pollinators is not known, however five times as many sawflies were
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found in the open-pollinated line (17 vs 3, 13 vs 2, respectively). The larvae of some
sawfly species (esp. Caliroa cerasi (Linnaeus)) are major pests in orchards as they
significantly damage plant material by mining under the surface of the leaves
(Beveridge & Elek, 1999; Commonwealth Scientific and Industrial Research
Organisation, 1991) and carrot seed crops may be grown in areas where tenthredinid
larvae are detrimental to the cultivation of fruit trees. The adults of some sawfly
species are know to consume pollen and nectar (reviewed by Wackers et al. 2007) .
This sawfly, of <5 mm in length, which visits carrot flowers, is not known to affect
carrot yield through larval feeding. This indicates that there is some scope for

identifying it and investigating its proficiency as a pollinator of hybrid carrots.

The spraying of crops with Dominex® insecticide (Table 6) appears to have severely
reduced the numbers of potential pollinators in the commercial crops. Traps and
observational studies in commercial seed crops (field trials SA2 and SA3) yielded
relatively fewer numbers of insects than in trial plots (field trials B1, UF4 and UF5)
which were planted for research purposes only and were not heavily sprayed. The field
trial SA2 observational survey was conducted under standard farming conditions
within a commercial crop. In this trial there were very few insects observed other than
A. mellifera, which accounted for over 95 % of insect visitation. This was in stark
contrast to an adjacent section of the crop where no spraying was carried out. Large
numbers of C. lugubris and coccinellid beetles were seen on the CMS carrot umbels in
the unsprayed area (AG unpubl. data). Conditions under which seed crops are grown
appear to have a critical effect on those insects that are potential pollinators. Intensive
insecticidal sprays applied to surrounding vegetation where pollinators breed or forage,
or directly onto crops to kill those insects which cause damage to plants and reduce
seed yield, may also discourage or kill potential pollinators (Kearns ef al., 1998; Kevan
& Baker, 1983).

Seed growers rely on 4 mellifera to pollinate carrots, and bee hives provided locally
were placed in close proximity to all field trials except field trial B1. Despite the lack
of honey bee hives nearby, the visitation rate for bees in field trial B1 was on average
0.35 per minute. This compares to 0.78 per minute for field trial SA2 in the same
season and 0.07 visits per minute in field trial UF5 in the following season (AG
unpubl. data). This indicates that other factors also contributed to honey bee visitation

in these crops.

Very few Syrphidae were observed or caught in traps throughout the observation
periods. Anecdotal evidence from local seed growers indicates that in some years,

large numbers of E. tenax have been present in carrot seed crops. Syrphids are
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potentially excellent pollinators (Gladis, 1997; Schittenhelm et al., 1997; Tornier &
Drescher, 1991) but were present in very low numbers during the 2002/2003 and
2003/2004 carrot seed seasons. The bee fly C. ocellata (Bombyllidae), was few in
number in the first season but was prolific in field trial UF5 observations in the

following season.

Carrots flower at different times due to variation in planting times, cultivar, treatment
and time of vernalisation. This may mean that flowering times and presence of
important pollinators do not coincide unless honey bees are provided. Large numbers
of pollen-feeding and nectar-feeding beetles (nectar scarabs - P. macleayi, P.
rufipennis and soldier beetles - C. lugubris) were observed on carrot umbels. These
populations of beetles varied in composition and number from site to site, season to
season and within each season. Nectar scarab larvae feed on various sources including
vegetable crops, wheat crops and pastures. They remain in the soil after pupation and
emerge as a swarm when the soil is softened by rain (Commonwealth Scientific and
Industrial Research Organisation, 1991). Thus, the timing of emergence may vary with
environmental factors and the availability of a food source for their larvae. In the first
season P. rufipennis were present in large numbers. P. macleayi were swarming on
carrot umbels in the second season and there were very few P. rufipennis found in that
season. Nectar scarab numbers also depended on time of swarming. Beetles were
swarming in mid December in 2002 but swarmed in early January in 2004. It is not
known whether the swarming of beetles at the same time as carrot flower receptivity
was coincidental. It is also interesting to note that very few P. macleayi were observed
in field trial UF5 (8™ J anuary 2004) when there were still considerable numbers of

them in the second plot at the university farm which was situated in an adjacent field
(AG unpubl. data).

The variation in insect populations indicates that time of year, weather conditions and
other factors such as surrounding vegetation can be critical to the survival of insects
and to the development of breeding populations. As reliability of insect visitation can
be problematic, seed producers rely on artificial introduction of A. mellifera from hives
sourced from beekeepers. Nevertheless, there is evidence that combinations of insect
pollinators produce superior seed yield (Schittenhelm et al., 1997). In a study of the
potential pollinators of carrot seed crops, it is thus necessary to consider farm practices,
weather conditions and other factors that may influence insect pollinator survival and

the success and timing of emergence of breeding populations.
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SEASONAL ACTIVITY, DAILY ACTIVITY AND POLLEN LOAD CARRIED
BY INSECT VISITORS TO HYBRID CARROT SEED CROPS

Abstract

This chapter examines insect visitation rates to carrot seed crops in relation to weather,
other insect species and pollen carrying capacity. By doing so it hopes to predict and
identify insect species or taxa that may act as abundant, reliable and high pollen load
carrying visitors to the carrot crop. Insects were sticky and water pan trapped in carrot
crops across two field trials in one season and visitation to individual carrot flowers
was observed over four field trials in three carrot flowering seasons. Honey bees were
more often found during trapping periods with higher morning minima temperatures,
visited umbels most often in the middle of the day and were commonly among the taxa
with the highest visitation rates (up to seven visits per 5 min) to carrot flowers.
Ladybirds were found more often during trapping periods with low morning wind
speeds and higher, more northerly, afternoon wind speeds but were not frequent or
abundant visitors. Soldier beetles were present more often during trapping periods with
higher afternoon wind speeds, were equivalent to honey bees in visitation rates to
umbels in two of the four field trials and visited the same flowers as nectar scarabs.
Northerly afternoon winds increased the presence of halictid and colletid bees as did
more bright sunshine hours in the day but they were not frequent or abundant visitors.
The hover fly, Comptosia ocellata Newman, was observed most often in the afternoon
and visited the same flowers as honey bees. Muscoid flies were frequent (up to two
visits per 5 min) and common visitors to flowers whereas nectar scarabs were very
infrequently found but most abundant if present. Nectar scarabs, honey bees and the
hover fly Eristalsis tenax (Linnaeus) carried high pollen loads on their bodies. Based
on pollen loads, honey bees and muscoid flies appeared to forage mostly within the
MF carrot row whereas nectar scarabs and E. tenax foraged across rows carrying equal
pollen loads regardless of their distance from the pollen source. All observed insect
taxa were more frequently seen visiting MF than CMS umbels. Honey bees were
abundant, frequent visitors with high pollen loads but no other insect taxa fulfilled
more than two of these three criteria.

Introduction

Effective pollination through insect vectors is critical to commercial success of carrot
seed crops. Seed growers have a restricted window of opportunity where flowers are
receptive to pollen. The frequent and reliable visitation of efficient insect pollen
vectors is essential during this period for the successful seed set of the crop. Surveys of
carrot seed crops in southern Tasmania reveal that a large number of species visit
carrot seed crops at flowering (See Chapter 1), many of which are potential pollinators.
Despite this, poor pollination is a problem for carrot seed growers in Tasmania (Spurr,

2003a) indicating other factors such as rate of visitation of pollinators is variable
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and/or low. In some crops, particularly those that are less attractive to pollinators,
flower structure, synchrony of maturation of male and female plants, nectar, aroma
quantity and quality (Erickson & Peterson, 1979; Holm, 1966), extent of floral display
(Sanchez-Lafuente et al., 2005), blossom size (Frank, 1999) and proximity of other
sources of nectar and pollen (Ish-am & Eisikowitch, 1998) are important.

In Tasmania, carrots flower during summer. The exact time of flowering is dependent
upon the prevailing weather conditions and the carrot cultivar. Flowering can begin as
early as mid December and may extend to as late as mid February. The duration of
flowering in a single crop is approximately six weeks. Over the flowering period carrot
umbels reach receptivity sequentially, starting with the primary umbel and progressing
to secondary, tertiary and, if present quaternary umbels. Each umbel is receptive to
pollen for a period of three to four days (Spurr, 2003b). This means that a single plant
within a crop is potentially attracting insect pollinators for two to three weeks. Thus, a
single carrot seed crop is likely to experience fluctuations in insect populations across

the entire flowering season and even within the flowering period of a single cultivar.

Weather conditions have been shown to impact on the visitation of insect pollinators to
flowers (Bohart, 1957; Eaton & Murray, 1997; Gonzalez et al., 1998; Holm, 1966; Ish-
am & Eisikowitch, 1998; Vicens & Bosch, 2000). For example, the activity of
syrphids, butterflies and bees (unspecified species) is restricted by cloudy conditions
(See Cruden, 1972; Kevan & Baker, 1983) and other insects such as honey bees (Apis
mellifera Linnaeus) will not forage in windy or wet weather and will forage only at
optimum temperatures in onions (Currah & Ockendon, 1984) and in carrots, (Abrol,
1997; Currah & Ockendon, 1984) whereas other species of bee show greater tolerance
to lower temperatures, wind speed and rain (Vicens & Bosch, 2000; Willmer et al.,
1994). Weather was found to have a significant effect on insect visitation to and
fertilization of Centaurea corymbosa (Asteraceae) (Kirchner ef al., 2005) and to Tilia
(Malvaceae) and Heracleum flowers (Apiaceae) (Willmer, 1983). Other studies of
insect visitation also found that insect visitation was influenced by weather factors
such as wind speed, relative humidity, solar radiation, precipitation and temperature.
Insect activity in carrots in Faisalabad, Pakistan revealed that temperature and relative
humidity affected visitation (Ahmad & Aslam, 2002)

In Ahmad & Aslam’s (2002) survey of insect visitors to carrots they discovered that all
of the insect pollinators observed visiting carrots were much more prevalent in the
morning than the afternoon. Other researchers have observed that various species of
insect will forage over different periods of time during the day (Abrol, 2006; Willmer

et al., 1994). These variations in foraging activity between insect species are often
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linked to the weather conditions and climate of the location in which they are studied.
It is likely, for example, that the thermal thresholds of foraging insects will be reached
much earlier in those locations where daily temperatures are higher and that activity
may cease earlier. Insect visitation times may vary from species to species relative to
their varying thermal and solar radiation requirements. Insect cohorts may also vary
from one geographical location to another. The impact of conditions such as local
microclimate and surrounding vegetation may have a profound impact on insect

visitation and the complement of insect visitors found in individual crops.

Cytoplasmically sterile (CMS) carrot crops are cross pollinated with male-fertile (MF)
cultivars. The MF cultivars are subsequently removed after pollination of the CMS
cultivar. Alternating beds of CMS and MF carrots are usually planted across the field.
In between beds of MF plants the CMS carrots may be up to eight rows wide
(Rubatzky et al., 1999). Pollination of CMS plants has been found to decrease as the
distance between CMS plants and MF ones increases (Galuszka & Tegrek, 1989;
Rodet et al., 1991Db). It is therefore critical for the pollination of those CMS plants
which are farthest away from the pollen producing MF plants that insects carry
sufficient pollen on their bodies to effect pollination across this distance. 4. mellifera
visiting CMS carrot crops are known to preferentially visit MF plants over CMS
cultivars in field plantings (Erickson et al., 1979). It is not known whether this is

consistent with the visitation of other insect species which are potential pollinators.

Insect visitation may be affected by the presence or absence of other insects of other or
similar species. Some carrot umbels are characterised by the presence of a dark central
floret. Several studies have been conducted to determine the effect of this floret on the
visitation of pollinating insects (Eisikowitch, 1980; Goulson et al., 2009;
Westmoreland & Muntan, 1995). Westmoreland & Muntan (1995) discovered that
some insect taxa preferred these flowers over others. Eisikowitch (1980) found that
these increased the pollination of carrot flowers as flies perceived them as other resting
flies which attracted them to these umbels. A subsequent study by Goulson et al.
(2009) found that they also attracted the beetle Anthrenus verbasci L. (Dermestidae),
which was similarly attracted to other beetles of the same species when they rested on
umbels without dark central florets and that fewer 4. verbasci landed on umbels when

the dark floret was replaced with a larger meloid beetle.

There are no published studies of patterns of insect visitation to carrot crops in
Australia. It is not known how insect visitation is affected by location, time of day,
local weather conditions and whether these visitation patterns which may vary

temporally across seasons or between seasons are influenced by the management of
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crops and the biological environment in which they are grown. Interaction between
insect species may also account for forager preferences and visitation patterns. This
chapter examines insect visitation rates to carrot seed crops in relation to weather,
other insect species and pollen carrying capacity. By doing so it hopes to predict and
identify insect species or taxa that may act as abundant, reliable and high pollen load
carrying visitors to the carrot crop.

Materials and Methods

Carrot seed crops reach maturity throughout summer (December to February) in
Tasmania. A series of observation and trapping trials was carried out over three carrot
seed growing seasons in 2002/03, 2003/04 and 2004/05 in six field trials to monitor
insect visitation in flowering carrot crops. Analyses of the data were undertaken to link
visitation rates with climatic, seasonal and biological factors. The timing, carrot type,
crop area, honey bee hive placement and insecticide spray history of these field trials is

given in Table 11.
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Table 11. Details of Individual field trials used for insect surveys.

Carrot

. Carrot Plants . Carrot Type Insecticide
Season  Trial Date Site Trial - “rotal Area  Plants Area Insect Static  Honey bee (no. of Spray
No. 2 Used in Trial Observation Trap  Hive Nearby X .
(m9) (md) Cultivars) Dominex®
1 Dec-02 Bejo Seeds Bl 231 192 Yes No CMS (17) 15-Jan-03
1 Jan-Feb-03  StrathAyr SA2 40000 288 Yes >1 CMS (1) Unknown
Open- 3 Jan 2004
2 Jan-04 StrathAyr SA3 40000 300 Yes >1 ollli)nate d 17 Jan 2004
P 3 Feb 2004
2 Dec-03 i Farm  UF4 1100 240 Yes 1 CMS (1) 6-Feb-04
/Jan-04
2 Jan-Feb-04  Uni Farm UF5 1100 690 Yes 1 CMS (6) 6-Feb-04
Dec-04 .
3 /Tan-05 Bejo Seeds B8 1600 260 Yes 1 CMS (2) None
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Insect Activity Over the Field Season and Weather

Insect traps

Static trapping trials were conducted in the 2003/04 season in a commercial crop at
StrathAyr Turf Systems Pty. Ltd. (Field Trial SA3 - See page 15) and in an
experimental crop at the University Farm (Field Trial UF4 — See page 16). Sampling
was conducted using water traps and yellow sticky traps located within these carrot

seed crops.

Sticky traps and water traps were erected just above umbel height that is, at
approximately 150 cm above ground level, and left in the carrot crops to capture
insects which were present in the vicinity of carrot umbels so as to provide a
continuous record of the variation and composition of insect populations throughout
the flowering period. Insect traps were placed in pairs at 2 m apart down the central
long axis of each of each field trial. There were five sets of trap pairs (one water trap
and one sticky trap per pair). The water and sticky trap from each pair were placed 30
cm apart. The sticky traps used were commercially available AgriSense® (Pontypridd,
UK) 10 cm x 20 cm, double-sided, yellow sticky traps. These were rigidly mounted
between two sections of pipe on metal star posts (Figure14). Water traps were made
from yellow plastic (10 cm deep and 13 cm diameter) and were mounted on wooden
poles (Figurel4). Each water trap was filled with 600 mL water containing 10 %
ethanol as a preservative and a small amount of Cusson’s® Morning Fresh
dishwashing liquid to break the surface tension and thus aid insects to drown in the

water.

Traps were set in the same season (season 2) over a similar period of time 59 days
(SA3) and 65 days (UF4). Sampling in Field Trial UF4 began three weeks after
sampling in Field Trial SA3 and sampling periods overlapped by five weeks. Traps at
SA3 were set between 5™ December 2003 and 2™ February 2004 and were cleared 17
times. Traps at UF4 were set between 27" December 2003 and 1% March 2004 and
were cleared 19 times. Traps were collected every three to four days, i.e. twice weekly.
New sticky traps were set as used traps were collected and water traps were refilled.

The sticky traps were wrapped in clear cling wrap as they were collected

Weather

Weather data were provided by the Australian Government Bureau of Meteorology
from weather data collected at Hobart Airport. Hobart Airport Weather Station is
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located at 42.834° S, 147.503° E and is 12 km distant from StrathAyr Turf Systems
Pty. Ltd. and 6 km distant from the University Farm.

Weather variables collected were: minimum temperature (° C), maximum temperature
(° ©), rainfall (mm), bright sunshine (hours), 0900 wind speed/direction, and 1500
wind speed/direction. Minimum and maximum temperatures are measured at
approximately 1.5 m above ground level within a Stevenson Screen. Maximum
temperature is recorded between 0900 on the day of the record and 0900 on the next
day, as is rainfall. Minimum temperature is recorded in the 24 hours prior to 0900 hrs
on the day of the record. Bright sunshine hours are measured using a Campbell-Stokes
recorder. This is a spherical glass lens which focuses the image of the sun onto a card.
The card is scorched when sunlight intensity exceeds a pre-determined threshold and
this burn trace is proportional to the number of bright sunshine hours. Wind speed and
direction are generally measured at a height of 10 m above the surface. Wind speed is
averaged over the ten minutes leading up to the time of observation. Wind direction is

measured using a rotating cup anemometer (Bureau of Meteorology, 2009).

Processing and analysis

Sticky trap and water traps catches were examined under a binocular dissecting
microscope at 40 X magnification. Insects were divided into two groups; very small
insects (< 5 mm), and larger insects. Larger insects were separated taxonomically as
far as possible. This process resulted in morphological groupings which may be from
species level to order level depending on the level of identification undertaken.
Following this, a subset of the ,Jarger insect’ insect groupings were chosen for further
analysis in relation to weather variables. These were A. mellifera, Chauliognathus
lugubris (Fabricius), Coccinellidae, Ichneumonidae, Phyllotocus spp., other
Hymenoptera, muscoid flies, other beetles and Colletidae/Halictidae these were
selected on the basis that they were most often present in both water and sticky traps.
As traps were collected at differing intervals, generally on every 34 or 4 day, the raw
trap data was divided by the number of days between trap collections to enable direct

comparison.

The presence or absence of the aforementioned insect groupings per trap period, were
analysed in relation the following variables: field site, trap type, wind speed at 0900,
wind speed at 1500, wind direction at 0900, wind direction at 1500, bright sunshine
hours, minimum temperature, maximum temperature and precipitation. Wind speed,
bright sunshine hours, precipitation and minimum and maximum temperatures were

averaged over the number of days that each trap was set. Wind direction from the north
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was of most interest as it generally brings warmer temperatures. In the island state of
Tasmania, northerly airflows ahead of cold fronts cross Bass Strait from mainland
Australia and result in influxes of insects (Drake et al., 1981). Wind direction was
scored a 1 if winds were coming from the north, north-north-east, north-east, north-
north-west or north-west. If wind direction came from the other compass points it was
scored a zero. Wind direction was then averaged across the number of days that each
trap was set. Analysis was performed using R® version 2.9.1 (Copyright 2009 The R
Foundation for Statistical Computing) using multiple logistic regression. After fitting
the full model terms were dropped based on their significance in the model until the

model of best fit was obtained.

Daily Insect Activity and Frequency of Visitation to Umbels

Observation trials were conducted at three sites: StrathAyr Turf Systems, Pty. Ltd.,
Bejo Seeds Pty. Ltd. and the University Farm (see page 9) over three seasons; field
trials B1, SA2, UF5 and B8 (see pages 12, 13, 17 and 19). Observations were
conducted only on warm (temperature at 9:00am over 15° C and maximum
temperature over 20° C), sunny, calm days which was noted at the site. This was later
confirmed from weather data collected at Hobart Airport Weather Station by the
Australian Government Bureau of Meteorology.Observations were performed by
teams of one to three people simultaneously between 0900 hrs-1500 hrs. Only those
umbels with > 40 % receptive flowers were included in the random selection of umbels
for observations of insect behaviour. At each site for each observation period two
umbels were randomly selected and observed for five minutes. Prior to the
commencement of each five-minute observation period, the number and type of insects
that were already present on each of the selected umbels was recorded. Observations of
insect visitation in field trial B8 were conducted as above but due to low insect activity

each observation period was of 20 minutes duration.

Each time an insect alighted on one of the umbels under observation it was recorded
according to its classification into one of 11 groupings (4. mellifera, C. lugubris,
Coccinellidae, wasps, Phyllotocus spp., Muscoidea, Colletidae/Halictidae, E. tenax, C.
ocellata, Melangyna/Symosyrphus spp. and others). No distinction was made between
insects alighting for the first time on an umbel or returning to an umbel after departing
for any period of time. For the purposes of analysis, each umbel of a pair was scored
separately. In order to avoid affecting the behaviour of the insects under observation,
care was taken to remain at least 1 m away from the umbels under observation and to

ensure that the observer did not cast a shadow over these umbels.
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To better understand the influence of insects already present on the umbel to
subsequent visitation the visitation data from field trial UF5 collected from the 15
January to 5t February over ten separate day was used. Firstly the overall numbers of
individuals in each of the ten observed insect groupings (excluding the ,,other’
grouping) that were initially present on the umbels, were correlated to the overall
numbers that visited over the subsequent five minute observation period using
Spearman’s rank correlation., Following the correlation observed here, visitation
counts throughout the thesis report the combined figure of grouping present at the start

of the count pooled with those visiting during the count interval.

Then to explore whether insect groupings initially observed on the umbels were in
agreement with that expected from a random distribution across all umbels Poisson
goodness of fit testing was undertaken with a non-random distribution evident if the
Poisson distribution did not fit the data. If so, a further test was undertaken on the non
random insect groupings by examining variance to mean ratios to check for significant
aggregation (where ratios were much greater than 1) or uniform distributions (where

ratios were much less than 1).

To assess timing of visits during the day by insect groupings a sub-sample of the days
observed for total insect visitation (see next paragraph) for field sites SA2 and UF5
was used for analysis. Each sub-sampled day was divided into three time periods (0900
-1100, 1100-1300, and 1300-1500). In field trial UF5 observations were undertaken
over five days between 20M ) anuary and 5t February with 300 umbels per time period
and 900 umbels in total observed. In field trial SA2 observations were undertaken over
eight days between 34y anuary and 31 February with 64 umbels per time period and
192 umbels in total observed. To examine whether the visitation frequency to umbels
varied for an insect grouping between morning, midday and afternoon data for each
time zone was pooled for each day. This pooled time zone data was then analysed
using Friedman’s test, for ten of the 11 insect groupings (insufficient Melangyna/
Symosyrphus spp. for analysis), using each day as a block and thereby controlling for
variation between days within SPSS® 17.0 to look for differences between these time

periods.

To measure the visiting rate of the 11 insect groupings to carrot umbels, observations
were replicated across four field trials B1, SA2, UFS5, and B8 and three seasons. In
field trial B1 observations were undertaken over four days between the 14™ and 24"
December 2002 covering 408 umbels, in field trial SA2 observations were undertaken
over ten days between the 3™ January and 4™ February 2003 covering 224 umbels, in

field trial UF5 observations were undertaken over seven days between the 15" January
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and 5" February 2004 covering 1242 umbels and in field trial B8 observations were
undertaken over five days between the 30"™ December and 13" J anuary 2005 covering
24 umbels. A comparison of the visitation rates between these groupings within each
field trial was undertaken using Friedman’s test, using each umbel as a block and
thereby controlling for differences between umbels within SPSS® 17.0. Multiple
Wilcoxon signed ranks tests were then used to determine which particular pairs of
insect groupings differed from one another. P values were adjusted to P <0.001 to

preserve 95 % confidence when making multiple comparisons of the same data.

