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ABSTRACT

This project examined multiple aspects of the reproductive biology of the wetland
invasive species, purple loosestrife (Lythrum salicaria L.), in central Saskatchewan. An
examination of insect taxa visiting the three floral morphs of tristylous L. salicaria, as well as a
ranking of the pollination efficiency of individual insect species, an apparent first for L salicaria,
was undertaken. Surface features of the floral nectary of L. salicaria, as well as floral nectar
secretion dynamics, were also investigated. This project also re-visited some of the previous
work done on this invasive species, including various floral organ morphometrics in relation to
heterostyly, and aspects of the tristylous breeding system including self-fertilization, and
fertilization potential of both “illegitimate” pollination and “legitimate” pollination.

The trimorphic nature of the sexual floral organs of L. salicaria were well defined in
Saskatchewan. Significant differences in length (long-, intermediate- and short-style lengths)
exist between all three floral morphs. Lengths of the staminal filaments (long, intermediate, and
short) were also significantly different. Also the floral nectary in L. salicaria is located in a
depression formed at the interface of the hypanthium and the gynoecium. Several stomata are
located at regular intervals along the nectary surface, and may constitute the escape route for
floral nectar. No morphological differences in nectary structure were apparent among the three
floral morphs.

Nectar secretion dynamics of L. salicaria were examined between the three floral morphs
throughout two summer days in 2006. Peak average nectar volumes and nectar sugar quantities
were detected at 3:00 pm, and, interestingly, no significant differences were detected between
floral morphs, in accordance with nectary morphology. The estimated secretion rates for L.

salicaria ranged from 61 — 83 pg of nectar sugar per flower per hour.



Hand-pollination experiments carried out over the summers of 2006 and 2007 at three
field sites in and around Saskatoon have verified the strong self-incompatibility in the breeding
system of this tristylous species. Intramorph pollination, using illegitimate pollen, did not result
in fertilisation, whereas legitimate hand-pollination experiments yielded multiple