Pollen Carrying Capacity, Inter-Row Movement and Visitation Frequency to Male-
fertile and Male-sterile Umbels

To examine pollen carrying capacity, insects foraging on carrot umbels in a carrot crop
at the University Farm in the 2001/2002 season were collected by hand and net from
MF umbels and CMS umbels, returned to the laboratory and frozen in Eppendorf tubes
at -20° C prior to examination. Carrots were planted in single rows and insects were
collected from a row of MF carrots (row M) and three rows of CMS carrot umbels.
These were labeled row F1, F2 and F4 and were 0.8 m, 1.6 m and 3.2 m distant from
row M. Only five groupings: A. mellifera (honey bees, n = 133) Phyllotocus rufipennis
(Boisduval) (nectar scarabs, n = 35), muscoid flies (n = 243), E. tenax (large
hoverflies, n = 56) and Melangyna/Symosyrphus spp. (small hoverflies, n = 36) were
collected in sufficient numbers to warrant further examination. Before processing for
pollen counts, the 4. mellifera had their hind legs removed so as to exclude the pollen
on their corbiculae and enable comparison of pollen on the rest of their body to that of
other insects. This also controlled for differences between nectar collecting and pollen
collecting bees. Pollen loads were analysed in the laboratory using a modified version
of the method developed by MacGillivray (1987). Individual insects were placed in 1.5
mL Eppendorf® tubes into which 50 ul of melted glycerol gelatin (40 g of melted
gelatin in 60 mL of glycerol diluted with 100 mL of deionised water) had been pipetted
and allowed to set. The storage tube from which the insects had been retrieved was
flushed with 400 ul of xylene, which was subsequently added to the centrifuge tube
containing the insect. A further 400 pl of xylene was added to the centrifuge tube.
After the addition of xylene, the centrifuge tubes were agitated on a vortex mixer for
three minutes to displace the pollen load from the insect. The insects were then
removed and the tubes centrifuged at 15 000 rpm for 1 minute, after which the xylene
was decanted. The pollen-impregnated glycerol gelatin pellets were removed from the
centrifuge tubes with the aid of a fine hooked needle, placed on microscope slides,
heated to melting and covered with cover slips. Light pressure was applied to spread an

even film of glycerol gelatin over the slide surface beneath the cover slip. After the
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slides had set they were examined under a light microscope at 100x magnification.
Counts of the total number of carrot pollen grains were made from ten randomly
selected fields of view for each slide. The total number of pollen grains collected from
each individual insect was calculated from the ratio of the slide area examined in ten
fields of view to the total area of the cover slip. Pollen counts for each insect were
sorted into one of four categories 0-9 grains, 10-99 grains, 100-999 grains and 1000+
grains and analysed using contingency tables between groupings and within groupings
using SPSS® version 17.0.

To examine whether each insect grouping visited either MF or CMS umbels more
frequently observations of insect visits to umbels were undertaken in field trials SA2
and B8. Pairs of MF and CMS umbels were simultaneously observed in both trials. In
field trial SA2, 132 pairs of umbels were observed on eight days between 10" J anuary
and 4" February 2003. In field trial B8, 24 pairs of umbels were observed for 20
minutes per pair on five days between 30" December 2004 and 13" anuary 2005. The
visitation rates of each grouping to MF and CMS umbels were compared using
Wilcoxon signed ranked tests with each pair being the simultaneous observation of a
MF and CMS umbel. Umbel pairs were excluded from the analysis if they had none of
that grouping visit during the observation period. All analysis was undertaken using
SPSS® 17.0.
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Results

Insect Activity Over the Field Season

Both small and large size groupings of insects caught in sticky and water traps in field
trial SA3 displayed a similar pattern of activity in the crop (a). There were three
distinct peaks in insect activity for small and large insects in this crop. Peaks were
approximately 20 days apart and were especially prominent for small insects. The
insect trap data from field trial UF4 at the University Farm shows similar patterns of
insect activity with peak numbers of small and large insects corresponding with each
other (b). There are occasional deviations from conformity between sites. One example
of this was on the 22" January when the number of small insects collected at the
StrathAyr site was relatively low whilst the number of small insects collected at the
University Farm was relatively high. A peak in large insect numbers on 5" January at
UF4 was due to a large influx of nectar scarabs (P. macleayi Fischer). Collection dates
on both field trials SA3 and UF4 overlapped between 27" December 2004 and 2™
February, 2004. During this time Field Trial SA3 was sprayed twice (3 and 17"
January 2004) (a) with Dominex® to control the damage caused by Rutherglen bug, a
serious pest in carrot seed crops (Spurr et al., 2001). Whilst the spraying of insecticide
in field trial SA3 appears coincident with the decline in both large and small insect
numbers, the increase and decline of insect numbers in this trial is similar to that it
filed trial UF4 which was not sprayed. It appears that insect visitation is independent of
either site location or pattern of spraying when observed over the same time period in
these two sites.

Trap type influenced the likelihood of some species being caught with presence on
sticky traps being significantly greater than in water traps for A. mellifera (Z = -2.693,
P =0.007), coccinellid beetles (Z = -3.222, P = 0.001), ichneumonid wasps (Z = -
3.031, P =0.002) and colletid and halictid bees (Z =-2.142, P = 0.032). However, only
C. lugubris significantly differed between sites, with more a frequent presence at field
site UF4 (Z =3.500, P < 0.0005: see Figure 17 and Figurel8 for catches of insect
groupings over time). Phyllotocus beetles (nectar scarabs) were infrequently found but
appeared in very large numbers in trial UF4 over a period of about a week in early
January (Figurel8c).
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Figure 17. Apis mellifera, halictid and colletid bees and muscoid flies caught in water traps
and sticky traps in field trials field trials SA3 and UF4 at StrathAyr Turf Systems Pty.
Ltd. and University Farm in 2003/04.
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Figure18. Chauliognathus. lugubris, coccinellid beetles and Phyllotocus spp. caught in water
traps and sticky traps in field trials field trials SA3 and UF4 at StrathAyr Turf
Systems Pty. Ltd. and University Farm in 2003/04.
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Maximum temperatures varied widely over the entire trapping period ranging from 15-
36° C, though only four days exceeded 30° C, whereas minima varied between 4° C -
18° C (Figurel9a). However, temperature was only a significant predictor of insect
absence or presence for just two insect groups. These were A. mellifera where
increases in daily minimum temperature increased 4. mellifera activity (Z =2.300, P =
0.021) (Figure 17a) and other beetles (a grouping that excludes Phyllotocus spp.,
coccinellids and C. lugubris) (Z = 2.218, P =0.027) where increases in daily maximum

temperatures increased the presence of this group in traps.

Wind speeds varied between 0 and 50 km/h at 0900 and were typically stronger at
1300, ranging between nine and 48 km/h (Figure19b). Lower wind speeds at 0900
were associated with trapping coccinellid beetles significantly more often (Z = - 2.640,
P =0.008) (Figure18b) and higher wind speeds at 1300 with trapping C. lugubris (Z =
2.962, P =0.003 (Figurel8a) and coccinellid beetles (Z =2.836, P = 0.004)
significantly more often. A greater incidence of northerly winds at 0900 resulted in the
trapping of coccinellid beetles (Z = 2.369, P = 0.018) more often, whereas halictid and
colletid bees (Z = -2.673, P = 0.008; (Figure 17b) were trapped less often in a greater
incidence of northerly winds at 1300 hrs.

There was little rainfall over the trapping period with only 25 days of rainfall and only
five of these exceeding 5 mm (Figure19c¢). No relationship between any insect
grouping and rainfall was evident over the trial period. Hours of bright sunshine varied
over 34 fold between days (0.4-13.8) (Figure19c) with an increase in the number of
bright sunshine hours significantly associated with a greater occurrence of halictid and
colletid bees in traps (Z = 2.099, P = 0.036). No relationship between any of the
weather variables tested and the occurrence of either Phyllotocus spp. (Figurel8c) or

muscoid flies (Figure 19¢) in traps was evident.
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Figure19. Weather conditions during water and sticky trap placement period in field trials
SA3 and UF4 at StrathAyr Turf Systems Pty. Ltd. and University Farm in 2003/04
carrot season (December, 2003 to March. 2004).
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Daily Insect Activity and Frequency of Visitation to Umbels

The overall numbers of individuals in each of the ten observed insect groupings that
were initially present on the umbels showed a significant correlation to the overall
numbers that visited over the subsequent five minute observation period (Spearman’s
r=0.770, P=0.009). Henceforth visitation counts report the combined figure of
grouping present at the start of the count pooled with those visiting during the count
interval. Insect groupings initially observed on the umbels were in agreement with that
expected from a random distribution across all umbels with the major exception of
both beetle groups (Poisson fit: Phyllotocus spp.: x'= 160.4, soldier beetles; y* =.
111.9, all df=2 and P<0.001). Both beetle groups were significantly aggregated, with
variance to mean ratios (VMR’s) much greater than 1: Phyllotocus spp.(1.42) and
soldier beetles (1.49), though no more than three beetles were present on any one

umbel.

Insect visitation in the morning, midday and afternoon in the two field trials (SA2 and
UF5) showed varying patterns across seasons (Figure20). In field trial SA2 (January
2003) A. mellifera visited carrot umbels in significantly different numbers across the
three time periods (Friedman test: y* = 12.25, df = 2, P = 0.002) with visitation highest
in the middle of the day. Honey bee numbers were too low in UF5 for meaningful
comparisons. In field trial UF5 (January 2004) both C. ocellata (x> = 9.58, df =3,5P =
0.008) and muscoid fly (x> = 7.00, df = 3,5, P = 0.03) visits significantly increased as
the day progressed. Both C. lugubris (in SA2 and UF5) and visitation of Phyllotocus
spp. (in UF5) decreased as the day progressed. This decrease in the visitation of
Phyllotocus beetles was not significant. There were no significant patterns evident
between time periods in either field trial for coccinellids, wasps, colletid/halictid bees

or the loose grouping of ,pther insects’.
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Figure20. Insects observed visiting carrot inflorescences in the morning (A), midday (M) and
afternoon (P) in field trials SA2 (n = 8 days) and UF5 (n = 5 days) at StrathAyr Turf
Systems Pty. Ltd. and at the University Farm. * indicates significant differences at P
< 0.05 using Friedman's test.
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The rates of insect visitation for each insect grouping varied enormously between the
four trials examined across the three seasons (Figure 21). Even within the same season,
that is B1 vs. SA2 in the first season, visitation rates were very different. The most
significantly frequent visitors in B1 (the only trial which did not have hives of 4.
mellifera placed nearby (Table 11) were P. rufipennis at 3.8 visits /5 min, whereas in
SA2 it was A. mellifera at 6.7 visits/S min. In the second season, in UF5 the most
frequent visitors were 4. mellifera and C. lugubris at 0.33 visits/5 min and 0.26 visits/5
min, respectively, whereas in the third season muscoid flies (5.6 visits/20 min), as well
as Phyllotocus spp. (predominantly P. macleayi) (2.7 visits/20 min), A. mellifera (3.9
visits/20 min), and C. lugubris (3.7 visits/20 min) were all equally the most frequent
visitors to umbels. 4. mellifera and muscoid flies appeared to be the most consistent
taxa across all four trials, as they were among the first three rankings of the most

frequent visiting groupings across all four trials.
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Figure 21. Insect visitation observed on carrot inflorescences in field trials B1, SA2, UF5 and
B8 at Bejo Seeds Pty. Ltd., StrathAyr Turf Systems Pty. Ltd. and the University Farm
and Bejo Seeds Pty. Ltd. respectively. Letters above graph (a, b,c,d) indicate
groupings of significant difference at P < 0.001 (Wilcoxon signed ranks test)
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Pollen Carrying Capacity, Inter-Row Movement and Visitation Frequency to Male-
fertile and Male-sterile Umbels

The pollen load carried on insect bodies was not independent of insect groupings; y° =
181.47 df =12, P <0.00001) (Figure 22). A. mellifera and P. rufipennis and E. tenax
carried more pollen grains on their body than either muscoid flies or
Melangyna/Symosyrphus spp. The majority of the latter two groupings carried nine or

less pollen grains on their bodies.

Figure 22. Pollen grains collected from insects in a carrot crop in 2001. Pollen loads are
grouped into four categories; 0-9 grains, 10-99 grains, 100-999 grains and 1000+
grains. Sample size (from left to right) = 133, 35, 243, 56 and 36.

The body pollen load of the differing insect groupings when collected on the MF row
or the 1%, 2" or 4™ rows of CMS umbels away from the MF row showed some
significant differences (Figure 23). There was a clear drop in the pollen loads of honey
bees the further they were sampled away from the row of MF umbels (Figure 23a). For
honey bees and muscoid flies collection row was not independent of pollen load with
significantly fewer honey bees and muscoid flies carrying > 10 pollen grains on their
body the further away from fertile umbels that they were collected (honey bees: x* =
34.76, df =3, P < 0.0001, muscoid flies: (x2 =25.53,df =3, P <0.0001, both pooled to
two pollen categories < 10 vs > 10 pollen grains on body). This suggests both honey

bees and muscoid flies to be foraging largely along rows.

60



Seasonal Activity, Daily Activity and Pollen Load Carried

Chapter 3
by Insect Visitors to Hybrid Carrot Seed Crops

Figure 23. Pollen grains collected from insects in a carrot crop in 2001. M = male-fertile row,
F1 = cytoplasmically male-sterile bed adjacent to M bed, and F2 and F4 beds are
respectively two and four beds away from M row. Pollen loads are grouped into four
categories; 0-9 grains, 10-99 grains, 100-999 grains and 1000+ grains. Sample size
from a to e = 133, 35, 243, 56 and 36 respectively.
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However, for P. rufipennis and E. tenax, pollen load was independent of the row they
were collected on, suggesting they forage across rows (Figure 23b, d). For P.
rufipennis individuals carrying > 100 pollen grains were equally likely to be found on
the MF or male-sterile plants (Yates corrected y* = 2.22, df = 1, P = 0.14). For E. tenax
carrying > 100 pollen grains was equally likely across the MF row, the first CMS row
and the pooled 2" and 4™ CMS rows (¢ =2.98, df =2, P = 0.23). The numbers of
Melangyna/Symosyrphus spp. carrying high pollen loads was insufficient to

statistically test for differences between rows.

Simultaneous paired observations of insect visitation to MF and CMS umbels by
varying insect groupings consistently showed more visitation to MF than CMS umbels
in trial SA2 and a similar trend in trial B8 (Figure 24) In SA2 A. mellifera (all
Wilcoxon signed ranks tests and all P <0.001: z=3.871), wasps (z = 3.654) and
muscoid flies (z = 3.658) all visited MF umbels significantly more than CMS umbels.
Both C. lugubris (z=2.232, P =0.026) and E. tenax (z=2.121, P = 0.034) in SA2 had
low visitation rates (< 7 pairings having visits) but nevertheless had greater visitation
to MF umbels than CMS umbels. In trial B8 visitation rates were much lower and
though trends were similar only C. lugubris significantly visited MF umbels more
frequently than CMS umbels (z = 2.53, P =0.011).
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Figure 24. Mean + SE number of insects observed visiting male-fertile (MF) and
cytoplasmically male-sterile carrot (MS) inflorescences in field trials (a) SA2 and (b)
B8 at StrathAyr Turf Systems Pty. Ltd. and at the University Farm respectively. SA2
from left to right n = 132, 29,29,7,4,6,17 , B8 from left to right = 22, 5, 22, 11, 15,
7,10, 3 and 3. ** indicates significant difference at P < 0.001, * indicates significant
difference at P < 0.05)
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Discussion

Insufficient rates of insect mediated pollination of hybrid carrot seed crops limit yield
(Spurr, 2003a) despite the diversity of insect species known to visit the crop (Chapter
1). Few species were found to be frequent and reliable visitors to crops, and of the
abundant and/or frequent visitors scored for pollen load, only 4. mellifera, P.
rufipennis and E. tenax carried high pollen loads. While honey bees were found to be
the only species that carried high pollen loads and was both abundant and a frequent
visitor to carrot inflorescences, analysis of pollen load indicated a preference for
foraging on the MF parent line within crops with lower pollen loads found on honey
bees collected in the CMS parent line. The low number of pollen carrying insects
visiting carrot seed crops frequently, or present in abundance, combined with the
evidence of preferential foraging pattern by the dominant pollinator species in the crop,
would explain the low yields caused by poor pollination that are often observed in

hybrid carrot seed crops.

Phyllotocus spp. and C. lugubris act as pollinators of Eucalyptus nitens in native forest
and have been found to carry considerable pollen loads (Phyllotocus spp.; 0-13314
grains and C. lugubris 333-3550 grains per insect) (Hingston et al., 2004). In native
forests they are particularly prevalent near pasture where the larvae of nectar scarabs
feed on roots (Lawrence & Britton, 1994) and soldier beetle larvae are predatory in the
soil (Shohet & Clarke, 1997; Traugott, 2006). Both P. macleayi and P. rufipennis were
observed to swarm in carrot seed crops where they appear to do little or no damage to
the carrot flowers. C. lugubris are also highly aggregated (Shohet & Clarke, 1997) but
the carrot pollen loads on their bodies was not assessed due to their absence within that
trial. C. lugubris is known to secrete a number of defensive chemicals from numerous
defensive glands on their body (Brown et al., 1988) though their effect on pollen
viability is not known. The large numbers of nectar scarabs which swarm on carrot
inflorescences and soldier beetles with their frequent visits to carrot inflorescences
warrants further research into these beetle species. In particular, research on swarming
behaviour and on the impact of providing suitable soil conditions for their larvae (see
Traugott (2003) for soldier beetles) near carrot crops to improve pollination levels is

warranted.

The abundance and reliability of honey bees in carrot seed crops can be attributed to
the placement of hives near crops to aid pollination. Manipulation of the populations of
other potential pollinator species in hybrid carrot seed crops would appear to be more
problematic. Numerous factors are known to influence the visitation patterns of

pollinating insects to agricultural crops. In some crops, visitation can be greatly
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influenced by weather conditions (Bohart, 1957; Eaton & Murray, 1997; Gonzalez et
al., 1998; Holm, 1966; Ish-am & Eisikowitch, 1998; Vicens & Bosch, 2000), whilst in
other crops, and particularly those that are less attractive to pollinators, flower
structure, synchrony of maturation of male and female plants, nectar, aroma quantity
and quality (Erickson & Peterson, 1979; Holm, 1966), extent of floral display
(Sanchez-Lafuente et al., 2005), blossom size (Frank, 1999) and proximity of other
sources of nectar and pollen (Ish-am & Eisikowitch, 1998) are important. Both
seasonal variation and weather effects on insect visitation patterns were noted in the

hybrid carrot seed crops in Tasmania.

Insect numbers varied from season to season, a finding consistent with the previously
published studies documenting the range of factors known to influence visitation
patterns. In the 2002/03 carrot season there were far more insect visitors than in the
two subsequent seasons. The composition of the visiting insect cohort varied from one
season to the next and between the two field trials conducted one month apart in
December 2002 and January 2003. Only 4. mellifera proved to be reliable visitors,
presumably due to the placement, with the exception of trial B1, of honey bee hives
near the crops under surveillance. The foraging of 4. mellifera may also be influenced
by the by the internal hive conditions, including hive strength and brood levels.
Without identification of the factors having the greatest influence on visitation patterns
of each insect species, it would be extremely difficult to predict whether a particular
insect grouping would be present in view of the variation in insect numbers from that

grouping between crops and seasons.

Trapping of insects at two field sites in the 2003/04 carrot flowering season revealed
strong similarities between the broad composition of the insect cohort visiting carrot
umbels at both sites. In addition to this, although there were occasional disparities in
the numbers of insects visiting between sites (such as the localised influx of
Phyllotocus beetles and overall significantly greater presence of C. lugubris in field
trial UF4), largely the fluctuation in insect numbers also coincided between the two
sites despite the spraying of insecticide at field site SA3. Although the distance
between the two sites was less than 5 km, field trial UF4 was located adjacent to the
Coal River whilst field trial SA3 was not near a watercourse. These findings indicated
that over small geographical distances, insect activity and composition are relatively
similar and that fluctuation in insect numbers is affected by broader phenomena such

as weather conditions and seasonal variation.

Temperature is an important factor influencing insect behaviour, and affecting the
foraging patterns of pollinators (Abrol, 2006; Alonso & Herrera, 2008; Bohart, 1957;
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Currah & Ockendon, 1984). A. mellifera were trapped more frequently when the daily
minimum temperature was higher. This may be because honey bees do not begin to
forage until temperatures reach an optimal level (Abrol, 2006; Vicens & Bosch, 2000).
Other researchers have also noted relationships between weather conditions and insect
mediated pollination of crops, including bee visitation in apples, kiwi fruit and
raspberry crops (Costa et al., 1993; DeGrandi-Hoffman et al., 1987; Willmer et al.,
1994). The group “other beetles” (not including Phyllotocus spp. Coccinellidae and C.
lugubris) was trapped more frequently when the maximum temperature was higher. It
is likely that beetles increase their activity in higher temperatures and are more likely
to take flight on warmer days thus increasing the likelihood of being caught in traps. If
pollinator numbers and activity levels increase during periods of higher temperatures it
is expected that this would result in greater pollination rates, especially if insects
potentially range further across carrot rows thus improving the chances of cross
pollination between MF and CMS umbels.

Specific weather patterns created through the passage of high and low pressure
systems are known to influence insect movement, particularly pest species such as
plague locusts (Drake & Farrow, 1983). In the island state of Tasmania, northerly
airflows ahead of cold fronts across Bass Strait from mainland Australia result in
influxes of insects (Drake et al., 1981). In this study, no relationship was found
between peaks in insect numbers trapped and northerly winds, suggesting that the
potential pollinator species for carrot seed crops do not depend on weather mediated
long distance migration for their occurrence in the seed crops. Coccinellid beetles were
trapped significantly more often when northerly winds were experienced at 0900 hrs
but only at lower wind speeds. Halictid and colletid bees were trapped less frequently
during periods of northerly wind at three pm indicating that they forage less frequently
on days when northerly winds prevail. The numbers of other insects caught was not
affected by northerly winds.

Movement and behaviour of insects was variable and the activity of each species of
insect had different patterns during the day. Phyllotocus beetles and C. lugubris tended
to be seen more frequently in the morning, A. mellifera more frequently at mid-day, C.
ocellata and muscoid flies in the afternoon and Coccinellidae and E. tenax in similar or
variable numbers throughout the day. Differences in the optimum weather conditions
for foraging of individual species, and in the purposes of visitation to carrot umbels,
may explain these observations. During the observation trials it appeared that the
beetles (P. rufipennis, P. macleayi and C. lugubris) gather on umbels for mating and

feeding and use the umbels for shelter in the latter half of the day whereas muscoid
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flies, wasps and bees spent less time on any one umbel than the beetles and move

between inflorescences more often.

Visitation can occur for reasons other than nectar or pollen foraging and insects
visiting for other reasons could be important pollinators. For example, reasons for
visitation vary from C. lugubris mating, predators visiting flowers to find prey and
Hemipterans (sucking insects) extracting sap from the phloem of plants. Nectar scarabs
(Phyllotocus spp.) spent a great deal of time utilising the umbels as a place to find
mates and either arrived there by flight or crawled from one umbel to another. They
were not observed eating flowers but appeared to be foraging on the flowers for nectar
or pollen. They were very prolific during a short period in each of the carrot crops
observed over three years. Large numbers appeared over approximately one week
early in the carrot flowering period. It is not known whether this was purely
coincidental or there are environmental or biological factors which bring about the
concurrent appearance of both beetles and early receptive carrot flowers. It is also
curious that Phyllotocus spp. do not remain on the carrot flowers during the full course
of the flowering season despite the fact that they are known to be active throughout the
summer period (Steinbauer & Weir, 2007) and that one species (P. rufipennis) was
apparent on carrot crops in December 2002/January 2003 and another species (P.
macleayi) appeared in the following two years. Knowledge of visitation patterns of
particular species is important in identifying them as potentially important pollinators,

and in developing strategies for managing them as pollinators.

Lamborn and Ollerton (2000) suggest negative interactions, especially predator- prey
interactions to be of an out-crossing advantage with more movement of prey species
encouraged by the presence of predators. In hybrid carrot crops not only is movement
per se important but the nature of this movement relevant, as desirable pollinators
should move freely between fertile and CMS umbels located in differing rows in the
crop. In this respect, this study suggested both honey bees and muscoid flies to be
foraging largely along rows whereas P. rufipennis and E. tenax, whose pollen load was
independent of the row they were collected on, appeared to be foraging across rows.
Our findings for 4. mellifera are consistent with general observations in other crops
(Cresswell et al., 1995; Davis et al., 1988; Greco et al., 1995) and may somewhat
decrease their effectiveness as pollinators in CMS crops. However, again nectar
scarabs, in this case P. rufipennis, if abundant, appear to be good pollinators with high
pollen load and movement between rows. A factor which may limit pollination would
be that, where visitation rates were adequate, all those pollinator groupings observed in
this study visited MF umbels more frequently than CMS umbels.
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Observation and trapping of insects in hybrid carrot crops reveal that there is a large
and diverse assemblage of potential pollinators. At best, the irregular arrival and
departure of the various insect species within a carrot crop means that most potential
pollinators can only be relied upon secondarily. Honey bees, with their high pollen
carrying capacity, which can be brought into the crop to facilitate pollination, must be
considered the most reliable potential pollinators for carrot seed crops in Tasmania.
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HONEY BEE FORAGING BEHAVIOUR IN HYBRID CARROT SEED CROPS

Abstract

Honey bee (4pis mellifera Linnaeus) foraging behaviour was observed in commercial
hybrid carrot seed crops. Significantly more honey bee visits (63-87 % of all visits)
were to male-fertile (MF) rather than cytoplasmically male-sterile (CMS) flowers in
the crop. Lower pollen loads on the honey bee’s body were six times more likely on
bees collected on CMS than on MF umbels and eight times more likely on nectar
collecting than pollen collecting worker bees. Pollen was collected from bees returning
to a hive, to determine daily variation in pollen loads collected and to what level they
were foraging for carrot pollen. Lower minima temperatures reduced the amount of
pollen collected per day by the hive whereas higher levels of evaporation increased the
amount of pollen collected per day. Honey bees were found to be visiting a wide range
of alternative pollen sources and made relatively few visits to carrot plants over the
entire season. Rates of visitation to other individual floral sources fluctuated within the
carrot flowering season but visitation to carrots was consistently low. The underlying
rate of carrot pollen visits among collecting trips was modelled and estimated to be just
1.4 % of collecting trips but varied from 1.3 % to 2.2 % on any one day. The
implications of these findings to honey bee management in hybrid carrot seed crops are
discussed.

Introduction

Carrots are generally considered to require supplementary pollination by managed
pollinators such as honey bees (4pis mellifera Linnaeus) (Eaton & Murray, 1997).
Earlier studies (chapters one & 2) indicate honey bees to be frequent, abundant and
carry high pollen loads in carrot crops whereas other potential insect pollinators may
be unreliable from one season or location to another or carry poor pollen loads. Most
importantly, the presence of A. mellifera in the carrot crop can, unlike the other
potential pollinators, be assured because at the crucial flowering time, seed growers
hire hives of honey bees from local bee keepers for the duration of the carrot flowering
season. Abrol (1997) found that the introduction of honey bees (Apis florea F.) to
carrot crops increased seed yield by a factor of 15.37 and Goyal et al. (1989) found
that intensive bee pollination of carrots in two trials using 4. mellifera and Apis cerana
indica Fabr. increased yields by 59.95 % to 64.42 % and 70.33% to 73.62 %.. The
large difference between these two studies can probably be attributed to the difference
in the proportion of Apis sp. visiting crops. Abrol (1997) stated that 4. florea
constituted more than 95% of the insect visitors whereas the study by Goyal et al.
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(1989) found that A. mellifera constituted only 0.5 % of the visiting insect population

and A.cerana indica only 0.34%.

Honey bee hives are placed near carrot seed crops to facilitate pollination. Delaplane &
Mayer (2000) found that whilst bees may forage much further away, the preferential
foraging distance of bees is approximately 300 m and recommended that bee hives
should be placed around crops so that this foraging distance is not exceeded.
Competition between bee colonies which are grouped together encourage bees to
forage further within the crop and thus usual farming practice is to place honey bee
hives in this manner. In Tasmania, honey bee hives are preferentially placed as close as
possible to an open sunny and well drained area on the southern side of the crop,
facing north or north-east and sheltered from the prevailing wind (Department of

Primary Industries et al., 2007).

Hybrid carrot crops are planted using the strip method, a method which may not be
ideal for honey bee foraging behaviour. Alternating beds of MF and CMS plants are
arranged planted across the field according to MF to CMS ratios of between 1:2 and
1:4 (George, 1999; Rubatzky et al., 1999). Male-fertile plants are usually located in the
outer beds. If honey bees forage preferentially on MF plants further experiments need
to be undertaken on hive placement. Edge placement of hives would, for example, not

encourage bees to travel farther into the crop to reach the CMS rows.

Honey bees form highly structured colonies with complex behaviours, with each
colony containing in addition to the larvae and pupae, a single queen, from zero to
approximately 200 drones and from twenty thousand to two hundred thousand workers
(Koning, 1994). As their name implies, the worker caste perform all of the
maintenance tasks within the hive including care of the larvae and it is also the workers
who forage for pollen and nectar. They may travel up to 10 km on a single foraging
trip. (Williams, 2001). Worker bees may live from several days to almost a year but
the average worker bee forages for only four or five days before she dies (Winston,
1987). The life span of a honey bee is limited by a travelling distance of about 800 km
after which it quickly dies (Neukirch, 1982) The activity of worker bees is largely
determined by their age. Activities generally progress through feeding larvae, cleaning
the hive and maintaining cells, comb building, and finally foraging. The ages at which
workers are engaged in any activity is affected by food available within the hive
(Schulz et al., 1998) and outside the hive, seasonality (and the previous activity of the
workers) and the age and distribution of workers. (See Michener (1974) and Winston
(1987) for a review).

70



Chapter 4 Honey Bee Foraging Behaviour
in Hybrid Carrot Seed Crops

Most honey bees collect both pollen and nectar. They may, for example, collect only
nectar for a period of time such as a single foraging trip or for a single day or several
days and then change to collecting pollen. Individual honey bees can also be seen to
switch between pollen collection and nectar collection on the same foraging trip
(Eisikowitch & Loper, 1984; Michener, 1974). Other honey bees only collect either
pollen or nectar for the whole of their lives. Whether pollen or nectar is collected by a
bee is determined by the requirements of the colony (Winston, 1987). When foraging
for pollen or nectar, bees are generally constant to a single flower type (Pierre, 2001).
They use visual cues such as colour and may remain constant to one particular flower
type despite the close proximity of other more favourable forage (Hill ef al., 1997;
Wells & Wells, 1986). Despite the fact that honey bees may travel a considerable
distance to forage, they tend to also remain constant to a small area. Rodet et al.
(1991a) noted that the foraging area for A. mellifera in a caged area (32 m x 8§ m) of
hybrid carrots was a few metres square. This constancy means that the pollen carried in
the corbiculae of honey bees is generally of a single pollen type. In a study conducted
by Percival (1947) in Cardiff, South Wales, UK, mixed pollen balls numbered

approximately one in 1000.

In a large eusocial society such as that in a bee hive, the availability of food for all its
members is of paramount importance. A food source must first be located and then its
position communicated to other foragers so that it can be maximally exploited. Nectar
and pollen collected from flowers form the basis of all of the food requirements of both
adult and brood bees. Pollen provides protein, fat, vitamins and minerals whilst nectar
is a source of carbohydrates (Winston, 1987). Sources of nectar and pollen are
ephemeral, so the proportion of workers collecting nectar or pollen at any one time
varies to suit the composition and number of individuals in the hive (males and
workers) brood levels, the amount of food resources stored within the hive
(Weidenmiiller & Tautz, 2002), and the availability of forage and prevailing conditions
(Thom et al., 2000). It follows that bees will forage where the food source is of the
highest quality.

Where honey bee numbers are low and crops are nectar poor, bees may be lured to
other plants that produce greater quantities of nectar. Hence, many weeds and other
plant species in the vicinity of crops may have a greater relative attraction to honey
bees (Delaplane & Mayer, 2000; Nye et al., 1971). The quality and quantity of nectar
in hybrid carrots is often low (Erickson & Peterson, 1979). It follows then that honey
bees may prefer other flowering plants which have greater quantity or quality of nectar
(Delaplane & Mayer, 2000; Galuszka & Tegrek, 1989; Galuszka et al., 1989). To
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overcome this it has been suggested that carrot seed crops should not be located near
other crops which may provide competition for the attention of honey bees but could
be located near other habitats which support alternative pollinators (Free, 1970b). Free
(1970b) hypothesises that this may increase the presence of these alternative

pollinators in the carrot crop.

In this chapter we first examine honey bee pollen foraging patterns among both nectar
collecting and pollen collecting bees within hybrid carrot seed crops. Specifically we
examine visitation frequencies of honey bees on both MF and CMS flowers and the
duration of their visits. We then look at daily pollen collection activity of bees from
hives placed adjacent to a hybrid carrot seed crop in relation to climatic variables.
Finally we collect pollen from bees arriving back at the hive and quantify the level of
carrot pollen collection, relative to pollen from other flowering resources over the
flowering lifetime of the hybrid carrot seed crop. By examining the pollen collected by
honey bees in a hive adjacent to the crop, foraging patterns and any specific

preferences for competing flowering plant species may be discerned.

Materials and Methods

Honey Bee Visits to Male-fertile and Cytoplasmically Male-sterile Carrot Cultivars

Visit counts

Comparisons between visitation to MF and CMS carrot plants were initially conducted
using a CMS line and an unrelated MF line. These observations were conducted by a
single observer on 92 pairs of umbels over six days in field trial SA2 (StrathAyr Turf
Systems Pty. Ltd. (January 2003)) All of the carrots under observation were CMS
cultivars. Only those umbels with > 40 % receptive flowers were included in the
random selection of umbels for observations of insect behaviour. The observer
watched four umbels simultaneously (2 CMS umbels; cultivar PN6, and two MF
umbels: cultivar MY) for five minutes per observation in all field trials. Prior to the
commencement of each 5-minute observation period, the number of honey bees that
were already present on each of the selected umbels was recorded. No distinction was
made between honey bees alighting for the first time on an umbel or returning to an

umbel after departing for any period of time.

To control for any genetic differences between cultivars accounting for the differences
found in honey bee visitation, a further trial was undertaken where the CMS and MF
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umbels were of genetically similar cultivars. In January 2005, 15 pairs of umbels were
simultaneously observed by using two observers over three days in field trial BS.
These pairs consisted of a CMS line (PA1) and its genetically similar restorer line. A
restorer line is ,,an inbred line that permits restoration of fertility to the progeny of
male-sterile lines to which it is crossed’ (Copeland & McDonald, 2001). Due to very
low levels of insect visitation in the 2004/05 carrot season each umbel in field trial
BAS was observed for 20 minutes rather than the five minutes of observation per
umbel in field trial SA2.

Any disparity in A. mellifera visitation between CMS umbels and MF umbels may also
be due to greater numbers of bees foraging for pollen rather than nectar. To check this,
the behaviour and appearance of visiting A. mellifera were also recorded on two of the
three above days within field trial B8 (11" and 130 January 2005). Pollen collecting
honey bees were characterised by the presence of pollen in the corbiculae (pollen
baskets) on their hind legs and their swift movements across the umbels with their
abdomen moving rapidly from side to side. Nectar collecting bees were observed
moving more slowly and stopping at flowers to extend their proboscides to the flower
(Bohart & Nye, 1960). 4. mellifera visits were also divided into bees visiting and
staying or landing and abandoning flowers in less than 5 seconds. Twenty two umbels

(11 pairings) were observed for 20 minutes each.

Counts of pollen on a honey bee’s body in relation to flower type

In order test the influence of bee type (nectar vs pollen collector) and flower type
(CMS vs MF) on the amount of pollen carried by bees a further experiment was
undertaken. Honey bees foraging on carrot umbels in a carrot crop at the University
Farm in the 2001/2002 season were collected from MF plants and CMS plants,
returned to the laboratory and frozen in Eppendorf tubes at -20° C prior to
examination. Carrots were planted in single rows and honey bees were collected from

a row of MF carrots and three rows of CMS carrot umbels.

Before processing for pollen counts, the 4. mellifera had their hind legs removed so as
to exclude the bias from the pollen on their corbiculae (being a character that defines
nectar collecting bees only) and enable comparison of pollen on the rest of their body.
Pollen loads were analysed in the laboratory using a modified version of the method
developed by MacGillivray (1987). Individual bees were placed in 1.5 mL Eppendorf®
tubes into which 50 pl of melted glycerol gelatin (40 g of melted gelatin in 60 mL of
glycerol diluted with 100 mL of deionised water) had been pipetted and allowed to set.
The storage tube from which the bee had been retrieved was flushed with 400 ul of
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xylene, which was subsequently added to the centrifuge tube containing the bee. A
further 400 pl of xylene was added to the centrifuge tube. After the addition of xylene,
the centrifuge tubes were agitated on a vortex mixer for three minutes to displace the
pollen load from the insect. The bees were then removed and the tubes centrifuged at
15 000 rpm for 1 minute, after which the xylene was decanted. The pollen impregnated
glycerol gelatin pellets were removed from the centrifuge tubes with the aid of a fine
hooked needle, placed on microscope slides, heated to melting and covered with cover
slips. Light pressure was applied to spread an even film of glycerol gelatin over the
slide surface beneath the cover slip. After the slides had set they were examined under
a light microscope at 100x magnification. Counts of the total number of carrot pollen
grains were made from ten randomly selected fields of view for each slide. The total
number of pollen grains collected from each individual bee was calculated from the

ratio of the slide area examined in ten fields of view to the total area of the cover slip.

Following counts, pollen load on the honey bee bodies was divided into two categories
due to overdispersion and clumping of data: either low (< 10 pollen grains) or high (>
10 pollen grains on the bee’s body). The pollen load was analysed in R® version 2.9.1
(Copyright 2009 The R Foundation for Statistical Computing) using the Cochran-
Mantel-Haenszel (CMH) procedure using three way (pollen load, bee type and flower
type) tables. Tests were against the null hypothesis that the pooled odds-ratio is equal
to 1 (i.e. there is no interaction between rows and columns) to explore whether bee

type (nectar or pollen foragers) or flower type (MF or CMS) influenced pollen load.

Collection and Analysis of Pollen from Foraging Bees Returning to the Hive

In December 2003, one bee hive of the Langstroth type, was placed adjacent to an
experimental plot of hybrid CMS and MF carrots (Field trial UF4) at the University
Farm. The hive consisted of a full depth box containing six frames of with 60% brood
and two outer frames containing honey and pollen with a cluster of bees (total eight
frames). Above this there was an ideal super containing 8 full depth frames with a bee
cluster, honey and pollen. In total the hive strength was approximately 30,000 bees.
These bees were a cross between the European dark bee (4. mellifera mellifera) and
the Italian bee (4. mellifera ligustica). A front-fitting pollen trap (Figure 25) was
activated on the hive twice per week between 27" December, 2003 and 1 March 2004
when sections of the experimental carrot plots were in peak flower. Pollen was
collected on 13 separate days. Research on the effect of continuous pollen trapping on
honey bee colonies is contradictory (Nelson ef al., 1987), so as a precautionary

measure discontinuous trapping was employed and between these days the pollen trap
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was deactivated to provide the bees with free access to the hive. The pollen traps
consisted of a perforated metal grid which was attached to the hive entrance. In order
To enter the hive, bees must squeeze through the perforations in the metal grid. In
doing so, the pollen balls in their corbiculae are removed by the grid and fall through a
screen into a collection drawer underneath the trap. This drawer can be removed
without disturbing the section covering the hive entrance. The gridded section covering
the hive entrance can be opened to allow bees to enter the hive freely when pollen is
not being collected. The pollen trap was cleared at mid-day and late in the evening on
ten of these days. Pollen was only collected at night on 2™ and 24™ January and at
12:00 on the final day (1* March).

Figure 25. Front-fitting pollen trap. Trap fits to the hive entrance.

The pollen balls collected by the colony during any one pollen trap interval were
weighed to the nearest mg and an estimate of the number of pollen balls collected on
each occasion was calculated by extrapolation from the weight of a 100 pollen ball
sub-sample.

To test if weather conditions related to daily differences in pollen collection activity by
the colony, the relationship between pollen ball count on any one day and the weather
parameters: daily temperature minima, daily temperature maxima, rainfall, evaporation
and hours of sunshine was analysed. All meteorological data was obtained from the
Australian Government Bureau of Meteorology’s weather data collected at Hobart
Airport. Hobart Airport Weather Station which is located at 42.834° S, 147.503° E and
is 6 km distant from the University Farm (see page 9). Because of over dispersion of
the pollen ball data (i.e.the true variance is greater than the mean) this data was
analysed using a negative binomial generalized linear model in R version 2.9.1
(Copyright 2009 The R Foundation for Statistical Computing). After fitting the full
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model, terms (i.e. the abovementioned weather parameters) were dropped based on

their significance in the model until the model of best fit was obtained.

To identify how many pollen sources the honey bees in the colony were foraging upon
a sub-sample of sixty pollen balls from each day’s trap collection (total 1500 pollen
balls) were further examined. Pollen balls were cut in half and each half was mounted
onto a clean microscope slide by crushing and smearing it across the slide with a drop
of liquid glycerol gelatin and a then adding a cover slip. Both halves of the pollen ball
were then examined using a binocular microscope at 40 x magnification to identify the
pollen morphotype and to make sure that each pollen ball contained only a single
pollen type. During examination of the pollen balls, seven balls were found to contain
more than one pollen type. Upon discovery each of these mixed pollen balls was
replaced by another ball from the same trap collection and were thus eliminated from
further analysis. A survey of local flowering sources was also conducted to within a
radius of 2.3 km of the crop site to help with identification of pollen, other than carrot
pollen, in the pollen balls.

Modelling Honey Bee Visits to Carrot Flowers

I used R® version 2.9.1 (Copyright 2009 The R Foundation for Statistical Computing)
to estimate the most likely rate of carrot pollen collection by the colony. To do so I
used the observed counts of carrot pollen during each sampling period and adjusted
them for the estimated total number of pollen balls collected during that period from
the sub-sample of 60 balls used to determine the carrot pollen count. The simulation
model used Markov-Chain Monte Carlo methods (MCMC). MCMC is a
computational technique which allows samples to be drawn from the posterior
distribution arising from a Bayesian calculation. Details of the model are provided in

Appendix L.
Results

Honey Bee Visits to Male-fertile and Cytoplasmically Male-sterile Carrot Cultivars

In the first trial (SA2) there were significantly more honey bee visits to MF carrot lines
than CMS carrot lines in close proximity to each other (t =4.16, df= 1,182, P <
0.0001) (Figure 26) . Male-fertile umbels received 63 % of the insect visits. In field
trial B8 the MF and CMS lines compared were genetically identical. Once again, there
was a significant difference between visits to CMS and MF umbels (t=3.92, df =1,
20, P <0.0005) (Figure 26). In this case 87 % of bee visits were to MF umbels. Pollen
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collecting bees only visited MF umbels and nectar collecting bees visited both MF and
CMS umbels (Figure 26).
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Figure 26. Proportion of Apis mellifera visiting pairs of male-fertile (MF) and cytoplasmically
male-sterile (MS) carrot umbels in field trials. SA2; n = 92 pairs, observations for five
minutes per umbel. and B8; n = 11 pairs, observations for 20 minutes per umbel.

Very few honey bees were seen on carrot inflorescences during this trial, suggesting
that the honey bees were foraging on other crops. Consequently, the total number of
nectar and pollen collecting honey bees that were observed for their visiting behaviour
(either landing and departing within 5 seconds (abandoning) or staying for greater than
5 seconds (staying)) was low (n = 31) due to poor honey bee numbers during the trial.
Nectar collecting bees stayed in 67 % of visits (n = 21) to MF umbels and in three of
the only four visits made to CMS umbels. Similarly, pollen collecting bees stayed in
83 % (n = 6) of visits to MF umbels. However, neither flower type (CMS or MF) nor
bee type (pollen or nectar collector), when fitted to a logistic regression model,
significantly influenced visitation outcome (stay or abandon) (overall model y* = 0.71,
df=2,P =0.70).
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Both bee type and flower type significantly influenced pollen count on a bee’s body
(Figure 27). More low pollen load counts were found, irrespective of bee type, on
CMS flowers than MF flowers (x> = 14.88, df = 1, P < 0.001) with low pollen counts
6.01 times more likely on CMS than MF flowers. Similarly, more low pollen load
counts were found, irrespective of flower type, on nectar collecting bees than pollen
collecting bees (* = 12.76, df = 1, P = < 0.001) with low pollen counts 7.96 times

more likely on nectar collecting bees than pollen collecting bees.

Figure 27. Pollen loads (high is = 10 pollen grains on the bee’s body) of Apis mellifera
visiting male-fertile (MF) and cytoplasmically male-sterile (MS) carrot inflorescences.
Those carrying pollen in their corbiculae are categorised as pollen foragers and
those with no pollen in their corbiculae are categorised as nectar foragers. Both bee
type(nectar or pollen collectors) and flower type (MF or MS) signeificantly
influenced pollen count on the body of a honey bee.
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Collection and Analysis of Pollen from Foraging Bees Returning to the Hive

Pollen traps collect only a proportion of the pollen carried by honey bees returning to
the hive. It has therefore been assumed that this proportion would remain relatively
constant as the traps were identical and only one hive was utilized for the capture of
pollen. The captured quantity of pollen returned to the hive averaged 2629 + 522
pollen balls per day but varied enormously between days, ranging from 702 to 5953
balls per day (Table 12), (Figure 28). The weight of a 100 ball sample of pollen
averaged 0.72 + 0.018 g per collection interval, but again varied between 0.55 g and
0.87 g, suggesting that some pollen types weigh more than others. There was no
significant correlation between 100 ball pollen weight and total pollen weight on that
day (Spearman r = 0.33, n = 23, P = 0.13). There was a significant difference in the
total weight of pollen collected between mornings (16.2 + 4.0 g) and afternoons (5.9 +
1.0 g) (Wilcoxon signed ranks test, Z = -2.6, n = 10, P = 0.009). The weight of 100 ball
samples of pollen did not significantly vary between mornings and afternoons
(Wilcoxon signed ranks test, Z = -0.10, n = 10, P = 0.92). Only the minimum
temperature (z = 3.71, P <0.0001) and level of evaporation (z =-3.55, P <0.0001)
significantly influenced the count of pollen balls collected by the bee hive. A Imm
increase in evaporation causes the expected pollen ball count to decrease by a factor of
0.79, holding minimum temperature constant whilst a 1° C increase in the minimum
temperature causes the expected pollen ball count to increase by a factor of 1.20,

holding evaporation constant.

Figure 28. Pollen balls collected from corbiculae of Apis mellifera in a hive pollen trap
adjacent to field trial UF4. Pollen is packed into balls in the corbiculae of A. mellifera
during foraging expeditions. Pollen varies in colour depending on the source. Units
are in cm.
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Table 12. Total weight of pollen balls collected and weather conditions on day of collection. Pollen ball numbers were estimated by weighing 100
balls from each sample. Percentage of crop in full bloom was calculated by counting the number of receptive umbels in a 100 umbel sample.

. Total 100ball Est no Pollen . . . . o . Balls with
Coll:l)ztfcgon Time Weight Weight pollen Balls ;I;rrg)n T(D‘ é)x (Ifnar'nr; Eva([;(]);%tlon Sunsili’rlgeh(tH rs) /:‘i;zeprm Carrot
(9 (@) balls  Per Day pollen/60

06 Jan 04 12:00 7.81 0.67 1175 1
2431 7.4 25.5 0 5.8 12.6 32

06 Jan 04 17:30 10.04 0.80 1256 0

12 Jan 04 12:00 7.67 0.68 1125 2
1591 8.6 204 0 8.0 12.6 40

12 Jan 04 21:30 3.66 0.78 466 4

15 Jan 04 12:00 6.94 0.68 1016 2
1286 12.5 24.9 0 9.6 9.7 49

15 Jan 04 21:00 2.21 0.82 270 1

19 Jan 04 12:00 4.40 0.64 690 1
1112 5.1 24.8 0 4.8 13.5 58

19 Jan 04 21:00 291 0.69 422 1

23 Jan 04 12:00 6.38 0.55 1160 2
1819 11.4 22.2 0 8.0 11.3 59

23 Jan 04 21:00 3.85 0.58 660 2

04 Feb 04 12:00 33.75 0.78 4327 0
5953 11.4 22.3 0 32 10.2 76

04 Feb 04 21:45 10.19 0.63 1626 0

10 Feb 04 12:00 14.00 0.79 1770 0
2588 11.7 18.2 0 4.8 4 87

10 Feb 04 20:45 6.23 0.76 818 1

13 Feb 04 12:00 34.87 0.76 4605 0
5054 10.5 234 0 5.6 8.5 80

13 Feb 04 20:45 2.52 0.56 449 2

16 Feb 04 12:35 33.49 0.82 4109 0
5288 10 20.7 0 4.2 12.4 73

16 Feb 04 21:00 8.29 0.70 1180 0

20 Feb 04 21:00 5.57 0.79 702 702 10.3 24.9 2.8 5.8 7.1 62 0

24 Feb 04 21:30 8.36 0.79 1062 1062 4.1 18.8 0 5.4 11.3 52 0

27 Feb 04 12:00 12.56 0.76 1650 0
2656 13.9 23.3 0 5.8 6.9 57

27 Feb 04 20:00 8.79 0.87 1005 0

01 Mar 04 12:30 2.61 0.70 374 NA 9.5 17.7 1.4 2.2 4.4 60 0
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There was very little vegetation immediate to the experimental plot (Table 13) Some
sparse weedy growth was present in and around the carrot plants. There was scrubby
bushland with various species of flowering plants at 1.9 km to 2.2 km from the
experimental site with domestic gardens at 2.3 km away. The intervening areas were
devoted to farmed land used for vineyards and orchards. Honey bees would need to
travel a minimum of 0.5 km into the surrounding countryside to access the larger
pollen loads of flowering trees. Whilst there were few private gardens in the vicinity,

these were observed to have a variety of exotic flowering plants.

Thirty eight different morphotypes of pollen were differentiated from the pollen that
was examined. Carrot pollen and 22 of the remaining 37 pollen morphotypes are
illustrated in (Figure 29).Very few pollen balls were of carrot pollen (Table 12). Of the
1500 pollen balls examined, just 19 or 1.27 % were composed of carrot pollen.
Although pollen was collected from the 16" January to 27" F ebruary carrot pollen was
only collected on seven out of 12 full days of the sampling dates, all being prior to 16
February. It was found at a maximum of 6.7 % of pollen balls in the sub-sample. The
underlying rate of carrot pollen visits made among collecting trips was estimated by
the MCMC model to be just 1.4 % of collecting trips but varied between 1.3 to 2.2 %
on any one day (Table 22, Appendix I). Twenty two of the remaining 37 pollen types
identified were found in lower numbers than carrot pollen, representing 10.3 % of the

balls examined.
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Table 13. Plants observed in surrounding district to experimental plot. Distances represent
the distance that the flora was observed from the experimental plot.

km

Plant Type Family Distant Frequency Comments
. .. Several plants close by &
Acacia mearnsii, black Fabaceae 05-23 frequent in scrubland at 1.8 km —
wattle
2.2 km
Raphanus raphanistrum, .
. . Brassicaceae 0 frequent In and around crop
wild radish
Chenop oa}liz? alba, fat Chenopodiaceae 0 frequent In and around crop
Hypochoeris radicata Asteraceae 0 frequent In and qround crop and on
cats ear periphery of farm
T araxacum sp., Asteraceae 0 infroquent In and a.round crop and on
dandelion periphery of farm
Malva sp, mallow Malvaceae 0 frequent In and qround crop and on
periphery of farm
Onopordum sp., thistle Asteraceae 0.5 infrequent On periphery of farm
Eucalyptus sp. Myrtaceae 2.2 frequent In scrubland
Ozothamnus sp. Asteraceae 2.2 frequent In scrubland
Rubus fruticosus, . .
blackberry Rosaceae 0.5 Single plant On periphery of farm
Bursaria spinosa .
(prickly box) Pittosporaceae 2.2 frequent In scrubland
Rosa rublf)g;zir;(r)sa, sweet Rosaceae 0.5 large number On periphery of farms
Cassinia sp. Asteraceae 2.2 frequent In scrubland
Gazania sp. Asteraceae 0.5 frequent On roadside
Trop “60’”’?" majus, Tropaeolaceae 2.7 frequent In gardens, on roadside
nasturtium,
Lobularia maritimus, . .
Brassicaceae 2.7 few In garden, on roadside-
sweet alyssum
Asteraceae sp., daisy Asteraceae 2.7 few In garden
Rosa sp. (Rose) Rosaceae 0.5 one specimen In farm garden
Pelargonium sp. Geraniaceae 2.7 sev.eral In garden
specimens
Plantago lar%ceolata Plantaginaceae 0 frequent In and around crop
Plantain
Other weedy plants eg 0 frequent Distributed around crop,

clover, aquatic plants etc

on roadside etc
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Figure 29. Pollen collected from the corbiculae of honey bees (Apis. melliferal) in hives
adjacent to a hive pollen trap adjacent to hybrid carrot crops in 2003/04. (AA =
Acacia, GA = Bursaria spinosa, XA = Chenopodiaceae, WA = Malvaceae,.QA =
Euphorbiaceae, PA = Asteraceae, QA = Myrtaceae, SA = Dilleniaceae). Carrot
pollen is shown in the bottom left-hand corner labelled 'carrot'.
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Sampling of pollen balls collected revealed that bees tended to forage irregularly and
the species of plants that bees foraged on varied from day to day (Table 12). Pollen
species were collected in different proportions on each day, with not all pollen types
collected on any one day and the type of pollen varying from one day to the next. From
the samples counted, the number of species collected on any one day averaged 14.4 +
0.7.

Pollen types BA, AA (Acacia), HA, NA, WA (Malvacae) and UA (Myrtaceae) were
each found in at least 100 pollen balls and represented 70 % of the all pollen balls.
Visitation to these six pollen types varied across the season. Pollen type BA was the
most frequently found pollen type on the first three collection dates (6th, 12" and 15"
January) representing 57 %, 23 % and 23 % of the 60 pollen ball sub-sample on these
dates but was present infrequently at low amounts after this. Following this, AA
(Acacia) became the dominant pollen type and HA and NA featured as the dominant
pollen types in later dates. Pollen type WA (Malvacae) became an important source of
pollen from late January to early February. Pollen type NA was the dominant pollen
source on 27™ February. For the duration of February pollen type UA was collected
more frequently than it had been in January. The six dominant pollen types measured
between 30pum and 50pm + Sum in diameter. The other pollen morphotypes collected
had a diameter of between 15um and 50pum with the single exception of type QA
(Myrtaceae) which had a relatively large diameter size of 80um + Sum. Carrot pollen
measures 30pm + Sum which is within the range of pollen sizes of all morphotypes
collected.
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Discussion

Honey bees from hives located adjacent to carrot seed crops displayed a preference for
foraging in alternative species to carrot, with only a small percentage, estimated at 1.4
% of the pollen load on bees found to be carrot pollen. Of the bees visiting carrots, a
preference for MF flowers, containing both pollen and nectar, was recorded. Between
63 and 87 % of honey bee visits were to MF rather than CMS flowers, and nectar
collecting bees were more likely to carry low pollen loads on their body than pollen
collecting bees. As CMS flowers contain nectar but not pollen, only nectar collectors
would be expected to visit these flowers. The likelihood of low pollen load on nectar
collecting bees visiting the CMS flowers, combined with the low frequency of visits to
CMS in comparison to MF plants in the crop, and a preference to visit alternative
species to carrots, helps to explain poor seed set in carrot seed crops (Spurr, 2003a)

despite the placement of hives near crops.

During their experiments on honey bee visitation to CMS and MF carrots in Krakow,
Poland, Galuszka and Tegrek (1989) observed that honey bees did not visit carrots
when a more attractive source of forage was available. The broad range of alternative
pollen sources identified through pollen in the hive adjacent to the carrot seed crop in
this study supports their observation. The presence of alternative pollen and nectar
sources near crops that are not attractive to honey bees may contribute to low
pollination rates in crops. This crop management problem has been demonstrated in
avocado crops which failed to rival competition from citrus flowers (Ish-am &
Eisikowitch, 1998), alfalfa crops which were out-competed by roadside gumweed up
to 1 mile (1.6 km) away (Bohart, 1957) and of onions where between only 6 % and 8
% of pollen collected from returning bees was found to be onion pollen (Nye ef al.,
1971). The flowering period of alternative pollen and nectar sources near the carrot
seed crops in Tasmania did not cover the full crop flowering period, but despite the
changes in species flowering throughout the season, honey bee pollen collection trips

to carrot umbels always remained low over the 2 month sampling period.

It has previously been recommended that open-pollinated carrot seed crops should not
be located near other crops which may provide competition for the attention of honey
bees (Free, 1970b). The results of this experiment extend the recommendation to
hybrid carrot seed crops utilising CMS parent lines. In addition to the pollen data from
this study, a further supporting observation was made of a hive adjacent to a carrot
crop in January 2005, where, due to an impending storm, a dense stream of bees was
observed returning en-masse from a fennel (Foeniculum vulgare) crop located

approximately 200 m distant from the carrot seed crop.
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The exploration of weather conditions that affected pollen collection by the honey bee
colony, found that lower minima temperatures reduced the amount of pollen collected
per day by the hive whereas higher levels of evaporation increased the amount of
pollen collected per day. That bee activity is restricted by lower minimum
temperatures has been reported before in other studies (Abrol, 1997; Currah &
Ockendon, 1984). As A. mellifera are known to be pollinators of hybrid carrots
(Erickson et al., 1979; Galuszka et al., 1989; Tepedino, 1997) the consequence of this
is that if flowering is over a period when morning temperatures are cool then lower
foraging rates and thus lower seed set may follow. Although daily maximum
temperature was alone not a significant factor in relation to the amount of pollen
collected by the honey bee colony on any one day, the rate of evaporation, which
tends to increase with increasing temperature, was a significant factor. The rate of
evaporation depends on the temperature difference between the evaporating surface
and the air, the relative humidity, cloudiness and wind speed. The highest level of
evaporation experienced in this study was 9.6 mm, though there may well be an upper

limit to the level of evaporation that will increase pollen collecting activity by a hive.

The examination of pollen from the corbiculae of returning honey bees showed that A4.
mellifera from a single hive were prepared to visit a highly diverse range of other
flowering plants. In this study, 38 different pollen morphotypes could be distinguished.
A survey of surrounding vegetation revealed 18 dominant forms of vegetation so there
are clearly other cryptic or sparsely scattered plants included in their foraging. It is
probable that they were represented in the 23 pollen types which had lower than 19
pollen balls. These contributed just over 10 % of the pollen collected. This poses the
question why, when MF carrot flowers occupied a space of over 500 m* within 100 m
of the hive in this pollen survey, was only a small percentage of the pollen collected
carrot pollen? Other more collected pollen was from far less abundant plants further
afield. It is possible that this area of floral material in the carrot crop did not compare
favourably in size to the area of flowering material in the trees and scrub nearby and
thus pollen yield was naturally lower. If there are one or more specific alternative
plants that bees are visiting seed growers may be able to manage their crops by
manipulating the flowering time of their carrot crops to a time when competition is
least likely and thus the prospect of pollination is greatest. Alternatively, if there is low
visitation of A. mellifera due to general competition from surrounding flora then crop
site selection or removal of competitive plant material may be considered (Bohart &
Nye, 1960; Delaplane & Mayer, 2000; Nye ef al., 1971). This study indicates that the
removal of competing vegetation would have to be performed on a vast scale to ensure

that bees do not forage on alternative nectar sources. Bees in this study traveled
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considerable distances rather than forage on carrot crops. It is probably more
efficacious to increase the number of hives adjacent to carrot crops to ensure that
pollination occurs at optimum levels. Abrol et al. (1997) found that the introduction of
honey bees (A4pis indica) to carrot crops increased seed yield by a factor of 14.99 and
Goyal et al. (1989) found that intensive bee pollination of carrots increased yields by
4.47 % and 3.29 % in two trials. Using honey bees as pollinators means that the
number of insects can also be manipulated by providing more or less bee hives as

required by the size of the floral area to be pollinated.

Was carrot pollen of unsatisfactory quality, too low in yield or were there other
qualities which caused honey bees to preferentially forage elsewhere? Bees appear able
to identify and prefer pollen with higher amino acid content and to be able to learn
pollen scents and use them to preferentially collect pollen that has proven to be more
beneficial (Cook et al., 2003; Cook et al., 2005). It has also been argued that bees are
incapable of selecting pollen on its protein content but that they are attracted to pollen
with higher pollen lipid content and thus a more attractive odour and also that bees
have a preference for pollen grain size below 150 pm and especially below 45 pm
(Pernal & Currie, 2002). The pollen collected in this study was well within these
thresholds with the two most frequently collected morphotypes being around 50um.

Honey bees showed a distinct preference for visiting MF carrot umbels rather than
CMS carrot umbels. Lower pollen loads on a honey bee’s body were also six times
more likely on bees collected on CMS than on MF umbels. This latter finding may be
because honey bees appear to be foraging more frequently along rows, rather than
across rows (see Chapter 2). Using pollen identification on the corbiculae as a guide,
the visitation by the colony worker bees to MF carrot umbels in this study appeared to
be very low. Furthermore, honey bees were seen to visit CMS carrot umbels
significantly less frequently than they visit MF umbels. If pollen foraging in carrots
relative to other plants in this study is used as a guide, the much needed visits by honey

bees to CMS carrots (for seed set) must be even less frequent than visits to MF plants.

As became apparent in the previous chapters, insect visitors to carrots are diverse and
their appearance in carrot crops fluctuates from season to season and within each
season. Whilst 4. mellifera are reliable visitors they do not appear to be frequent
visitors to the carrot crop, relative to other flowering resources outside the crop and
even less frequent visitors to the critically needed for seed set, CMS umbels, located in
the crop. It appears that the floral attributes of carrots are either deficient in that which
is required to attract sufficient quantities of honey bees or even that they may actively

repel them. One useful line of further research may be to determine if there are some
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cultivars of CMS carrot that are more attractive than others to honey bees to assist seed
growers to select cultivars that maximize honey bee visits and in turn maximize seed

yields. This is the focus of the next chapter, Chapter 5.
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Chapter 5

INSECT VISITATION RATES TO DIFFERENT CYTOPLASMICALLY MALE-
STERILE CARROT CULTIVARS

Abstract

Insect visitation was compared between umbels of 17 cytoplasmically male-sterile
(CMYS) carrot cultivars in a commercial grow out trial. Insect visitation varied between
the cultivars with the lowest having an overall visitation rate per five minutes of 2 +
0.49 visits and the highest at 17.8 & 5.1 visits. More insects visited berlicumer root
than nantes root types (7.8 = 0.8 vs. 5.4 + 0.5 visits per five minutes respectively), but
there was no significant difference between flower colours or CMS type (brown-anther
or petaloid). The visitation rates of honey bees (4pis mellifera Linnaeus), nectar
scarabs (Phyllotocus rufipennis (Boisduval)), muscoid flies and wasps each
significantly differed between the 17 cultivars. There was some concordance in the
overall ranking of the 17 cultivars between nectar scarabs and honey bees. Two
subsequent trials were undertaken, the first observing all insect visitation and the
second only honey bee visitation, to the three highest and three lowest visited of the
petaloid CMS lines used in the 17 cultivar trial. Once again there were significant
differences in overall insect visitation between the cultivars with the most visited
cultivar remaining so in the second trial but little concordance among the other
cultivars in their ranking. Confounding this was that there were major differences in
visitor composition between trials with the dominant visitors being nectar scarabs (54
% of visits) in the first trial and soldier beetles (Chauliognathus lugubris (Fabricius))
(26 % of visits) in the second trial. When examined at the insect grouping level there
appeared to be some trends in agreement between trials but few statistically significant
differences that were consistent, with exception of one poorly visited cultivar by honey
bees and one frequently visited cultivar by nectar scarabs. Furthermore, which
cultivars were preferred differed between insect groupings compounding the generic
selection of any one cultivar as being best for all potential pollinators.

Introduction

Carrot flowers are unattractive to honey bees (Apis mellifera Linnaeus) and they will
seek out other forage if it is available (Delaplane & Mayer, 2000). While no studies
examining cytoplasmically male-sterile (CMS) cultivars have been published, it is
likely that they are particularly unattractive as visitation for pollen collection is not
available for honey bees. Hybrid carrot cultivars are also generally thought to be
inferior in their morphology, scent and nectar production to MF plants (Erickson &
Peterson, 1979). Little is known of the foraging preferences for other insects on CMS

carrot cultivars.
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Male sterility in crops is widely employed in the agricultural industry for the
production of marketable vegetables which conform to standards desired by the
market. For example male sterility is found in artichokes (Morison et al., 2000;
Vaissiere et al., 1984), lettuce (Goubara & Takasaki, 2004), oilseed rape (Renard &
Mesquida, 1988), onions (Nye et al., 1971), pepper (capsicum) (Kubisova &
Haslbachova, 1991) and sunflowers (Singh ef al., 2000) among others. Despite the
prevalence of male-sterile cultivars in vegetable seed production, only a small number
of studies of insect pollination across male-sterile lines have been published. The
literature focuses mainly on the foraging preferences of 4. mellifera in male-sterile
crops such as artichoke (Morison et al., 2000), pepper (Capsicum annuum L.)
(Rabinowitch et al., 1993) and sunflowers (Helianthus annuus L.) (Tepedino & Parker,
1982). Other publications include studies of the sweat bee (Lasioglossum villosulum
trichopse, Strand) in male-sterile lettuce (Goubara & Takasaki, 2004) and bees other
than A. mellifera in sunflowers (Helianthus annuus L.) (Tepedino & Parker, 1982).
These studies have documented insect movements between MF and male-sterile
cultivars within seed crops, but in the majority of cases, have not examined variability

in attractiveness to insects between different male-sterile cultivars.

Apart from four publications on A. mellifera in hybrid carrot seed crops, there appear
to be no published studies of comparisons of pollinator visits to different lines of CMS
carrot cultivars. There is evidence that some cultivars of CMS carrots appeared to be
more attractive to pollinating A. mellifera than others (Erickson & Peterson, 1978;
Erickson et al., 1979; Galuszka & Tegrek, 1989). A later study by Rodet ef al. (1991a)
showed no preference by bees between CMS cultivars. The basis of any differences in
preference between cultivars has not been examined. In contrast, detailed studies of
factors affecting attractiveness of carrot cultivars to pest species have been published.
It is known that host selection by carrot pests is influenced by chemical composition of
essential oils in carrot leaves which leads to preference for one carrot type over
another. This is true for the European tarnished plant bug Lygus rugulipennis
(Kainulainen et al., 2002; Kainulainen et al., 1998) and the carrot psyllid, Trioza
apicalis . These differences in plant chemistry indicate that there are fundamental
differences between carrot cultivars and that these differences may also influence the
foraging behaviour of pollinating insects.

The aim of the trials presented in this chapter was to identify whether differences
existed in rates of insect visitation to different CMS carrot genotypes or lines. Insect
visitation to 17 cultivars of flowering CMS carrots was recorded to determine whether
some cultivars attracted more insect visitors than others and whether there was

variation in the visitation frequency by some of the more abundant visitor groups.
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From these 17 cultivars, six were subsequently selected for further examination in the
following two seasons. These six cultivars were chosen based on differences in insect
visitation in the first season. Study over three seasons was required in order to
determine whether findings were consistent across seasons and locations. Determining
which cultivars are more attractive to insect pollinators may lead to research into the
characteristics which encourage pollinators to forage and thus improve seed yield

through increased pollination.

Materials and Methods

Insect visitation to 17 CMS cultivars

In the first season a comparison of insect visitation to 17 cultivars of CMS carrots was
conducted in field trial B1 at Bejo Seeds (42.704° S, 147.445° E) between 14 and 24
December 2002 on four days (24 umbels per cultivar, 408 total umbels observed). The
carrot cultivars used were planted for a commercial grow-out trial in a completely
randomised design (see Figure 5). The flowers of the 17 carrot cultivars were of four
different CMS types. The two main groups were; brown anther (having non-productive
anthers which are brown in colour) and petaloid (having petal-like structures instead of
anthers) with petaloid colour used to subdivide this group into a further three CMS
types (Figure 30). There were five brown anther cultivars and three petaloid cultivars;
purple (1 cultivar), white (7 cultivars) and green (9 cultivars). The root type of the
cultivars also varied. Details of the cultivars used and the experimental ID codes

allocated to each can be found in Table 14.
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Figure 30. Four Different CMS types of carrot flower observed in Field Trial B1 (December
2002)

Carrots were planted in a 19.2 m x 12 m block, which was divided into 24 plots. Each
plot was a 5 m x 1.6 m bed of carrots containing three rows of carrots. The rows of
carrots in each bed were 0.3 m distant from each other with a 60 cm space between
each of the different carrot lines (see Figure 5). Of the additional seven plots, six
contained duplicated carrot lines not used in this experiment and one was empty. At

the eastern end of the experimental plot there were beds of MF carrot lines.
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Table 14. Descriptions of the 17 carrot cultivars used in field trial B1

Experimental Root Type CMS Type Colour
PN3 Nantes Petaloid Light Green
PC2 Chantenay Petaloid White
PK1 ABK/N Petaloid Purple
BN4 Nantes Brown Anther White
BB1 Berlicumer Brown Anther White
PBF1 Berl/Flakee Petaloid Light Green
PNS Nantes Petaloid Light Green
PI1 Imperator Petaloid Light Green
BN1 Nantes Brown Anther White
BC1 Chantenay Brown Anther White
PBF2 Berl/Flakee Petaloid Light Green
PB2 Berlicumer Petaloid Light Green
P12 Imperator Petaloid Light Green
BN2 Nantes Brown Anther White
PAI Amsterdam Petaloid Light Green
PB3 Berlicumer Petaloid Light Green
PF1 Flakee Petaloid White

Receptive carrot umbels from the 17 cultivars were randomly selected with all umbels
selected having > 40 % receptive flowers. Each of the four days was divided into three
2 hour observation blocks; being 0900 - 1100, 1100 — 1300 and 1300 — 1500. All four
observation days were calm, sunny, weather conditions where the temperature was
abovel5° C at 0900 and with a maximum temperature of between 20° C and 27° C.
Two observers each watched two umbels from each cultivar which were randomly
selected and observed for five minutes within each of these time blocks. Cultivars were
observed in a pre-determined random order. Prior to the commencement of each 5-
minute observation period, the number and type of insects that were already present on
each of the selected umbels was recorded.

Each time an insect alighted on one of the umbels under observation it was recorded
according to its classification. No distinction was made between insects alighting for
the first time on an umbel or returning to an umbel after departing for any period of
time. Each umbel of a pair was scored separately. To avoid affecting the behaviour of

the insects under observation, care was taken to remain at least 1 m away from the

93



Chapter 5 Insect Visitation to Different Cytoplasmically
Male-sterile Carrot Cultivars

umbels under observation and to ensure that the observer did not cast a shadow over

these umbels.

Over all of the observation studies across the three seasons, 14 different categories of
insects were recorded. Insects were categorised into the following groups that had
sufficient visits for further analysis: flies (Muscoidea), honey bees (4. mellifera),
native bees (Halictidae/Colletidae), nectar scarabs (Phyllotocus rufipennis (Boisduval
in the first trial and both Phyllotocus macleayi Fischer and P. rufipennis ) in the second
trial), soldier beetles (Chauliognathus lugubris (Fabricius)), ladybirds (Coccinellidae),

wasps, and bee flies (Comptosia ocellata Newman).

Six of the carrot cultivars used in field trial B1 above were selected for further
experiments in the two subsequent carrot seasons. The three petaloid cultivars
attracting the least insects and the three petaloid cultivars that had the highest overall
insect visitation were chosen. These were PN3, PC2, PBF1 and PA1, PB3, PF1

respectively.

Insect Visitation to six CMS Cultivars

In season 2, trial UF5 was set up and observations of all insect groupings were
conducted as in trial B1. Six carrot cultivars (PBF1, PC2, PN3, PA1, PB3 & PF1) were
planted in a random block design in field trial UF5. A single bed (3 rows) of one MF
cultivar (MX1) was planted in between each of the experimental CMS cultivars to
separate the plots and to stimulate pollinating insects, as is the practise in commercial
crops. A 4 m gap was left in between each cultivar (Figure 9). One block of cultivar
PA1 failed to germinate leaving five blocks of each of the other cultivars and only four
blocks of PALI.

Observation numbers per cultivar were increased in field trial UF5 (January 2004). A
random block design was used within which there were five blocks of each carrot
cultivar. Whilst the same observation technique was employed (2 umbels per five
minutes), the number of observations for each cultivar was increased from 24 umbels
per cultivar over four days to over 200 umbels per cultivar over seven days, between
the 15™ January and 5™ February 2004. Due to poor germination in cultivar PA1, there
were only four blocks of cultivar PA1 so sampling was reduced to 160 umbels and a

total of 1198 umbels observed across all cultivars.

94



Chapter 5 Insect Visitation to Different Cytoplasmically
Male-sterile Carrot Cultivars

A. mellifera visitation to six CMS cultivars

In the final season carrot planting design and carrot cultivars for this field trial (B6:
December 2004/January 2005) were identical to field trial UF5. However, six rather
than five blocks of carrots were planted resulting in six blocks of each cultivar (see
Figure 10). In this trial only the visits of A. mellifera were scored as it is the key
commercial pollinator and was the only consistently present insect species seen in the
earlier trials (see Chapter 2). Using this method, honey bees visiting fifty randomly
sampled, receptive umbels of each cultivar were counted. This was achieved by using a
hand-held counter which incremented the count as it was clicked. Each observer
recorded the number of bees on the first 50 receptive umbels they encountered in each
block of a carrot cultivar. This count was performed six times for each cultivar on six
separate occasions. Observations were conducted between 2:00pm and 4:30pm on five
days; 16th, 17th, 18th, 19th and 23rd January 2005. Two sets of observations were
conducted consecutively on 19th January (at 1500 hrs and 1545 hrs).

Analysis of Insect Visitation

In trial B1 visitation data for cultivars were also grouped for analysis based on CMS
type (brown anther or petaloid), root type and flower colour to assess effects of floral
morphological differences on insect visitation. Comparisons were undertaken using
non parametric Kruskal-Wallis tests, Mann Whitney U tests and Friedman tests
depending on the numbers of cultivars being compared for all insects pooled together
and for each insect grouping using SPSS® 17.0. Where Friedman’s and Kruskal-
Wallis tests were undertaken, multiple Wilcoxon signed ranks tests were then used to
determine which particular cultivars differed from one another. P values were adjusted
using a sequential Bonferroni procedure to control for an increased chance of type-I-

error resulting from multiple comparsions.
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Results

Observations of insects in field trial B1 revealed that some carrot cultivars attracted
more insects than others (Figure 31). Total insect visitation was found to be
significantly different between cultivars (Kruskal Wallis test y* = 93.84, df =1, P <
0.000001)

Figure 31. Insect visitation to 17 carrot cultivars in field trial B1 at Bejo Seeds Pty. Ltd.
Sample size of 24 umbels pr cultivar.

There were eight different root types used in this field trial. Root types were nantes (n
= 120 umbels), berlicumer (n = 72 umbels), berlicumer/flakee (n = 48 umbels),
Amsterdam (n = 24 umbels), chantenay (n = 48 umbels), flakee (n = 24 umbels),
imperator (n = 48 umbels) and ABK/N (n = 24 umbels). Total insect visitation was
found to be significantly different between root types (Kruskal Wallis test Xz =42.31,
df =7, P <0.000001). Only two of these root types were represented by more than two
cultivars. These were berlicumer (3 cultivars, n = 72 umbels) and nantes (5 cultivars, n
= 120 umbels) root types. Insect visitation was found to be significantly different
between these two root types with berlicumer root cultivars being visited by
significantly more insects (7.8 + 0.8 visits per 5 min) than nantes root cultivars (5.4 +
0.5 visits per 5 min) (Mann-Whitney test U =3109, P =0.0011).
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Visitation rates between flower colours of green, white and purple were not found to
be significantly different (Kruskal Wallis test y* = 5.03, df =2, P = 0.081). Visitation
between CMS types (brown-anther and petaloid) was not found to be significantly
different (Mann-Whitney test, U = 16554, P = 0.052, n = 120 (brown anther), n = 288
(petaloid)).

Visitation was found to be significantly different within some insect groups (Figure
32). Honey bees (4. mellifera) (Kruskal Wallis test > = 41.44, df = 16, P = 0.00048).
nectar scarabs (P. rufipennis) (Kruskal Wallis test y* = 44.91, df = 16, p = 0.00014),
muscoid flies (Kruskal Wallis test x> = 34.01, df = 16, P = 0.0054) and wasps (Kruskal
Wallis test y* = 27.80, df = 16, P = 0.033) were all found to have significantly different
visitation rates among the 17 different carrot cultivars. Both honey bees and nectar
scarabs showed some concordance in their broad rankings of cultivar visitation

frequencies.
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Figure 32. Visitation of, Apis mellifera,; Phyllotocus rufipennis, muscoid flies and, wasps to
17 carrot cultivars in field trial B1 at Bejo Seeds Pty. Ltd. Sample size of 24 umbels
per cultivar
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Six of the previous 17 carrot cultivars were selected for ongoing experiments. Only
petaloid cultivars were selected. The three of these with the highest visitation and three
with the lowest visitation were used. Analysis of insect visitation to these six cultivars
in field trial B1 showed significant differences in insect visitation between cultivars
(Figure 33) (Kruskal Wallis test x> = 59.29, df = 5, P < 0.000001). In the following
season (field trial UF5, 2003/04), insect visitation to the six cultivars also differed
significantly (Kruskal Wallis test x> = 34.46, df = 5, P = 0.000002). There were,
however, differences in the ranking of the six cultivars with respect to visitation
between field trials. The three cultivars which performed most poorly in field trial B1
(that is PN3, PC2 and PBF1) had a similar performance to all of the other cultivars in
field trial UFS5. Cultivar PF1 was the most highly visited cultivar in both trials.

Figure 33. Mean number + SE of scored insects observed visiting carrot inflorescences of six
carrot cultivars in field trials B1 (n = 24 umbels) and UF5 (n = 202, 204, 214, 160,
208 and 210 umbels respectively) at Bejo Seeds Pty. Ltd., and the University Farm.
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When examined at the insect grouping level there appeared to be some trends in
agreement between trials but few statistically significant differences that were
consistent. Furthermore, which cultivars were preferred differed between insect
groupings compounding the generic selection of any one cultivar as being best.
Confounding this was that there were major differences in the composition of visitors
between trials B1 and UF5. In trial B1 there were 2877 insect visits from just four
major visiting groups of which 53.8 % were nectar scarabs, 25.1 % honey bees, 15.5 %
muscoid flies and 3.4 % wasps. There was 1610 insect visits in trial UF5 with 25.7 %
of visits being soldier beetles, 20.2 % honey bees, 12.6 % bee flies, 11.9 % muscoid
flies, 10.8 % ladybirds, 4.6 % wasps, 3.1 % native bees and just 2.4 % nectar scarabs.

Honey bee visitation was significantly different between at least some of the six
experimental carrot cultivars in field trials B1 (Kruskal Wallis test Xz =15.30,df=5,P
=0.009), UF5 (Kruskal Wallis test X2 =31.10,df =5, P =0.000009) and B6
(Friedmans test: x2 =68.87,df =5, n =36, P <0.00000001) (Figure 34). However,
there was much variation between field trials in honey bee visits, with only PC2 being
a consistently poor cultivar for honey bees. In trial B1 cultivar PB3 was more
frequently visited than cultivars PN3 and PC2, in trial UF5 cultivars PN3, PBF1 and
PF1 were more frequently visited than PC2, whereas in trial B6 cultivar PN3 was more

frequently visited than any other cultivar.

Visitation by nectar scarabs was significantly different in both field trials B1 (Kruskal
Wallis test x> = 21.90, df = 5, P = 0.001) and UF5 (Kruskal Wallis test y* = 46.68, df =
5, P <0.000001) (Figure 35). Although there were far fewer nectar scarabs present
during observations of field trial UFS5, carrot cultivar PF1 was visited most frequently
by nectar scarabs in trial UF5 and along with PA1 and PB3 was most visited in trial
B1. Wasp visitation was significantly different between cultivars in field trial B1
(Kruskal Wallis test > = 16.92, df = 5, P = 0.005), with cultivar PB3 being visited
significantly less often, but was not different between cultivars in field trial UF5
(Kruskal Wallis test X2 =9.61,df=5, P =0.087) (Figure 36).

There was also a significant difference in visitation by muscoid flies in field trial B1
(Kruskal Wallis test 2 = 17.85, df =5, P = 0.003), with PA1 being significantly
greater than PN3, PC2, and PBF1, but was not different between cultivars in field trial
UF5 (Kruskal Wallis test y2 = 8.27, df =5, P = 0.142) (Figure 37). Soldier beetle,
native bee, bombylid fly and ladybird visitation was recorded only in field trial UF5.
Soldier beetles visited cultivars PN3, PB3 and PF1 significantly more often than PC2
and PA1 (Kruskal Wallis test y2 = 17.11, df =5, P = 0.004) (Figure 38a). Native bees
visited cultivar PBF1 significantly less often than all other cultivars (Kruskal Wallis
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test x2 = 11.64, df =5, P = 0.04) (Figure 38b). Neither ladybirds or bee flies showed
any significant differences in visitation between cultivars in trial UF5 (Kruskal Wallis
test x2 = 8.45, df =5, P = 0.13 and Kruskal Wallis test 2 = 8.55, df =5, P =0.13

respectively)

Figure 34. Mean number + SE of Apis mellifera observed visiting carrot inflorescences in
field trial B1 (n = 24), UF5 (n = 202, 204, 214, 160, 208, 210 respectively) and B6 (n
= 36) at Bejo Seeds Pty. Ltd. and the University Farm.
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Figure 35. Mean number + SE Phyllotocus spp. observed visiting carrot inflorescences of six
carrot cultivars in field trials B1 (n = 24) and UF5 (n = 202, 204, 214, 160, 208, 210
respectively) at Bejo Seeds Pty. Ltd. and the University Farm.

Figure 36. Mean number + SE of wasps observed visiting carrot inflorescences of six carrot
cultivars in field trials B1 (n = 24) and UF5 (n = 202, 204, 214, 160, 208, 210
respectively) at Bejo Seeds Pty. Ltd. and the University Farm.
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Figure 37. Mean number + SE of muscoid flies observed visiting carrot inflorescences of six
carrot cultivars in field trials B1 (n = 24) and UF5 (n = 202, 204, 214, 160, 208, 210
respectively) at Bejo Seeds Pty. Ltd., and the University Farm.

Figure 38. Mean number + SE of Chauliognathus lugubris and Halictidae/Colletidae
observed visiting carrot inflorescences of six carrot cultivars in field trial UF5 (n =
202, 204, 214, 160, 208, 210 respectively) at the University Farm.
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Discussion

Insect pollinated crops require reliable, effective insect visitation to maximize seed set
and yield. In this study, significant differences in insect visitation rate were found
between CMS carrot cultivars in field trials conducted over three seasons. In the initial
screening trial involving 17 cultivars across eight root types and four CMS systems, a
greater than three fold difference in overall visitation rate between the least and most
visited cultivars was found. In the second trial involving six of the cultivars, a doubling
in visitation rate between the least and most visited cultivars was found. In the final
field trial, where only visitation by 4. mellifera was assessed, a nearly four fold
difference in visitation was found. In each trial, significant, though inconsistent
differences in visitation rates were found between cultivars, confirming the conclusion
from previous observation trials that some cultivars of CMS carrots appeared to be
more attractive to pollinating 4. mellifera than others (Erickson & Peterson, 1978;
Erickson et al., 1979; Galuszka & Tegrek, 1989; Nehlin et al., 1996).

The total number of insects visiting the trial crops varied between seasons. In the
2003/04 season, there was only one-sixth of the number of insect visits/ umbel than in
the previous season and visits of 4. mellifera varied between cultivars from 0.58 + 0.23
to 3.46 £ 0.23 visits/umbel/5 min in 2002/03 and 0.11 + 0.04 to 0.53 £ 0.08
visits/umbel/5 min in the following season. This reduction in insect activity was
probably due to cold, wet weather experienced prior to and during the 2003/04 season.
Insect visitation in the 2004/05 season was also very low. Overall, 4. mellifera were
the most reliable visitors, their presence more or less guaranteed due the placement of
hives near to carrot crops. Honey bees are prone to preferentially visiting other nectar
sources when they are available (Galuszka & Tegrek, 1989; Seeley ef al., 1991) and
differences in availability of alternate forage sources between seasons may also have

contributed to differences in overall visitation rates.

Whilst there are several studies on insects in carrot crops (Bohart & Nye, 1960; Sinha
& Ckrabarti, 1992), there is limited published work on preferential A. mellifera
visitation to carrot cultivars and none specifically targeting other insect groups.
Preferential visitation was noted for honey bees as well as other potential pollinators in
this study of CMS carrot cultivars. While significant differences were noted in each
trial, only one CMS cultivar was found to be generally less attractive to honey bees
over other cultivars across the three trials, while a second cultivar was frequently
visited by nectar scarabs. Differences in preference patterns is expected as different
insect groups are known to respond to different floral cues (Faegri & van der Pijl,

1979). Overall, there was little concordance among the other cultivars in their ranking
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in attractiveness to honey bees between the trials. Despite the reduction in overall
insect activity from the 2002/03 season to the 2003/04 season, cultivars PB3 and PF1
were consistently higher in overall insect visitation rates in both seasons and PC2 was
low. While significant differences in attractiveness between cultivars were
demonstrated, the variability in cultivar ranking between seasons precludes firm
conclusions being drawn on selection of cultivars for attractiveness to honey bees or
other potential pollinators. Differences in growing conditions and visitor composition
between seasons may contribute to the season variations in ranking noted in the

analysis.

There was some evidence from the first seasons trial that more insects visited
berlicumer root than nantes root types. There is no previously published work
investigating the effect of carrot root type on pollinators. It is considered likely that the
root type is genetically linked to other physiological traits such as nectar production or
the emanation of volatiles which may affect the foraging behaviour of insects. No
difference was found in insect visitation between brown anther and petaloid
phenotypes. The findings in this study differed from that of Galuszka & Tegrek (1989),
who, based on a study of three brown anther, one white petaloid and one light green
petaloid cultivar, reported that brown anther cultivars were more attractive to A.
mellifera than white petaloid types. The results reported here found that whilst
visitation varied significantly between cultivars, no effect of phenotype was found in
any insect group, with a distribution of both high and low insect visitation to carrot
cultivars of both brown anther and petaloid phenotypes. In contrast, Erickson et al.
(1979) conducted experiments in 1974 and 1976 that found that honey bees show
intra-phenotypic and genotypic foraging preferences between white and light green
flowers in carrot open-pollinated cultivars. The variability in visitation rates noted in
this study along with the lack of a correlation between CMS type and visitation rates,
and the very low numbers of cultivars assessed in previous studies where relationships
between CMS type or petal colour were claimed, suggests that any link between floral

morphology in CMS cultivars and attractiveness to pollinators is weak or non existent.

While identifying the flower characteristics conferring attractiveness to, or deterring,
pollinators was not the aim of this study, the findings of differences in attractiveness
do suggest that traits expressed in CMS carrot cultivars influence visitation rates and
therefore likelihood of pollination. Evidence of differences between berlicumer and
nantes root types suggests a genotypic influence, while the lack of difference in
visitation rate between CMS types indicates differences in physical appearance
associated with male sterility traits do not influence pollinator behaviour. Variations in

essential oil content in carrot leaves are known to exist and to influence attractiveness
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to a range of pest species (Kainulainen et al., 2002; Kainulainen et al., 1998; Nehlin et
al., 1996) but the influence of these plant volatile chemicals on pollinator species has
not been examined. Based on the evidence from this study, further research
investigating differences in plant chemistry and morphology between carrot cultivars

that may influence the foraging behaviour of pollinating insects is warranted.
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Chapter 6

CYTOPLASMICALLY STERILE CARROT FLORAL TRAITS AND THEIR
RELATIONSHIP TO VISITATION BY INSECT POLLINATORS

Abstract

Hybrid or cytoplasmically male-sterile (CMS) carrot umbels suffer from low
pollination rates. Umbels of different cultivars vary in the number and type of
pollinating insects that they attract. Studies were conducted of the umbels of six carrot
cultivars which were known to differ in their attractiveness to insects in order to
discern whether insects were attracted by certain floral properties or combinations of
properties. Umbel diameter significantly varied between cultivars ranging from 4 cm
to 15 cm. As umbel diameter increased, so did the visitation of soldier beetles
(Chauliognathus lugubris (Fabricius)) whereas that of honey bees (4pis mellifera
Linnaeus) decreased. The presence of soldier beetles on umbels had a negative effect
on visiting of that flower by honey bees. Ultraviolet reflectance was negligible or
undetectable among carrot flowers. Fructose and glucose were dominant in the nectar
of all cultivars with only small amounts of sucrose. There was high variation in the
levels of sugars from individual umbels and no significant difference in nectar sugar
composition between cultivars. Twenty-six chemical compounds were identified in the
headspace of carrot umbels with nine of these 26 compounds detected at some level
within every flower sampled and all showing significant levels of variation.
Differences in floral trait composition between cultivars (headspace volatiles, nectar
sugars and umbel diameters) were discerned. A combination of beta pinene + unknown
compound, cis-2,6dimethyl 2,6 octadiene, decanal, bornyl acetate and sucrose was
most influential in attracting honey bees whilst a combination of camphene, alpha-
terpinene and diameter was the most influential in attracting other insects.

Introduction

It is essential that flowers that are pollinated by insects are easily detected by those
insects, though the mechanisms by which flowers attract insects has been the subject of
considerable debate from as early as the turn of last century (Ridley, 1904). There are
generally considered to be a wide range of visual and olfactory floral traits which
separately or together make one flower easily distinguishable from another (Meats &
Osborne, 2000). These traits include morphology, colour, variation in nectar quantity
and composition, timing of flowering, volatile chemicals and even the production of
heat and other morphological devices to aid the dissemination of these volatile
compounds (Azuma et al., 1999; Corbet, 1990; Ridley, 1904). Some flowering plants
produce species-specific scents, such as sexually deceptive orchids, which are only
pollinated when the male insect attempts to copulate with them (Paxton & Tengo,

2001; Peakall & Beattie, 1996), whereas others produce attractants more broad in their
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attraction. For example, open flowers with exposed nectaries attract a more diverse

range of visitors simply because nectar is openly available (see Williams, 1983).

Crop related research on honey bee visitation has shown that honey bees can use
combinations of floral volatile compounds to discriminate between different cultivars
of plants (Blight et al., 1997a; Blight et al., 1997b; Pecetti et al., 2002; Wright et al.,
2005). Several field studies focussed on flower visitation suggest such discrimination.
Honey bees visit oilseed rape significantly more than rape’s weedy relative, the wild
radish (Pierre, 2001). A significant disparity in honey bee visitation has been observed
between inbred lines of onion (Silva & Dean, 2000), breeding lines of pepper
(Rabinowitch et al., 1993), clonal lines of alfalfa (Loper & Waller, 1970), in male-
sterile sunflowers (Skinner, 1987; Tepedino & Parker, 1982) and male-sterile lines of
artichoke (Morison et al., 2000).

There is some debate as to which of the senses used by insects takes precedence when
selecting foraging resources. Honey bees are opportunistic foragers whose tendencies
for innate responses can be altered by learning, mainly via olfactory conditioning.
Giurfa & Nufiez (1992) observed that a bees use scent to mark nectar-depleted flowers
which promoted rejection of these flowers by other honey bees subsequently visiting.
Several authors (e.g. Frisch, 1967; Koltermann, 1969) concluded that scent was more
important in conditioning honey bees than colour, shape, or time of day. Despite this,
continued foraging by honey bees is dependent on the reward of nectar or pollen and
the interaction of these factors with olfactory cues is of some interest. Pernal & Currie
(2002) found that pollen scent is the overriding influence on honey bees floral
attraction, with honey bees most attracted to pollen with the strongest scent but unable
to differentiate between pollen of low and high quality. Contrary to this, Cook et al.
(2003) found that foraging preferences for pollen reflect the quality of the pollen and

that honey bees use odour to distinguish pollen sources (Cook et al., 2005).

The intensity of the floral odour and the ratio of chemicals within the volatile mix
elicits different levels of response in worker honey bees (Pham-Delegue et al., 1993;
Wright et al., 2005; Wright & Smith, 2004). As the number of components in a
mixture of odours increases, honey bee ability to discriminate between those
components is reduced (Chandra & Smith, 1998; Smith ez al., 2006). Bees use a wide
range of floral volatiles to discriminate between subtle scents (Wright et al., 2005) but
show higher recognition of some chemical compounds than others (Blight et al.,
1997a). This ability to discriminate between compounds varies between individual
bees. During conditioning trials conducted by Blight et al. (1997a) using nine chemical

compounds, it was discovered that some bees discriminated between several key
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compounds, phenylacetaldehyde, linalool, and (E,E,)-alpha-farnesene, whilst others

either responded to all or to none of the compounds.

Numerous experiments have been conducted on honey bees returning to the hive and
the effect of the scents that they carry back with them. Plants pollinated by bees have
diverse combinations of dominant floral scent compounds with terpenoid compounds
commonly dominant among bee-pollinated plants (Dobson, 2006). Bees can be trained
to associate the scents of flowers with nectar rewards and bees recruited from the hive
will use this odour to find other sources of nectar (Frisch, 1967). It is thought that
foraging bees scent-mark flowers to temporarily deter other bees from attempting to
forage at an already depleted source (Giurfa, 1993; Giurfa & Nuiez, 1992).

Nectar quality and availability is of almost universal importance to all insect foragers
(Erickson & Peterson, 1979; Wickers, 2004) as it is the reward that encourages insects
to return to that flower source. Nectar production and volatile emanation may also vary
throughout the day to optimise the time of maximum insect foraging activity (Pecetti &
Tava, 2000; Pernal & Currie, 1998; Rabinowitch et al., 1993). In order to acquire a full
load of pollen, honey bees may visit between one and a few hundred flowers in a
single trip and possibly thousands of small flowers when gathering nectar (Michener,
1974). However, without adequate nectar reward, no matter how attractive the other
floral traits of that flower may be, significant return visitation, especially by insects,

such as honey bees, with demonstrated learning ability, may well be minimal.

The majority of honey bee pollinated plants have high levels of sucrose in their nectar
(Cruden, 1997; Dupont ef al., 2004; Gori, 1983; Perret et al., 2001) with long-tongued
bees, such as Apis mellifera Linnaeus, able to digest complex sugars such as sucrose.
Percival (1961) analysed the nectar content of 889 species of angiosperm and
concluded that plants pollinated by honey bees tend to have high sucrose to
glucose/fructose ratios. Crops well-visited by bees, however, show a relatively
balanced distribution of nectar types and he concluded from this that bees show no
nectar selection preference for either sucrose dominant or glucose-fructose dominant
nectars in the field. This finding supports research done by Wykes (1952) who found
that bees were preferentially attracted to sugar solutions of equal parts sucrose, glucose
and fructose and preferences were shown for single sugar solutions in the order of
sucrose, then glucose followed by fructose. Rabinowitch ef al. (1993) found that
pepper (capsicum) plants, which are unattractive to bees, have nectar that contains
fructose and glucose only and Petanidou (2005) found that bees in the Apidae family
prefer high sucrose/hexose ratios in nectar also. Honey bees display a genetic
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propensity for proboscis response to sucrose in nectar (Page et al., 1998; Pankiw &
Page, 1999; Scheiner, 2004).

Difterent levels of ultraviolet reflectance may also be a factor that attracts honey bees
or other insects to various flowers. The colour spectra experienced by various insects
differs from that seen by humans, and the colour perception in many hymenoptera
extends into the ultraviolet (Chittka, 1999; Chittka & Menzel, 1992; Chittka et al.,
1994; Gross, 1992).

Carrots belong to the family Apiaceae and characteristic of the family the flowers are
grouped together in large umbels which provide a large highly visible landing
platform. The primary or terminal umbel is the largest of the umbels on each plant and
is between 100 mm — 150 mm in diameter (Hawthorn ef al., 1962). The anthers of
carrot flowers protrude above the nectary thereby facilitating the likelihood of pollen
adherence to an insect’s body and transfer to receptive stigmas (Goyal et al., 1989).
Male-sterile carrot plants do not have pollen to attract insects and, hence, other factors
must be relied upon to attract pollinating insects. However, no studies to date have
been carried out on the floral traits that attract insects to different carrot flowers and
cultivars. Studies of Angelica species (also of the family Apiaceae) reveal that their
floral scents are dominated by monoterpenes and benzenoids (Tollsten ef al., 1994)
and that this is indicative of generalist insect pollinators. Furthermore, each species of
Angelica can be defined by the range of chemical odours that it produces. Volatile
hydrocarbons from six other members of the family Apiaceae have also been analysed
and their floral fragrances can be characterised by the proportions of the monoterpenes
produced (Borg-Karlson ef al., 1994), suggesting that these hydrocarbons probably act
as volatile attractants in carrot flowers if floral scent is an important determinant of

attraction to pollinators in the crop.

This chapter explores the floral traits of carrot flowers and the relationship of these
traits to insect visitation. In earlier work (Chapter 2) honey bees were found to be the
most reliable floral visitors to CMS carrot flowers though some other insects such as
nectar scarabs and soldier beetles showed reasonable levels of floral visitation.
Furthermore, honey bees and nectar scarabs were demonstrated to show differences in
their frequency of visiting some cultivars of CMS flowers (Chapter 4). Thus, the aim
of the experiments detailed in this chapter was to examine whether variation in honey
bee and other insect visitation to different cultivars or flowers is related to key floral
traits including volatile emissions, ultraviolet reflectance, nectar production and size of
inflorescences. By doing so it hopes to identify promising ways of screening CMS

cultivars for such traits in order to improve pollination success of CMS carrots.

110



Chapter 6 Cytoplasmically Sterile Carrot Floral Traits and Their
Relationship to Visitation by Insect Pollinators

Materials and Methods

Umbel Size, Cultivar and Insect Visitation

Field trial UF5 was conducted in January —February 2004, at the University Farm
Overall, 1198 umbels were observed for insect visits and measured for umbel diameter
in a random block trial of five blocks each of cultivars PBF1, PC2, PN3, PB3 & PF1
and four blocks of cultivar PA1. Of the umbels in five blocks, 30 of each cultivar were
observed on each of five days and 24 umbels of cultivar PA1 were observed.
Following observation for insect visits the diameter of each umbel was measured in the
field by holding the hand flat, underneath the umbel with fingers either side of the stem
so as to fully extend the surface area. A 30 cm ruler was used to measure the umbels to
the nearest 0.5 cm. Insect groupings which were recorded for this study were honey
bee (4. mellifera), bee flies (Comptosia ocellata Newman), muscoid flies, native bees
(Halictidae/ Colletidae), soldier beetles (Chauliognathus lugubris (Fabricius)) and
wasps. Both correlation and direct logistic regression was used to assess the impact
that cultivar and umbel diameter had on insect visitation by each grouping, with

visitation recorded as visited or not visited.

Floral Traits and Insect Visitation

Ultraviolet reflectance, nectar sugar levels, floral volatiles and flower diameter are all
possible floral traits that may influence insect visitation to a flower. To examine
whether more visited umbels were significantly different in any of these traits an
experiment was undertaken in field trial UF5 whereby insect visitation was recorded in
the field to an umbel and then all of the aforementioned traits immediately measured of
that same umbel. In all a total of 36 flowers were observed and measured with the 36
flowers consisting of six umbels (from different carrot plants) of each of the six carrot
cultivars (PBF1, PN3, PA1, PF1, PC2 & PB3). Observations and measurements were
made between 20 January and 16 February, 2004. The methods for collection and
analysis of data for each floral trait were as follows.

Insect activity and diameter

Insect activity on each of the 36 umbels was observed for five min. Cultivars were
observed in a pre-determined random order. Each time an insect alighted on one of the
umbels under observation it was recorded according to its classification; honey bee (4.
mellifera), bee flies (C. ocellata), muscoid flies, native bees (Halictidae/ Colletidae),

soldier beetles (C. lugubris), wasps and others.
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As the purpose of this experiment was to determine the attractiveness of the observed
flower, no distinction was made between insects alighting for the first time on an
umbel or returning to an umbel after departing for any period of time. To avoid
affecting the behaviour of the insects under observation, care was taken to remain at
least I m away from the umbels under observation and to ensure that the observer did
not cast a shadow over the umbel. The diameter of each umbel was measured in the

field immediately after the observation period as above.

To test for differences in insect visitation in relation to cultivars, permutational
multivariate analysis of variance (PERMANOVA) was used. PERMANOVA (written
by MJ Anderson Dept. Statistics, University of Auckland) is a distance-based
nonparametric multivariate analysis of variance that provides a pseudo-F statistic, and
an associated P-value derived from permutation tests (Anderson, 2001). Data were
untransformed and the Bray-Curtis similarity matrix was used during analysis. If a
significant difference was found, pairwise comparisons were made among cultivars
during the a posteriori PERMANOVA analyses (9999 permutations) to determine
where the significant differences between cultivars were occurring. All a posteriori
PERMANOVA analyses were conducted on untransformed data using the Bray-Curtis

similarity matrix.

Volatile analysis

Both Tenax TA and Solid-Phase Micro Extraction (SPME) methods of volatile
adsorption and analysis were considered for analysis of monoterpene and
sesquiterpene emissions. SPME was chosen on the basis of both financial and practical

consideration.

Headspace volatiles were collected under field conditions rather than using harvested
material under laboratory conditions. The composition of volatile emissions from
plants changes with response to chemical secretions or physical damage by
herbivorous insects (Geervliet ef al., 1997; Pare & Tumlinson, 1997; Rodriguez-Saona
et al., 2002; Scutareanu et al., 1997). Damage to, and deterioration of plant material
during removal and transport of umbels may induce the production of volatiles which
would not be emitted were the plant intact and in situ. In situ collection of headspace
volatiles also facilitated the comparison of insect visitation observed immediately prior
to collection of volatiles with compounds present during insect visits.

SPME was performed using Supelco 75micron Carboxen-PDMS fibres with a Supelco

manual SPME syringe. Early experiments revealed that these fibres were the most
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proficient in adsorbing airborne volatiles within the range of chemical interest. Timed
trials (5 min, 10 min and 15 min) were also conducted to determine the optimum
amount of carbon fibre exposure time required for the detection and resolution of the
chemical emission profile adsorbed by the SPME fibre.

The method of volatile collection involved the insertion of an intact carrot umbel into a
glass chamber which was 10.5 cm in diameter x 19 cm long and then sealing the
chamber and umbel stem with a Glad™ oven bag (Figure 39). Care was taken not to
include any leaf material in the collecting jar. After sealing the chamber, five min was
allowed for the volatiles and air to equilibrate. The SPME fibre was next introduced
into the chamber and after a period of five min was removed. The entire collecting
apparatus was covered in shade cloth to prevent overheating. Blank runs were
conducted using the collection apparatus without plant material to enable control for

volatiles present in the surrounding environment.

Figure 39. Solid-Phase Microextraction (SPME) apparatus
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SPME fibres were desorbed and analysed using a Varian 3800 GC coupled to a Varian
1200 triple quadrupole Mass Spectrometer (MS) using 70eV electron ionisation in
single quadrupole mode. The column used was Varian ,Factor Four’ VF-5ms (30 m x
0.25 mm internal diameter and 0.25micron film), using Varian 1177 split/splitless
injector in splitless mode. The injector temperature was 280° C with a desorption time
of four minutes. Cryo option was used in the GC oven at 20° C for 2 min then up to
230° C at 6° C per minute then up to 270° C at 30° C per minute. Flow rate was 1.2
mL per minute in constant flow mode. The split valve was turned on at 2 minutes. The
MS scanned from m/z 35 to 350 every 0.3 seconds and typical multiplier setting was
1000V. Data was processed with Varian Star software. The ion source was 200° C and
the transfer line 280° C. Identification of compounds was performed using the in-
house libraries of the Central Science Laboratory of the University of Tasmania and

known gas chromatographic retention behaviour.

Relative abundance of each floral volatile compound was calculated by measuring the
area of peak on the chromatogram of a diagnostic ion of a compound of interest. The
use of diagnostic ions enabled measurements of areas independent of any partially
unresolved components. The abundance of each floral volatile compound assayed was
expressed as the ratio of its diagnostic ion relative to that of the total ion current of the

internal standard.

Ultraviolet reflectance

Photographs of ultraviolet reflectance were also taken in the field. Umbels were
removed and immediately mounted on a retort stand over a piece of black card in a
box. The box sheltered the sample from any wind that may have caused movement of
the umbels during photography. Later experiments were conducted by inserting the
stalks directly into a small hole in the black card. Photographs were taken using a
Pentax SP1000 SLR camera (F 5.6) and 35 mm Fuji RTP II film. This film has
enhanced sensitivity to ultraviolet light. A Hoya U360 (ultraviolet bandpass) filter was
used. [llumination was provided by natural sunlight and a Yuzo DC2814 ring flash.
Three flashes were found to provide optimum exposure to detect ultraviolet
reflectance. The camera apparatus was mounted on a tripod and focussed prior to
attaching the ultraviolet filter. The box and camera were placed at a fixed distance

from each other so that refocussing was not required.

Follow-up confirmation of photographic results was performed in the laboratory using

a Zeiss Tessovar macro lens system linked to a Watec WAT202D digital color camera.
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Images were viewed using Fly Video software on a PC fitted with a Fly Video "98

video capture card (Animation Technologies).

Soluble sugar analysis of nectar

Soluble sugar analysis was undertaken immediately following photography for UV
reflectance. Carrot flowers are very small with an open structure and exposed
nectaries. Field conditions were dry and windy and the experimental carrots produced
very small quantities of nectar which was extremely viscous. The removal of this

nectar for content analysis proved difficult.

A number of methods of nectar collection and analysis were considered, and several
methods were evaluated prior to the main experiment. Methods of nectar collection
which involved the transportation, storage, maceration, dissection or centrifuging of
flowers could produce anomalous results due to the inclusion of internal plant sugars,
and thus, would not accurately reflect the sugar content of the external nectar under
field conditions (Kearns & Inouye, 1993; Willmer, 1980).

Collection of nectar from flowers in the field is commonly performed with a
micropipette (Bukovics et al., 2003; Corbet et al., 1979; Silva & Dean, 2000) and
where very small or inaccessible quantities of nectar are involved, filter paper wicks
are also used (Gillespie & Henwood, 1994; Langenberger & Davis, 2002; McKenna &
Thomson, 1988; Perret et al., 2001). Neither of these techniques was successful, either
in the field or in the laboratory, as the nectar would neither flow into the glass tubes
nor soak into the papers. It was concluded that the viscosity of the nectar was too high
to allow capillary movement in the glass tube and paper fibre systems. In field
experiments Erickson et al (1979) and Erickson & Peterson (1979) were successful in
removing nectar from carrot flowers with a 1 pl micropipette. This may have been
possible due to greater nectar production by the carrot cultivars that they were using or
because there were more favourable environmental conditions (e.g. higher humidity or

less wind) during their experiments.

Other researchers have successfully collected highly viscous nectar from flowers by
filling flowers with distilled water and then removing the dissolved nectar with paper
wicks or micropipettes or by rinsing flowers and collecting the drops (Mallick, 2000;
Nufiez, 1977; Zimmerman & Pyke, 1988). The structure and size of the carrot flowers
made this method impracticable. A washing technique was devised which could be
used under windy field conditions by modifying a method used by Manetas &
Petropoulou (2000) who floated Cistus creticus flowers upside-down in distilled water.
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A carrot umbel consists of four whorls of sub-umbels called umbellets or umbellules
(Figure 40). It proved more practical to sample nectar from umbellules rather than
entire umbels which by virtue of their size were difficult to sample. Preliminary
experiments revealed that dipping carrot umbellules in distilled water 20 times
removed over 88 % of the nectar. Forceps were used to remove two umbellules from

opposite sides of the 3™ whorl of each umbel.

Figure 40. Structure of a single carrot umbel showing umbellet (umbellule) and individual
flower. Adapted from Koul et al. (1989)

These umbellules were gently dipped 20 times each in bottles containing 10 mL of
refrigerated, distilled water. The bottles were sealed and then placed in a container of
ice for subsequent laboratory analysis. For soluble sugars, in addition to the six flowers
per cultivar with recorded insect visitation, a seventh flower per cultivar was also
included for soluble sugar analysis to increase sample size. The nectar on the umbels
sampled was of high viscocity and usually could not be observed with the naked eye.
Experiments conducted in the collecting of carrot nectar, both in the laboratory and
throughout the day in the field, indicated that carrot nectar was generally viscous in

nature. Dry, windy field conditions may also have tended to dehydrate the nectar and
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further increase this viscocity.As it was possible that the nectar collection technique
used was sampling residual sugars after the evaporation of moisture, it could not be

used as an assessment of nectar volume.

Soluble glucose, sucrose and fructose fractions were determined using mass
spectrometry. The column was a Waters High Performance Carbohydrate Cartridge,
4.6 mm x 250 mm, fitted with a guard cartridge of the same material. The mobile
phase was 75 % methanol/25 % water, isocratic at 1.2 mLs per minute. Sugars were
detected by Atmospheric Pressure Chemical Ionisation mass spectrometry on a
Finnigan LCQ ion trap MS. Retention times were determined from standard solutions,
and calibration curves for response were generated over the expected concentration

range. Standards were run regularly throughout the sample set for quality control.

Sugars were detected using negative ion adducts formed by post column infusion of 20
uL/min of 5 % formic acid in water. For the monosaccharides tandem MS was used,
with the M+ formate anion at 225.3 being isolated, activated at 25 % collision energy,
and the subsequent daughter at m/z 179 being further isolated and activated at 25 %
collision energy with the final products at m/z 89, 119, 131 and 143 being used for
quantitation. For sucrose quantitation was achieve by selected ion monitoring of the M

+ formate anion at 387.3.

Multivariate analysis of volatiles/diameter/nectar sugar content

Due to the complex nature of the data sets obtained during this phase of the
experimentation, multivariate analysis was used to examine relationships between
floral traits and bee visitation. It is often the nature of biological systems that several
factors may combine to influence the response of a biotic community (in this case
pollinator visitation rate). In this case, a number of floral traits may combine to
increase or decrease the overall attractiveness of a particular flower. Multivariate
analysis allows for the statistical analysis of simultaneous variation in a number of

variables.

Data was examined using inferential multivariate analysis due to the non-normal
distribution of data sets and because there were observations where there was no insect
visitation - resulting in a ,0’ response. Initial analysis was performed using Primer5
software which comprises a wide range of univariate, graphical and multivariate

routines for analysing biological and physical/environmental data.
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Floral traits (volatiles, nectar sugars and diameter) which formed groups with a > 95 %
correlation were reduced to a single representative component. Analysis of Similarity
(ANOSIM) was used to detect differences between the six cultivars. ANOSIM uses a
dissimilarity matrix to test whether there is a statistical difference between groups. All
volatiles concentrated values were transformed using logx+1. Differences between
flowers/cultivars were examined graphically with non-metric multidimensional scaling

(nMDS) using the Bray-Curtis similarity measure.

Stepwise regression (Primer 5, BIOENV) was used to explore the relationship between
groups of floral traits with respect to honey bee visits and to the visits of all other
insects as a group -comparable to multiple regression. BIOENV uses a procedure
whereby it examines all possible combinations of floral traits, from each trait
separately through to all at the same time for the best possible fit to explain honey

bee/insect visitation.

Results

Umbel Size, Cultivar and Insect Visitation

Umbel diameter across all flowers varied from 4 cm to a maximum of 15 cm. Umbel
diameter significantly differed between cultivars (F = 15.82, df = 5,1192, P <0.0001);
(Figure 41. a). Cultivar PC2 had significantly larger umbels (9.4 = 0.16 cm) than all
other cultivars, whereas cultivar PA1 had significantly smaller umbels (7.8 + 0.14 cm)

than all other cultivars.
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Figure 41. Inflorescence diameters of six carrot cultivars in field trial UF5. Figure (a)
represents all surveyed carrots n = 210, 208, 160, 202, 204, 214, (b) represents
those carrot inflorescences used for experiments conducted on insect visitation
versus floral traits. All n = 6.

For soldier beetles, the inclusion of cultivar and diameter into predictive models using
direct binary logistic regression indicated both diameter (Wald =19.14,df=1,P <
0.0001) and cultivar (Wald =15.82, df =5, P = 0.007) to be significant predictors of
soldier beetle visitation with a 1.2 fold increase in the likelihood of visitation with
every cm increase in umbel diameter. For honey bees both diameter (Wald = 17.74, df
=1, P <0.0001) and very strongly cultivar (Wald =30.86,df=5, P < 0.0001) were
significant with a 0.81 fold decrease in the likelihood of honey bee visitation with
every cm increase in umbel diameter. However, by adding the number of soldier
beetles on flowers prior to observing insect visitation on that flower, a significant
effect of soldier beetle presence on honey bee visitation was evident, with an increase

in model fit by 15 % and a 0.47 fold decrease in the likelihood of honey bee visitation

119



Chapter 6 Cytoplasmically Sterile Carrot Floral Traits and Their
Relationship to Visitation by Insect Pollinators

(Wald =4.92, df =1, P = 0.026) with every soldier beetle initially present on flowers.
Soldier beetle numbers initially present on flowers ranged from 0-3 with 7.7 % (n =
1198) of all flowers scored having soldier beetles present on them at time of first
observation. Neither ladybirds (Wald =9.85, df =5, P = 0.08) nor native bees (Wald
=9.71,df =5, P = 0.08) showed a significant relationship with cultivar but both
ladybird (Wald = 6.96, df =1, P = 0.008) and native bees (Wald =6.62,df=1,P =
0.01) were weakly significant with increases in umbel diameter resulting in an increase
in the likelihood of visitation by these two groups. All logistic models described above

correctly predict insect visits between 78.5-96.7% of the times.

Floral Traits and Insect Visitation

Insect activity and diameter

Among the subsample of six flowers per cultivar used in this trial umbel diameter
varied from 6 cm to 11 cm. Again there were significant differences in umbel diameter
between cultivars (F = 3.88, df =5, 30, p = 0.008); (Figure 41.b). As before cultivar
PAT1 had significantly smaller umbels than all other cultivars with the exception of
PF1.

Insect activity was very low during the experimental period. Only honey bees were
reliable visitors with a total of 31 visits across the 36 umbels (Figure 42). Analysis
using PERMANOVA of insect visitation to each cultivar revealed that visitation by
insects other than bees was similar among cultivars. The trend of honey bee visitation
to prefer some cultivars was similar to that found in Chapter 5 (Figure 34), with the
majority of honey bee visits to cultivars PN3, PF1 and PB3. Cultivars did significantly
differ with respect to honey bee visitation; with an overall PERMANOVA Monte-
Carlo P-value of 0.1082 (Table 15). This value was considered to be within the pre-
defined limits of significance due to low levels of honey bee visitation. The
dissimilarity in honey bee visitation between cultivars was found between (i) cultivar
PN3 and: PA1 (t=1.83, P=0.0772), PC2 (t=2.65,P =0.0131), PBF1 (t=2.60, P =
0.0181) and (ii) cultivar PB3 and: PC2 (t=1.77, P = 0.0982), PBF1 (t=1.76, P =
0.0999) (Table 16).
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Figure 42. Total insect visitation to experimental carrot cultivars in January 2004, Field Trial
UF5

Table 15. PERMANOVA analysis for differences in honey bee visitation between cultivars.

Source df SS MS F P(perm) P(MC)
Cultivar 5 22026.3165 4405.2633 1.8694 0.1183 0.1082
Residual 30 70695.1247 2356.5042

Total 35 92721.4412
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Table 16. A posteriori PERMANOVA pair-wise comparisons among cultivars with regard to
honey bee visitation. Number of permutations = 9999, and the Monte-Carlo P was
used due to the small number of unique values. *denotes significant result.

Groups t P_MC
PF1, PB3 0.5681 0.6548
PF1, PA1 0.6547 0.5675
PF1, PN3 1.1129 0.2904
PF1, PC2 1.1744 0.2652
PF1, PBF1 1.1282 0.2843
PB3, PAI 1.0868 0.3035
PB3, PN3 0.6752 0.5860
PB3, PC2 1.7675 *0.0982

PB3, PBF1 1.7573 *0.0999
PAI1, PN3 1.8328 *0.0772
PA1, PC2 0.6202 0.5513
PA1, PBF1 0.6856 0.5299
PN3, PC2 2.6509 *0.0131
PN3, PBF1 2.6022 *0.0181
PC2, PBF1 0.2357 0.8761

Volatile analysis

Due to the efficiency of the SPME-PDMS carboxen fibre at adsorbing volatiles and the
high sensitivity of the GC/MS apparatus, there were approximately 80 readily
discernible peaks in each of the chromatograms. There were a large number of
artificially boosted aromatic hydrocarbons of petrochemical origin (mainly C11-C18
alkanes) collected. These most probably originated from the diesel used in farm

machinery and were not included in the analysis of volatile compounds.

Twenty-six of the remaining peaks were identified as compounds of biological origin
which were potentially associated with carrot flowers (Figure 43). Quantification was
complicated by the presence of multiple compounds with overlapping peaks. All
except two of these overlapping pairs of peaks were able to be resolved into their
component compounds using mass specrometry. One of these unresolvable combined
peaks contained limonene and beta-phellandrene and the other was a combination of

beta-pinene and an unknown compound.
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Figure 43. An example of a chromatogram plot indicating retention times for volatile components collected from carrot flowers. Carrot cultivar; PC2.
Headspace sampled on 5th February 2004.
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There was a large variation in the amount of each compound within each cultivar
group (Table 17). Every cultivar had at least one flower among the six flowers tested
per cultivar, though not necessarily the same flower, producing each of the 26 volatile
compounds discovered, with the exception of gamma-elemene which was never found
in cultivar PB3 (Table 18). Nine of the 26 compounds namely decanal, caryophyllene,
alpha-phellandrene, p-cymene, trans-alloocimene, cymenene, limonene (+beta-
phellandrene), myrcene and alpha-pinene, were detected at some level within every
flower sampled (Table 18). Within each cultivar, the compounds all generally had high
coefficients of variation (> 1) (Table 18). The exception was decanal which was
consistently below one in all cultivars. PA1 had the lowest levels of variation in
headspace volatiles with 11 out of 26 compounds having a coefficient of variation of
less than one (Table 18)
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Table 17. Relative abundance of monoterpene and sesquiterpene compounds extracted from the headspace around six cultivars of carrot inflorescences
using Solid-Phase Micro Extraction (SPME) method of volatile adsorption.

Relative Abundance of Compound

Compound PN3 SE PC2 SE PBF1 SE PAl SE PB3 SE PF1 SE
gamma-elemene 1.3 0.7 1.3 0.6 0.03 0.02 0.3 0.2 0.0 0.0 0.8 0.6
humulene 1.1 0.4 1.4 0.6 0.9 0.3 1.3 0.4 0.3 0.1 0.9 0.5
linalool 1.6 0.9 0.4 0.2 1.9 1.0 1.0 0.7 0.4 0.2 1.3 0.7
calamenene 3.7 1.8 2.7 1.3 1.6 0.5 1.4 0.7 0.3 0.1 0.9 0.3
bornyl acetate 0.2 0.2 0.8 0.3 0.5 0.2 5.1 2.0 0.1 0.1 5.1 2.4
decanal 4.4 1.5 2.2 0.5 3.9 0.8 2.9 1.0 24 0.7 2.5 0.7
alpha-copaene 11.6 6.9 5.8 2.9 1.3 0.6 0.7 0.1 0.3 0.1 1.2 0.8
alpha-thujene 3.5 2.7 173.0 82.3 26.6 17.9 36.9 22.9 1.8 14 0.9 0.4
unknown menthatriene isomer 32.6 21.9 7.1 3.8 7.8 7.3 0.4 0.2 0.8 0.4 0.3 0.2
cis-2,6-dimethyl-2,6-octadiene 17.4 15.3 36.3 17.0 11.3 8.0 3.3 2.7 0.8 0.6 1.2 0.7
caryophyllene 13.8 4.8 11.1 4.9 11.2 3.2 22.2 9.0 5.8 2.5 12.9 6.8
unknown hydrocarbon (base107) 68.1 47.8 12.3 7.4 33 3.0 0.3 0.1 0.2 0.1 0.2 0.2
an ocimene 47.8 28.8 26.8 15.5 7.8 7.0 0.9 0.3 0.6 0.3 0.9 0.4
gamma-terpinene 8.9 7.2 74.0 48.8 5.7 32 5.4 33 0.3 0.2 0.3 0.2
beta-pinene + unknown compound 16.8 11.4 33.5 9.1 25.1 13.1 37.8 10.1 8.6 33 25.7 14.9
camphene 37.7 19.8 19.4 9.2 32.8 25.6 66.9 25.5 12.1 6.6 43.8 23.2
cis-alloocimene 159.4 108.6 51.3 28.4 20.6 19.0 3.1 1.2 1.5 0.7 2.8 2.1
trans-2,6-dimethyl-2,6-octadiene 101.2 65.1 107.9 64.1 22.8 19.1 3.7 2.1 2.4 1.1 1.3 0.7
alpha-terpinene 114.3 82.4 130.3 78.7 12.3 6.7 8.2 5.7 0.7 0.3 0.6 0.4
trans-alloocimene 149.5 100.6 51.7 27.2 27.8 23.6 25.0 9.8 4.9 2.4 20.0 13.8
alpha-phellandrene 6.8 43 351.2 163.2 62.7 31.5 61.3 359 5.4 4.5 4.7 2.0
cymenene 238.8 136.5 149.8 41.4 82.4 37.0 80.3 23.6 56.1 17.4 79.3 24.9
limonene (+beta-phellandrene) 763.4 469.7 472.9 163.2 227.1 143.3 202.9 46.8 61.3 27.0 119.5 71.2
p-cymene 593.3 365.0 933.9 405.5 318.0 175.7 337.7 173.8 76.3 25.5 149.5 50.8
alpha-pinene 683.7 329.0 372.2 158.5 498.0 299.6 978.1 276.2 232.1 123.5  641.0 290.1
myrcene 2694.8 1601.9  909.7 431.5 545.4 376.3 125.2 40.1 261.7 117.8 136.2 81.6
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Table 18. Coefficients of variation for each of the volatiles collected from the headspace of 6
carrot cultivars. Relatively few volatile compounds show a coefficient of variation of
less than 1 (bottom row). Some umbels had no detectable evidence of each
particular compound. The number of these umbels out of the 36 tested appears in
the final column.

No. umbels
Compound PF1 PB3 PAl PN3 PC2 PBF1 missing
compound/36

gamma-elemene 1.8 - 1.4 1.4 1.2 1.6 17
humulene 1.5 1.1 0.8 0.9 1.1 0.7 3
linalool 14 1.1 1.8 1.3 1.4 1.3 11
calamenene 0.8 0.6 1.2 1.2 1.3 0.8 1
bornyl acetate 1.3 1.6 1.0 24 1.3 0.8 11
decanal 07 07 038 0.8 0.6 0.5 0
alpha-copaene 1.7 09 0.4 1.5 1.4 1.2 3
alpha-thujene 1.8 1.2 1.1 1.6 1.5 23 10
unknown menthatriene isomer 1.5 1.7 2.0 2.1 1.3 1.7 17
cis-2,6-dimethyl-2,6-octadiene 1.4 1.1 1.0 0.9 1.2 0.7 20
caryophyllene 22 1.2 1.1 1.7 1.7 23 0
unknown hydrocarbon (base107) 1.1 1.3 0.8 1.5 1.6 2.2 16
an ocimene 1.6 21 1.5 2.0 1.9 1.4 6
gamma-terpinene 1.5 09 0.7 1.7 0.8 1.3 13
beta-pinene + unknown compound 1.4 1.3 0.9 1.3 1.3 1.9 1
camphene 1.9 1.1 0.9 1.7 1.6 2.3 1
cis-alloocimene 14 1.1 1.4 1.6 1.7 2.1 2
trans-2,6-dimethyl-2,6-octadiene 1.2 20 1.5 1.9 1.3 1.6 5
alpha-terpinene 1.7 1.2 1.7 1.8 1.7 1.3 7
trans-alloocimene 1.8 1.2 1.0 1.6 1.5 2.1 0
alpha-phellandrene 1.2 20 1.4 1.5 1.3 1.2 0
cymenene 08 08 07 1.4 0.8 1.1 0
limonene (+beta-phellandrene) 1.6 1.1 0.6 1.5 1.0 1.5 0
p-cymene 09 0.8 1.3 1.5 1.2 1.4 0
alpha-pinene 12 13 0.7 1.2 1.2 1.5 0
myrcene 1.6 1.1 0.8 1.5 1.3 1.7 0
No. compounds with CV’s <1 4 6 11 3 3 4
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Ultraviolet reflectance

No ultraviolet reflectance was seen on any of the carrot umbels photographed in the
field (Figure 44) or in the laboratory (Figure 45) Test photographs taken in under both
sets of conditions reveal ultraviolet reflectance in other plants but not in carrot flowers.
Several tiny points of reflectance can be seen in some of the photographs of carrot
flowers. It was concluded that these were drops of nectar on the individual flowers.
These were very few in number and did not appear at all on most of the plants

photographed.

Figure 44. Comparison of ultraviolet reflectance of Daucus carota vs Raphanus
raphanistrum (wild radish) - bottom right - when photographed under field conditions.
Ultraviolet reflectance appears white.
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Figure 45. Comparison of ultraviolet reflectance of Daucus carota flowers with three other
flower types. Photographs labelled 'b' are taken with a fluorescent light source. 1;
Hypochoeris radicata (common cats-ear), 2; Taraxacum officinale 3; Brassica
sp.4,5,6. Daucus carota (carrot). Ultraviolet reflectance appears as bright pink.

Nectar sugars

The nectar from the carrot cultivars used in this trial was found to be dominant in
fructose and glucose (Figure 46). Sucrose was between 7 % and 29 % of fructose and
glucose levels and overall accounted for approximately 8 % of the total sugars
collected. Fructose levels varied between 945 ng and 2 pg per umbelette, glucose
between 1220 pg and 2.5 pg per umbelet and sucrose between 175 pg and 1.07ug per
umbelet. There was no significant difference in fructose (Kruskal Wallis test y* = 3.28,
df =5, p=0.66), glucose (Kruskal Wallis test x> = 2.86, df = 5, p = 0.72) or sucrose
(Kruskal Wallis test x> = 5.25, df = 5, p = 0.39) concentrations or total sugars (Kruskal
Wallis test y* = 3.01, df = 5, p = 0.70) between cultivars.
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Figure 46. Sugar content in nectar of six carrot cultivars. (n = 7)

Inferential multivariate analysis of volatiles/diameter/nectar sugar content

There were high levels of correlation (> 95 %) between some pairs of the 30 floral
traits measured (Table 19). One member of each of those pairs which had a correlation
of > 95 % was removed for further analysis using a reduced set of 19 less correlated
floral traits. There was a group of nine volatiles which co-varied to a high degree. In
this case eight were removed and alpha copaene was retained as it had the greatest
correlation to all of the others in the group of 9.
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Table 19. Volatiles extracted from headspace around carrots were very highly correlated in
some instances. Compounds correlated at > 95 % were eliminated from the

analysis.

Leave Removed Correlation

Alpha-pinene camphene 0.957

Alpha-phellandrene Alpha-thujene 0.971

fructose glucose 0.965

Alpha-copaene cymenene 0.943
Alpha-terpinene 0.953
Limonene (+b-phellandrene) 0.979
unknown menthatriene isomer 0.953
unknown hydrocarbon (base peak 107) 0.981
trans-alloocimene 0.974
myrcene 0.979
cis-alloocimene 0.982

Volatiles were then transformed using log x+1 and all floral traits (sugars, diameter

and volatiles) were tabulated for further analysis using ANOSIM. Overall, there was a

significant difference between cultivars in floral trait composition (Global R = 0.082, P

=0.031). Multiple comparisons showed significant differences in floral trait
composition between cultivars PB3 & PA1 (P =0.004) and PA1 & PN3 (P = 0.002). A
graphical representation of this can be seen in a Multidimensional scaling (nMDS) plot
(Figure 47), where PA1 is a distinct and separate cluster from PN3 and PB3.
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Figure 47. MDS Plot showing the relationship between cultivars. Volatiles, sugars and
diameter were included in this analysis. PB3 (p = 0.004) and PA1, PA1 (P = 0.002)
and PN3 are significantly different.

Stepwise regression using BioEnv (a module of Primer 5) was performed against other
insects and against honey bees on: (i) the reduced set of logx volatiles with nectar
sugars and diameter and (ii) on the full set of logx volatiles with nectar sugars and
diameter. With respect to honey bees the results of stepwise analysis of both the full
and reduced set of logx volatiles was identical. A grouping of five floral traits had the
best fit with honey bee visitation (corr; 0.204); these were beta pinene + unknown
compound, cis-2,6-dimethyl 2,6-octadiene, decanal, bornyl acetate and sucrose
(Appendix II). In the case of all of the insects other than honey bees visiting, best fit
was with the reduced data was set was with diameter alone (corr; 0.124) whereas using
the full data set revealed that camphene, alpha-terpinene and diameter had the most
influence (corr; 0.204). Glucose was the next factor found to be influential in attracting
other insects (corr; 0.188) (Appendix III).
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Discussion

The analysis of floral traits between cultivars showed that there were significant
differences between cultivars, with one cultivar PA1 forming a distinct and separate
cluster to two of the other cultivars. Furthermore, honey bee visitation was influenced
by sucrose levels and four volatile compounds whereas umbel diameter and two
different volatiles influenced visitation by insects other than honey bees. Very
significant differences were evident in floral diameters between cultivars whereas

nectar and volatile compositions varied greatly between flowers within cultivars.

The influence of umbel diameter in this study varied according to the insect species,
with increasing umbel size strongly increasing soldier beetles visits and weakly
increasing ladybird and native bee visits. By contrast, honey bee visits decreased with
increasing umbel diameter. Other studies have also found that flower size affects the
behaviour of pollinators. Abraham (2005) found that naive bumblebees (Bombus spp.)
visited all of the flowers of 15 althea (Hibiscus syriacus L. — rose of sharon) plants in
equal numbers but visited the larger flowers first. Abraham (2005) speculated that this
was an optimal foraging strategy as larger flowers were likely to produce more nectar.
Nectar quantity was not assessed in this study, though levels of sucrose, fructose and
glucose showed no relationship to flower size. Studies conducted by Andersson (1991)
on Achillea ptarmica (Asteraceae) revealed that pollinating insects visited larger,
many-headed, inflorescences more often than those inflorescences with less floral
heads.

This study also identified a further reduction in honey bee visits if soldier beetles were
initially present on the umbel. Interspecific pollinator interference was also found by
Danderson & Molano-Flores (2010) who found that larger floral displays on Eryngium
yuccifolium (Apiaceae) attracted more visitors, but that herbivory (> 30 % of head
affected by herbivory) on inflorescences negatively affected pollinator visitation. In
chapter 2 it was found that soldier beetles visited the same umbels that Phyllotocus
spp. were either visiting or already present upon, suggesting that nectar scarabs may
also more frequently visit larger diameter flowers. Also in that chapter both soldier
beetles and nectar scarabs were observed aggregating and using the umbels, for not
only food, but for shelter and finding mates. It thus seems probable that larger diameter
umbels may advantage beetles by providing easier landing platforms and allowing
greater aggregations of beetles on the umbel. Although many potential pollinators
visited larger inflorescences more frequently, this was not found to be the case with A.
mellifera which visited smaller umbels more frequently. A study by Kirk et al (1995)

found that nectar foraging A. mellifera were deterred from landing on umbels with real
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or simulated pollen beetles Meligethes aeneus (Nitidulidae), on them. It is highly
likely, given the negative relationship between the presence of C. lugubris and A.
mellifera and the preference shown for smaller umbels by A. mellifera, that it is the
presence of C. lugubris which deterred 4. mellifera from preferentially visiting larger
umbels. Experiments conducted on carrot umbels of various sizes without the presence
of other pollinators would probably confirm that it is not a preference for smaller
umbels which motivates honey bees, but their aversion to soldier beetles which causes

them to avoid larger ones.

Although the structure of carrot inflorescences is in the form of large, highly visible,
white or pale green umbels, which would provide a conspicuous visible cue for insects
seeking nectar, there is no evidence that colour effects insect visitation. In the previous
chapter it was found that overall insect visitation rates did not significantly differ
between green, white and purple flowering cultivars of CMS carrot flowers. In this
chapter both PF1 and PC2 cultivars had white flowers, whereas the remaining four
cultivars had light green flowers. However, ultra violet reflectance differences between
cultivars was not evident, with no significant levels of UV reflectance observed on any
of the flowers. Only small pinpricks of UV reflectance from nectar were seen in some
of the carrot flowers. To what extent UV is used by insects for flower selection is not
clear, though honey bees are known to use ultraviolet reflectance nectar guides to
locate food sources when they are conditioned to recognise these in relation to a
particular food source (Free, 1970a).

Nectar composition of carrot flowers was dominated by fructose and glucose with only
small amounts (2 %-12 % of total) of sucrose in their composition. This mixture is less
than ideal with the flowers of species that are best pollinated by honey bees generally
found to be dominant in sucrose (Percival, 1961; Perret et al., 2001). The higher the
level of sucrose, the more appealing that nectar source becomes (Herrera et al., 2006)
and the more probable that honey bees will repeat visits to such flowers. Rabinowitch
et al. (1993) found that the nectar of pepper (Capsicum annuum) breeding lines
contained only fructose and glucose and not sucrose and that these plants were
generally unattractive to honey bees, especially the male-sterile lines. This study’s
finding is not unexpected though as members of the Apiaceae family are known to
have nectar with relatively low sucrose levels. Langenberger & Davis (2002) found
that Carum carvi (annual caraway: Apiaceae), had just 13.6 % sucrose in its nectar,
and Eryngium campestre (field eryngo), Scandix australis (Southern Shepherd's
Needle), Thapsia garganica and Tordylium apulum (Mediterranean hartwort) are also

low in sucrose with an average of only 8.8 % sucrose content (Petanidou, 2005). This
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same study, Petanidou (2005), found that plants with high sucrose/hexose ratios were
attractive to bees and wasps, whereas those with high hexose/sucrose ratios were more
attractive to syrphids (hoverflies), anthomyids (root flies) and beetles. Hexose in this
study would represent the combined value of glucose and fructose, with levels thus
having very high hexose/sucrose ratios. Nevertheless, the multivariate analysis of floral
traits did show that even the low level of sucrose observed between flowers in this

study was one of the significant predictors of honey bee visitation.

Four floral volatiles within the multivariate analysis significantly explained honey bee
visits. These were cis-2,6-dimethyl-2,6 octadiene, decanal, bornyl acetate and a fourth
compound that manifested graphically as two, unresolvable, superimposed peaks one
was beta pinene and the other an unknown compound. Camphene and alpha-terpinene
were the only volatile compounds that contributed to explaining visits to carrot flowers
by insects other than honey bees. Bornyl acetate was very low in abundance among the
volatiles collected and showed the highest levels of variation among cultivars
remaining undetected in 11 of the 36 umbels tested. Decanal was also very low in
abundance, showed little variability within cultivars, was found in all flowers and is
used by many insect species, including other Hymenoptera, in intraspecific
communication (El-Sayed, 2010). Cis-2,6-dimethyl-2,6-octadiene was present at
moderately low levels among cultivars and was undetectable in 20 of the 36 tested
flowers tested. Both cis-2,6 dimethyl 2,6-octadiene and especially bornyl acetate have
been identified as candidate volatiles used by honey bees in odour recognition of
sunflowers (Thiéry et al., 1990). Interestingly cis-2,6 dimethyl 2,6-octadiene can form
from the thermal breakdown of the glucoside of linalool (Hattori ef al., 2004). Beta-
pinene and the associated unknown compound were also found at moderately low
levels and were present in all but one of the flowers tested. Camphene and alpha-
terpinene have been documented to be used by many insect species for communication
(El-Sayed, 2010) and again were found at moderate levels in the headspace above

carrot flowers.

One of the more frequently identified floral attractants of honey bees is linalool.
Linalool has been shown be an attractant to honey bees in wind tunnel experiments
(Chaffiol et al., 2005), electroanntenogram response tests (Henning & Teuber, 1992;
Wadhams et al., 1994) and condition proboscis extension observations (Blight et al.,
1997a). Pham-Delegue et al. (1993) also revealed that as well as linalool, 2-
phenylethanol and methyl salicylate both elicited conditioned proboscis extension and
influenced conditioned foraging behaviour. The results of this study did not indicate

linalool to be significant in explaining honey bee visits to carrot flowers, although one
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of the breakdown products of the thermal heating of the glucoside of linalool, cis-2,6-
dimethyl-2,6-octadiene was. In fact, linalool was present in very low amounts relative
to other volatile compounds and was undetected from 11 of the 36 flowers tested.
Some caution should be noted with these results as SPME is not a comprehensive
collection of all headspace volatiles but rather a discriminative collection of
compounds, which are absorbed by the particular fibre used. The resulting array of
compounds adsorbed is a factor of the equilibrium between headspace and the fibre,
which means that some chemicals will be artificially boosted in their representation.
Furthermore, because a large number of volatile terpenoid compounds were collected
there was a high level of complexity and concurrently at some regions lower levels of

resolution of some compounds.

The enormous variability found in the levels of volatiles among flowers also needs
further resolution. Although every effort was made to observe and collect flowers at
the same stage of sexual receptivity it is possible that the chemical composition of the
headspace varies with changes in the sexual maturation of the flowers or even during
the course of the day. This would require further experiments re-sampling flowers over
time to examine the stability of headspace volatiles. Certainly other studies have
suggested that both nectar production and volatile emanation may vary throughout the
day in order to optimise the time of maximum insect foraging activity (Pecetti & Tava,
2000; Pernal & Currie, 1998; Rabinowitch et al., 1993). A seasonal phenology of floral
volatile chemicals has been documented in sunflowers (Pham-Delégue et al., 1989)
with such variations possibly informing pollinators of growth stages and of the
corresponding availability of food rewards.

This study has identified many floral traits that vary between carrot cultivars, that
when combined, influence the insects which visit them and the frequency with which
they visit. However, further work remains in understanding these relationships. GC-
EAD would aid in identifying and narrowing candidate compounds based on whether
the insect’s antenna is producing neural responses to compounds tested. However, the
key experiments needed would involve behavioural bioassays, best undertaken in wind
tunnels and olfactometers using individually synthesized compounds and blends of
compounds to demonstrate insect attraction or repellency. Finally, application of these
compounds in tightly controlled field experiments would validate any laboratory

findings.

Whilst honey bees are reliable visitors due to the placement of hives near crops, the
carrot cultivars in this trial did not have identified floral traits known to encourage

honey bees to visit. The low sucrose component of the nectar sugars may well
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encourage nectar foraging to be directed to other plants with a higher sucrose
component. The large quantity of other monoterpenes collected in the headspace
surrounding carrot umbels may also overwhelm the scent of known attractive
compounds such as linalool which are present in very low quantities. It is likely that
less discriminating flower visitors, such as beetles which also use the flowers as mating
and feeding sites, may yet prove to be more amenable to manipulating their attraction
to flowers. Indeed, further work considering functionally similar taxonomic groups,
whose species make-up may change considerably between years, but which
collectively do not vary in their relative importance to the carrot flower should be the
focus of further study. Due to poor insect numbers in the season that this work was
undertaken, this study could not make many definitive conclusions about any cohesive
grouping other than honey bees. Nevertheless, given the ,right season’ the approach
demonstrated here may well lead to some useful indicators as to the way forward to

improve pollination rates of CMS carrot seed crops.
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GENERAL DISCUSSION

The studies in this thesis showed that CMS carrot flowers are visited by a broad
spectrum of insect species. However, visitation to a flower does not guarantee
pollination. For an insect to be a good pollinator of CMS carrots, the insect must come
into contact with a ripe pollen grain from the anther of an MF carrot flower (which is
grown in adjacent rows to the rows of CMS flowers) and the pollen must adhere to the
body of the insect. The insect must next cross the distance to a receptive CMS flower,
and must then bring this pollen grain into contact with the stigma. Once on the surface
of the stigma the pollen grain must germinate, produce a pollen tube which will grow
down through the style and into the ovary and deliver sperm to the female
gametophyte, resulting in fertilization. Methodology to establish this would include
caged or isolation experiments where pollinators can be tracked and subsequent carrot

seed-set determined by isolating umbels after visitation.

A further issue is that the pollen must also be transported between anther and stigma
within the period of its viability. A narrow time window of viability for carrot pollen in
field conditions was identified by Spurr (2003a). Spurr (2003a) noted that all carrot
pollen was non-viable by 24 hours post dehiscence regardless of temperature or
humidity and that pollen viability was seen to drop to one third or less of its original
viability within 2 hours. This indicates that there is a level of immediacy required in
the transport of pollen by the insect pollinator in order to maximise viability and thus
rates of seed set. Within the issue of low pollen transfer there are, however, many
potential avenues for yield improvement including (amongst others) enhancement of
pollinator populations in carrots, manipulation of flowering time to avoid competition
from other nectar sources and the use of parent line arrangements that are more
compatible with the foraging patterns of the predominant pollinator species. Aside
from research on the above, studies of total crop seed set in relation to insect visitors

are also of key commercial significance.

The larger insects identified as frequent visitors in this study were honey bees (4pis
mellifera Linnaeus), soldier beetles (Chauliognathus lugubris (Fabricius)), nectar
scarabs (Phyllotocus rufipennis (Boisduval) and Phyllotocus macleayi Fischer) and
muscoid flies. Hover flies (Eristalis tenax) carried high pollen loads and foraged across
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rows but were not frequent visitors during the observation and trapping periods in this
study

In addition to these large and obvious potential pollinators there were many small
insects which visited carrot crops. In this thesis, small insects (<5 mm) made up 78%
of all insects visiting the crop. These insects may contribute to pollination of hybrid
carrots but it seems unlikely given their small body size. Walker et al. (2010), noted
the proliferation of small insects in crops of onion (A//ium cepa) and hypothesised
these small insects could by blown about by wind and hence may be contributors to
cross-pollination. However, their study found no evidence to support this. By contrast,,
Hawthorn et al. (1960) discovered that hybrid carrots that were caged to exclude all
insects yielded 128 pounds of seed per acre whilst those in cages with tiny insects
yielded 453 pounds of seed per acre. Further study of small insect pollination in hybrid
carrots would be of interest to confirm or discount small insects as potentially useful

pollinators in hybrid carrot crops.

In the following sections the four insect groupings identified as frequent visitors:
honey bees, soldier beetles, nectar scarabs and muscoid flies will be further discussed
in relation to the findings of this thesis (see Table 20 for summary) and to their

pollinator potential.
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Table 20. Summary of key findings of this thesis for the four large potential pollinators of hybrid carrots.

. Trappin
Present  Frequent Pollen Active . PPIng Aggregate Preference . .
e . . impacted . Cultivar Floral traits that
Abundant throughout Visitorif load on period of on certain for MF or
by Preference attract
season Present body day flowers CMS
weather
honey Ves smaller diameter
es es es high middle . no MF latil
bee y y y g I (min temp) yes volatiles
sucrose
nectar es no es high mornin no es no es
scarab y y g & y preference y
soldier es no es mornin ves es MF es larger diameter
beetle Y ¥ g (wind) Y ¥ g
muscoid
flies yes yes yes low afternoon no no MF yes -

139



Chapter 7 General Discussion

Honey Bees

Honey bees were found to be one of the most frequent visitors in carrot crops but their
foraging behaviour was affected by weather and the presence of other insects. They are
potentially good pollinators as they carry large amounts of pollen on their bodies when
moving between flowers, but tend to forage along rows with little movement between
rows. Whilst honey bees were frequently observed visiting carrot inflorescences, they

were only infrequently caught in sticky traps and water traps.

In this thesis, honey bees were found to be the only species that carried high pollen
loads on their body and that were an abundant, consistent and frequent visitor to carrot
inflorescences within and between seasons. However, their value as carrot seed crop
pollinators may not be as great as the pollen load and visitation data suggest, with more
recent studies querying the comparative pollen transfer effectiveness of honey bees.
Westmoreland and Muntan (1995) postulate that 4. mellifera avoid collecting pollen
on their bodies and thus are not effective pollinators. Adler & Irwin (2006) found that
A. mellifera carried less pollen on their bodies and transferred relatively less of that
pollen than other bee species. This demonstrates that caution should be heeded in
claiming pollinator effectiveness based on pollen loads, as the amount of pollen on the
body does not necessarily equate with the efficiency of depositing pollen on stigmas.
Bumble bees (Bombus terrestris) are far better pollinators than honey bees in cotton
crops (Berger ef al., 1988) and in raspberries (Willmer ef al., 1994), while the squash
bee, Peponapis limitaris, a native bee in Mexico, removes and deposits almost four
times as much pollen as A. mellifera in Cucurbita moschate (Cucurbitaceae) (Canto-
Aguilar & Parra-Tabla, 2000). In hybrid carrots, thirty female alfalfa leaf cutting bees
(Megachile rotundata) have been shown perform the equivalent pollination of 300
honey bees in caged trials (Tepedino, 1997).

Commercial crops are sprayed regularly to control Rutherglen bug (Nysius vinitor)
which destroys carrot seed. Honey bees are less impacted by the spray regimes as
farmers endeavour to spray when bees are not active in order to reduce bee mortality.
Honey bees were the most frequent visitors in one such sprayed commercial crop
(SA2). In this crop visits from honey bees averaged 6.7 visits/5 min and represented
95% of the total insect visitation. Honey bees visited more frequently at mid-day but
were affected by weather conditions. They visited CMS carrot inflorescences more
frequently when daily temperature minima were higher. The observations within this

study were consistent with previously published findings that variations in pollinator
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visitation in crops are governed by weather (Alam et al., 1987; Koul ef al., 1993) and it
is known that honey bees will only forage at optimal temperatures and not in windy or
wet weather (Abrol, 1997; Currah & Ockendon, 1984). We also found that honey bee
foraging increases as evaporation levels rise. This can be a disadvantage in Tasmania
where minimal summer temperatures during carrot flowering may drop to 4° C. When
seasonal temperatures (and thus minimal temperatures) are generally lower this may
have a serious impact on the pollination of CMS carrots. Although honey bees in this
study were found to preferentially visit umbels of smaller diameter, soldier beetle
(Chauliognathus lugubris (Fabricius)) numbers were seen to increase correspondingly
as umbel size increased. It is probable that honey bees in this study were not more
attracted to smaller umbels but were discouraged from visiting umbels with soldier

beetles present.

Carrot flowers have low levels of sucrose in their nectar. The predominant sugars in
carrot nectar are hexoses (glucose and fructose). Honey bees are known to prefer
nectars which are sucrose rich. The low sucrose levels in the nectar of carrot flowers
would lead to less frequent visiting of carrot inflorescences when there is competition
from flowers which have higher levels of sucrose in their nectar. When pollen balls
from the corbiculae of honey bees in a hive adjacent to a carrot crop with MF carrots in
flower was analysed, it was found that very few of the pollen balls were from carrot
flowers. Overall, only a maximum of 6.7% of the pollen balls collected by honey bees
on any one day were found to be composed of carrot pollen. It is not known whether
the carrot pollen itself may be of a lesser nutritional value to honey bees or it is in
some other way less attractive or even mildly repellent compared to the pollen from

other plant species.

It was found that honey bees did not cross over from the MF to the CMS cultivars in a
carrot crop as frequently as some other insects but rather, foraged in a linear fashion
along the rows. The level of crossing over from one row to another was also markedly
affected by the distance between them. Further, honey bees preferred to forage on the
MF rather than the CMS carrot flowers with 63-87% of all visits being to MF umbels.
The time that bees spend on each umbel did not vary between MF and CMS umbels.
Honey bees on CMS umbels were 6 times more likely to have low pollen counts on
their bodies than those on MF umbels and honey bees collecting nectar were 8 times
more likely to have low pollen counts than those collecting pollen. Reducing the
distance between MF and CMS rows is largely determined by commercial practicality

as the machinery for sowing, for removing MF rows post fertilization of CMS plants
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and for harvesting seeds must be accommodated. Consideration should be given to
determining which MF carrot cultivars produce pollen that is most attractive to honey
bees. By utilising a cultivar with more attractive pollen, one may be able to increase
the overall numbers of foraging honey bees and so the potential for deposition of

pollen on the CMS cultivars.

Another approach to increasing the number of bees in a crop would be to increase the
number of hives per hectare; but would this improve honey bee visitation? Honeybee
populations of 9.6 foragers / m” of plants were determined to be optimal for pollination
of open pollinated carrot plants in cages (Hawthorne ef al., 1960). Stocking rates of 10-
15 hives/ha were recommended for hybrid carrot seed crops to achieve an average of
9.6 foragers / m” of plants (Mayer & Lunden, 1983) cited in Delaplane and Mayer,
2000). In the United States 15-20 hives/ha are commonly placed around the border of
hybrid carrot seed fields (Rubatzky et al., 1999). Stocking rates used in Australian
crops of 5-8 hives/ha (Fulton, 1999; Manning, 2003) appear relatively low, although it
is unclear if the size of the hives on which the recommendations were based were the
same in each instance. A further issue is that honey bees were found to preferentially
visit other sources of nectar than carrot inflorescences if they were available. Honey
bees in this study were estimated to be travelling up to 2.7 km to forage on other
flowers. Increasing hive numbers would, in theory increase the number of honey bees
in a crop, and this is a strategy used by growers, but it would seem that increased

visitation to the crop would only occur in the absence of other forage nearby.

Bee keepers regularly inspect the hives, that they provide to seed and fruit growers, to
assess the condition of the colony. Supplementary feeding of bees is required if nectar
is in short supply; as appears to be the case within CMS carrot inflorescences. This
leaves the bees free to collect pollen, however in the case of CMS carrots, honey bees
would have less incentive to move across the rows from the MF carrots to the CMS
carrots. Several honeybee attractants that contain sugars, attractive oils or components
of the Nansonov pheromone used by bees to orientate low odour food resources have
been marketed. The results from use of attractants have generally been poor or mixed
(Loper & Roselle, 1991; Mayer ef al., 1989). No change in bee foraging behaviour or
crop seed yield was recorded following sprays of the food supplement Beeline® in
carrot seed crops (Belletti & Zani, 1981).
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Nectar Scarabs

In this study, nectar scarabs (P. rufipennis and P. macleayi) were identified as having
potential to supplement or even replace honey bees as the primary pollinators and thus
overcome the limitations in pollen transfer associated with low attractiveness of carrot
flowers to honey bees. They were the 2" most abundant potential pollinators: 1600
nectar scarabs were observed compared to 1800 honey bees visiting carrot flowers
(Chapter 2). Nectar scarabs were attracted to larger diameter carrot umbels and thus
selection of larger umbel diameter flowering cultivars may aid pollination. Phyllotocus
spp. are important pollinators of Eucalyptus nitens in native forests (Hingston et al.,
2004) and in this study, P. rufipennis was shown to carry high carrot pollen loads on
their bodies. Nectar scarabs were found to be carrying pollen on their bodies in large
amounts in CMS umbels both close to and at a distance from the pollen producing MF
plants. They had the highest pollen load of all of the potential pollinators assessed,
often over 1000 grains of pollen were harvested from the body of a single beetle. They
were significantly aggregated on umbels and observation of the behaviour of nectar
scarabs on carrot umbels indicates that they are using the umbels to find mates and to
provide shelter in addition to using them as a food source. They were observed to
move rapidly across umbels and from umbel to umbel and were often visibly covered
in pollen when on the CMS inflorescences. Examination of the mouthparts of both
Phyllotocus spp. observed in this study indicates that they are unsuited for the
consumption of pollen, lacking obvious mandibular structures (unpublished data). It
may be these qualities which possibly make them an ideal potential pollinator: being
highly mobile and moving ripe pollen from anther to distant stigma whilst it is still
viable. Their pollinating potential would be enhanced by their preference for larger
umbel size and their contest for mates which possibly outweighs their need to

discriminate between inflorescences based on pollen or nectar rewards.

Despite these promising attributes, the nectar scarab only appears on carrot flowers for
a very short time during the receptive phase of the CMS carrot flowers. During the 3
years of this study they swarmed on the umbels in huge numbers for a period of
approximately 1-2 weeks and then disappeared from the crop again. This did not
always coincide with the observation or trapping periods. Although nectar scarabs
were seen in all 3 years, the species varied from season to season with only P.
rufipennis observed in the first season and predominantly P. macleayi in the following
two seasons. Nectar scarabs were swarming on the carrot inflorescences in the first
field study. At peak swarm in mid to late December 2002 there were an average of 3.8

visits per umbel/5 min. In this trial, 54% of all the insect observations were P.
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rufipennis. In the 2003/2004 season, almost 61% (808) of all of the large insects
(>5mm) caught in water traps were nectar scarabs. They were also the most abundant
larger pollinator (>5mm) in water traps where 815 (29%) were caught however, only
34 were observed on umbels. Overall they accounted for 24% of all insects >5 mm

trapped and observed.

Nectar scarabs follow a trend of early morning activity which decreases as the day
progresses. They can be observed burrowing into the umbels in the afternoon where
they become immobile until the following day. There is very little published
information regarding nectar scarabs and why they suddenly appear, where they go
when they leave carrot crops and their precise breeding cycles. Nectar scarabs can be
observed in eucalyptus trees and other native vegetation long after their swarming
period in carrot inflorescences (pers. observation). It is probable that the nectar scarabs
are responding to an as yet undiscovered stimulus provided by the early flowering
carrots and move on to other species when this stimulus has waned or attractants from
other flowering plants supersede it. These beetles were affected by insecticidal sprays
and in preliminary trials where there was vigorous nectar scarab activity prior to
spraying on one day, there were none in evidence the following day. A thorough
search of the area did not reveal any dead beetles indicating that perhaps they were not
killed outright by the spray but were repelled by it and moved on to other forage

sources.

Muscoid Flies

The flies observed in this thesis were of mixed species and as such caution must be
applied in drawing conclusions about their visitation behaviour. Diptera have been
noted as the primary visitors of carrot flowers (Howlett, 2011; Koul et al., 1993) and
were among the most prevalent visitors to CMS carrot inflorescences in Tasmania. In
experiments using the European blow fly (Calliphora vicina), Howlett (2011) found
that caged carrot plants without C. vicina had 10 fold less seed than those caged to
eliminate larger pollinators. Muscoid flies were regular and prolific visitors but, like
honey bees tended to forage only within rows. Odour lures placed in hybrid carrot seed
crops in Canterbury, New Zealand increased fly activity within a short distance of the
lures but did not significantly increase seed set in the crop as a whole (Evans et al.,
1995). When muscoid flies from carrot crops were examined for pollen load over 80%
carried no discernable pollen grains, approximately 15% carried between 10 and 99

grains of pollen and the remaining 5% carried between 100 and 999 grains of pollen.
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Many studies cite flies as prolific carrot visitors (Ahmad & Aslam, 2002; Bohart &
Nye, 1960; Goyal et al., 1989; Wojtowski et al., 1980). Further experiments are
necessary using flies which frequent Tasmanian carrot crops to determine whether

particular species are more successful at pollinating carrot flowers than others.

Soldier Beetles

Soldier beetles were also among the most frequent visitors to CMS carrot
inflorescences. They were more often observed than caught in traps. Like nectar
scarabs, they also utilise carrot umbels for mating but were also seen consuming carrot
flowers. Again, as with nectar scarabs, soldier beetles were found to be significantly
aggregated in their distribution across flowers in the crop and did not appear in all
seasons. Aside from one sighting, they were absent in season 1 (B1 and SA2) but were
seen in the following season (UF5) following the pattern of appearance of the nectar
scarab, P. macleayi. In studies of the adult phenology of C. lugubris in Tasmanian
eucalypt plantations Shohet & Clarke (1997) found seasonal variation in the
commencement and duration of adult flight activity. This suggests some difficulty in
their reliability of being regular carrot flower visitors both within and between seasons.
The soldier beetles under observation in these studies could be seen flying from umbel
to umbel but more frequently walked down the carrot stems and across the intervening
space to ascend to another umbel. They followed a trend of being seen on umbels most
frequently in the morning and decreasing in number during the day with higher 1pm
wind speeds associated with more soldier beetles being caught in static traps. Griffin et
al., (2009) found fairly high eucalypt pollen levels carried on soldier beetles but low
visiting frequency. At a local level one potential method to attract soldier beetles into
carrot crops may involve the use of attractants with Mensah & Madden (1994)
reporting that they will aggregate to supplementary food sources sprayed in eucalypt
plantations. However, any benefit gained by soldier beetle visiting must be assessed in

the light of any impact they have when chewing on flowers.

Cultivar differences and insect visitation

In this thesis, we sought, not only to assess the insect visitors to carrot crops, but
whether different carrot cultivars are more frequently visited and to examine the floral

traits of these various cultivars.

When brown anther and petaloid morphotypes were compared, there were no

significant differences in insect visitation nor was there a difference in visitation to

145



Chapter 7 General Discussion

inflorescences of different colours. These findings differed from those of Galuszka &
Tegrek (1989), who found that light green petaloid cultivars were most unattractive to
insects and brown anther cultivars the most attractive. This may have been due to
fewer CMS cultivars used in their study: 5 compared to the 17 in our comparison field
trial. Visitation to root types differed: berlicumer root types received more insect visits

than nantes root types.

CMS carrot cultivars were found to vary in their attraction to insects, with some
cultivars attracting very few insects while others were visited considerably more
frequently. The attractiveness of cultivars varied between insect species. When insect
visitation to 17 carrot cultivars were compared, the visitation of muscoid flies, honey
bees and nectar scarabs (P. rufipennis), was significantly different between cultivars.
Cultivar PN3 was consistently visited less than, and cultivar PB3 more than, all of the
others. After the number of experimental carrots had been reduced to 6, soldier beetles,
which were not observed in the 17 cultivar trial, visited some cultivars (PN3, PB3 and
PF1) significantly more than others, whilst honey bees visited one cultivar (PC2)
significantly less than the others. Whilst there were significant differences in insect
visitation, cultivar PN3 was consistently highly visited by honey bees, soldier beetles
and nectar scarabs in the 6 cultivar trial and by honey bees in a subsequent trial.
Muscoid flies and nectar scarabs showed significant differences in the first trial but
visitation preferences were weak in subsequent trials. The quantitative demonstration
of differences in attractiveness to honey bees between CMS carrot cultivars was
consistent with previously published observations of carrots (Erickson & Peterson,
1978; Erickson et al., 1979) and other agricultural crops such as globe artichokes
(Morison et al., 2000).

Of the umbels examined in this study, none showed any evidence of ultraviolet
reflectance; other than the UV reflectance from pinpricks of nectar. The best studied
insects for visions are honey bees which can use ultraviolet reflection in distinguishing
one species of flower (nectar source) from another. Kevan ef al (2001) concluded that
honey bees (Apis mellifera Linnaeus), which do become constant visitors to
ultraviolet-reflecting flowers, would perform poorly under the changing illumination
conditions of light and shade. This appears to be supported by experiments conducted
by Goulson et al. (2000) who discovered that when the dilute optical brightener
Tinopal CBS which was applied to 3 species of flowers, bee visitation (including that
of A. mellifera) was reduced and their ability to locate rewards was reduced. There is

general agreement that all insects use colour to discriminate between different flower
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species or between those in a community. The literature on insect colour vision is
extensive and the discussion of the effect of flower colour on insect visitation to
flowers of varying colours is also copious (Wells & Wells, 1986). Many insects may
include floral characteristics such as patterning and colour to locate the nectar source in
flowers and some species of insects are stimulated by different colours. Although, once
finding a source of good forage, insects may become constant to a particular floral
characteristic, ultraviolet reflectance cannot be attributed any greater importance than
other stimuli. It is also known that ultraviolet reflectance is found in less than 15% of
small flowers (<lcm in diameter) and is much more common in larger flowers which

often have patterns known as nectar guides. (Kevan et al., 2001).

Umbel diameter varied significantly between cultivars Cultivar PC2 had significantly
larger umbels and PA1 significantly smaller umbels. As umbel diameter increased
there was a corresponding decrease in honey bee visitation and increase in soldier
beetle visitation. As previously stated this was most likely due to an interaction
between the two species in which the presence of soldier beetles discouraged honey

bees from visiting.

Both honey bees and other insects were found to be influenced by different floral
volatiles. Honey bees were affected by nectar sucrose content and by the emission of
the volatiles beta pinene (+ unknown compound), cis-2,6-dimethyl- 2,6-octadiene,
decanal, and bornyl acetate. As a group, all other insects were affected primarily by
umbel diameter and by the volatiles camphene and alpha-terpinene. Twenty six peaks
were identified as potentially originating from carrot flowers, and of these only nine of
the 26 compounds, namely decanal, caryophyllene, alpha-phellandrene, p-cymene,
trans-alloocimene, cymenene, limonene (+beta-phellandrene), myrcene and alpha-
pinene, were detected within every flower sampled.. Given the differences found,
further research on volatile production, nectar production, umbel size and their
heritability between CMS carrot cultivars, is warranted as a longer term approach to
enhancing CMS carrot pollination. Such traits may be manipulated through agronomic

practices or breeding to increase floral attractiveness to pollinators
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RECOMMENDATIONS FOR RESEARCH AND INDUSTRY

The following seven recommendations have been identified as key issues for further

research to enhance pollination of hybrid carrots.

1 Investigations should be conducted into more efficacious use of pest sprays to
minimise the impact on pollinating insects. There may be: alternative insecticidal
sprays which are effective against sap-sucking insects, such as Rutherglen bug, but
which affect potential pollinators less directly. Systemic insecticides not applied to the
flowers are one possible option. Further investigation into the habits and life cycles of
pest species and the timing of maximum spray impact on these life cycles in monitored

crops may allow the reduction in spray applications.

2. Much further investigation, beyond insect visitation, into pollinator efficacy of key
insects identified in this thesis by the analysis of pollen deposition and resultant seed

set in that season is recommended.

3. Investigations into the provision of ,nursery’ areas for other insects which are
potential pollinators of carrot crops should be conducted. These may include grassed
areas for the larvae of beetles which feed on the sap of roots and areas of rotting

vegetation for the reproduction of insects such as syrphid flies.

4. Trials of plantings of flowering plants near carrot crops to maximise the number of
pollinator species is recommended. For maximum effect flowering plants could be
grown adjacent to carrot crops before planting and removed as carrots become

receptive to pollination.

5. Further field experimentation should be undertaken on the floral traits of carrot
umbels (especially volatiles and sucrose content) and their influence on insect
visitation during a period when insect visitation is higher than during the study in
chapter 6 so that greater power in analysis can be achieved. This could also be

followed up with laboratory-based behavioural assays.

6. Investigations should be conducted into the population dynamics, biology and
behaviour of nectar scarabs and soldier beetles with a view to maximising visitation.
Strategies should be developed to maintain populations throughout the flowering
period of the hybrid seed crops thus increasing the potential for higher pollination.
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7. There is some scope for investigation into the qualities of carrot pollen which appear
to make it less attractive to honey bees than other pollen. Comparison studies of carrot
pollen loads on honey bees in different MF cultivars may enable carrot seed producers
to entice more honey bees into their crops initially and thus increase the potential of
crossing over to CMS plants.
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SIMULATION MODEL

The following simulation model was generated using the data presented in chapter 4.

Biometrician Greg Lee assisted in preparing the model.

Data

Table 21 shows the relevant data with one sample period per row. The “mass” column
records the total mass of pollen (in grams) collected and the 7700 column the mass (g)
of 100 randomly selected pollen balls. From these figures an estimate of the count of
pollen balls may be derived, as shown in the est. column. Finally, a sample of 60
pollen balls was taken and the number identified as carrot pollen recorded (column
0bs.c60).

Method

Markov Chain Monte Carlo (MCMC) is a computational technique which allows
samples to be drawn from the posterior distribution arising from a Bayesian

calculation.

Over the course of the last decade the accessibility and use of MCMC tools has
increased substantially. The original BUGS (Bayesian analysis using the Gibbs
Sampler) software has diversified into a family of tools which now includes
WinBUGS (Lunn et al., 2000), OpenBUGS (Thomas et al.,2006), and JAGS (Just
Another Gibbs Sampler) (Plummer, 2003); CODA (Plummer et al., 2009) has enabled

a standardised format for post-processing

MCMC posterior samples; with all of these tools (and many others) accessible from
within the R statistical environment (R Development Core Team, 2010), providing
interoperability and ease of use for a wide (and growing) range of MCMC tools.
Recent texts on the use of Bayesian MCMC methods in ecology include McCarthy
(2007); Bolker (2008); Zuur et al. (2009).

We used R as an interface to JAGS to estimate the rate at which carrot pollen was
being collected, given the sampling process used to make observations of carrot pollen

counts. That is, the most likely rate of carrot pollen collection given the observed
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counts of carrot pollen during each sampling period, adjusted for the estimated total

number of pollen balls collected during that period and the sub-sample of 60 balls used

to determine the carrot pollen count.

Table 21. Number of pollen balls composed of carrot pollen with estimated number of pollen

balls per sample.

i date time mass m100 est. obs.c60
1 2004-01-06 12:00 7.81 0.67 1166 1
2 2004-01-06 17:30 10.04 0.80 1256 0
3 2004-01-12 12:00 7.67 0.68 1128 2
4 2004-01-12 21:30 3.66 0.78 470 4
5 2004-01-15 12:00 6.94 0.68 1022 2
6 2004-01-15 21:00 2.21 0.82 270 1
7 2004-01-19 12:00 4.40 0.64 688 1
8 2004-01-19 21:00 2.91 0.69 422 1
9 2004-01-23 12:00 6.38 0.55 1160 2
10 2004-01-23 21:00 3.85 0.58 664 2
11 2004-02-04 12:00 33.75 0.78 4328 0
12 2004-02-04 21:45 10.19 0.63 1618 0
13 2004-02-10 12:00 14.00 0.79 1772 0
14 2004-02-10 20:45 6.23 0.76 820 1
15 2004-02-13 12:00 34.87 0.76 4588 0
16 2004-02-13 20:45 2.52 0.56 450 2
17 2004-02-16 12:35 33.49 0.82 4084 0
18 2004-02-16 21:00 8.29 0.70 1184 0
19 2004-02-27 12:00 12.56 0.76 1654 0
20 2004-02-27 20:00 8.79 0.87 1010 0
21 2004-03-01 12:30 2.61 0.70 374 0

We begin by making the assumption that there is a "true" underlying rate of preference

observations were obtained are in some sense representative of the larger set of

hypothetical sampling periods from which we could potentially collect data. The
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individual probability of observing carrot pollen p; in the ith sample period is related to

the underlying mean as.

logit:(p;) = ]-:-g(1 L ) = b~ N, 7).
— P

)
That is, the model includes sampling period as a random effect and the log-odds are
normally distributed about the mean x with precision t .The actual model implemented

in JAGS was as follows

model

{
for (i in 1:N)

{

b[i] ~ dnorm(mu, tau)
gli] ~ dbin(p[i],n[1])
r(i] ~ dbin(qlil/n[i], 60)
logit(p[i]) < - b[i]
}
pop.mean < - exp(mu) / (1 + exp(mu))

mu ~ dnorm(0.0,1.0E-6)

sigma < - 1 / sqgrt(tau)

tau ~ dgamma (0.001,0.001)
Yo

from which we can see that the process relies on a nested pair of binomial

count 7; is used to generate a simulated count gi which adjusts for the sub-sample of
size 60. We then use gi to estimate the probability pi of observing carrot pollen in a
sample of size "', the total estimated pollen ball count for period i. The quantity pi is
related to the underlying population mean by equation (1), where u is a measure
expressed on the logit scale. For convenience we convert this back to the probability

scale using

_explu)
~ 14exp(p)

"

2)

Where é is the estimated underlying mean probability of observing carrot pollen in
the population of sampling periods for which those considered here form a

representative sample.

173



Appendix |

Simulation Model

Results

Results from the model are provided in Table 22. Results from simulation model,

with the estimates of the underlying mean, expresse 6 as the log-odds x and a

probability. An indication of the precision of these estimates are provided by the

posterior quantiles, of which interpretation is straightforward. The estimated mean

probability of observing carrot pollen in sample period 1 pl (first day’s sampling in

morning, p2 afternoon of first day’s sampling and so on) was 0.01488, or nearly 1.5 %,

the median was 0.014, and 95 % of the samples generated against p1 lay in the interval
[0:004503; 0:03052].

Table 22. Results from simulation model

param mean sd 2.5 % 50 % 97.5%
U -4.32640 0.330232 -5.077342 -4.30163 -3.75547
P 0.01488 0.006872 0.004503 0.01400 0.03052
P, 0.01293 0.005819 0.002268 0.01266 0.02570
P, 0.01712 0.008161 0.006679 0.01545 0.03936
Py 0.02194 0.014056 0.008461 0.01757 0.06294
Ds 0.01750 0.009097 0.006493 0.01565 0.04189
D 0.01520 0.006882 0.004430 0.01437 0.03142
)X 0.01510 0.007314 0.004559 0.01413 0.03204
Ds 0.01494 0.007076 0.004394 0.01399 0.03163
Do 0.01792 0.011209 0.006487 0.01556 0.04657
P o 0.01777 0.010426 0.006339 0.01563 0.04478
P 0.01248 0.005807 0.001973 0.01246 0.02452
D1 0.01344 0.006409 0.002201 0.01300 0.02757
P s 0.01258 0.005762 0.002177 0.01233 0.02468
D14 0.01495 0.006494 0.004407 0.01420 0.03048
Pis 0.01282 0.006001 0.002024 0.01248 0.02559
D1 0.01763 0.009719 0.006445 0.01562 0.04328
D7 0.01287 0.005726 0.001712 0.01263 0.02519
D s 0.01300 0.006504 0.001611 0.01271 0.02653
P 0.01294 0.006102 0.002335 0.01258 0.02604
P 20 0.01326 0.005928 0.002628 0.01297 0.02602
D2 0.01316 0.006357 0.002270 0.01282 0.02661
é’ 0.01369 0.004107 0.006198 0.01337 0.02285
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Discussion

The estimates of the individual sampling periods display the "shrinkage" characteristic
of mixed-effects models (G. Lee pers, comm.). The estimates for the extreme
observations are pulled in towards the overall mean. In the current scenario this is
useful, because of the large number of zeroes in the data. However, the model also
shows signs of instability due to the paucity of carrot pollen observations. If the core
research question was to identify the underlying rate of pollen collection in the carrot
crop by examination of the observed proportion of carrot pollen in the samples, it
would have been useful to set the subsample count at a threshold which allowed a
minimum carrot pollen count (in the range 5-10, say) for the majority of (and
preferably all) sampling periods. This is recommended for any future study which aims

to estimate this quantity with accuracy.
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Appendix 11

CORRELATION BETWEEN VOLATILES

Some volatiles were highly correlated. Those with Pearsons correlation coefficients > 0.95 which formed groups with a = 95 % correlation were
reduced to a single representative component (Table 23)

Table 23. Correlations of volatiles = 95 %.

unknown unknown limonene

. trans- cis- .
menthatriene hydrocarbon alloocimene  MYrcene (+beta- cymenene ., imene a-terpinene a-copaene
isomer (basel107) phellandrene)
“nkn"w?sgn;ghamene 0.967 0.976 0.988 0.958 0.926 0.985 0.918 0.953
unknown hydrocarbon o5 0.973 0.982 0.940 0.916 0.994 0.945 0.981
(base107)
trans-alloocimene 0.976 0.973 0.983 0.979 0.932 0.986 0.920 0.974
myrcene 0.988 0.982 0.983 0.970 0.941 0.994 0.941 0.979
limonene (*beta- 0.958 0.940 0.979 0.970 0.956 0.964 0.936 0.968
phellandrene)

cymenene 0.926 0.916 0.932 0.941 0.956 0.932 0.940 0.943
cis-alloocimene 0.985 0.994 0.986 0.994 0.964 0.932 0.946 0.982
a-terpinene 0918 0.945 0.920 0.941 0.936 0.940 0.946 0.953

a-copaene 0.953 0.981 0.974 0.979 0.968 0.943 0.982 0.953
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Appendix 111

BIOENV RESULTS

Stepwise analysis using BIOENV (a module of Primer 5 statistical software:
University of Auckland, New Zealand). Table 24 shows the result of stepwise analysis
of the visitation of honey bees and other insects using the full dataset of volatiles and
other floral factors and Table 26 shows the result of stepwise analysis of the visitation
of honey bees and other insects using the reduced dataset of volatiles and other floral
factors. Table 25 and Table 27 provide the key to the selections in the preceding two
tables.

Table 24. Logx full data set

Bees Only All Other Insects
No No
Vars Corr Selections Vars Corr Selections

5 0.204 5,6,20,21,29 3 0.204 3,9,30

2 0.2 5,29 2 0.196 9,30

4 0.196 6,20,21,29 3 0.188 9,28,30

3 0.194 5,20,29 4 0.187 3,9,28,30

4 0.193 5,20,21,29 3 0.18 9,27,30

4 0.191 5,6,20,29 5 0.18 3,9,17,28.30
5 0.187 5,20,21,27,29 4 0.18 9,17,28,30

5 0.185 5,6,20,27,29 4 0.18 3,9,17,30

4 0.184 5,20,27,29 5 0.179 3,6,9,28,30
4 0.184 5,20,28,29 4 0.178 6,9,28,30

Table 25. Key to identity of selections in Table 24

Logx Volatiles

1 alpha-thujene 17 linalool
2 alpha-pinene 18 trans-alloocimene
3 camphene 19 cis-alloocimene
4 alpha-phellandrene 20 decanal
5 Dbeta-pinene + unknown compound 21 Dbornyl acetate
6 Cis-2,6 dimethyl 2, 6 octadiene 22 gamma-elemene
7 myrcene 23 alpha-copaene
8 Trans-2,6dimethyl 2,60ctadiene 24 caryophyllene
9 alpha-terpinene 25 humulene
10 p-cymene 26 calamenene
11 limonene (+beta-phellandrene)
12 Unknown ocimene Other Factors
13 gamma-terpinene 27 fructose
14 Unknown Hydrocarbon (base 107) 28 glucose
15 Unknown menthatriene isomer? 29 sucrose
16 cymenene 30 Diameter
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Appendix I1I

BIOENV Results

Table 26. Logx Volatiles reduced data set

Bees Only All Other Insects
No No
Vars  Corr _ Selections Vars  Corr___ Selections
5 0.204 3.4,10,11,18 1 0.124 19
2 0.200 3,18 2 0.115 1,19
4 0.196 4,10,11,18 2 0.113 9,19
3 0.194 3,10,18 2 0.11 12,19
4 0.193 3,10,11,18 2 0.105 14,19
4 0.191 3,4,10,18 3 0.104 9,17,19
5 0.187 3,10,11,17,18 4 0.103 9,12,17,19
5 0.185 3,4,10,17,18 2 0.102 3,19
4 0.184 3,10,17,18 3 0.101  9,12,19
4 0.183 3,4,11,18 3 0.098 12,17,19
Table 27. Key to identity of selections in Table 26
Logx Volatiles
1 a-pinene 11  bornyl acetate
2  a-phellandrene 12  gamma-elemene
3 b-pinene + unknown compound 13  a-copaene
4 Cis-2,6 dimethyl 2, 6 octadiene 14 caryophyllene
5  Trans-2,6 dimethyl 2, 6 octadiene 15  humulene
6 p-cymene 16  calamenene
7  Unknown ocimene Other Factors
8  gamma-terpinene 17 fructose
9 linalool 18  Sucrose
10 decanal 19  diameter
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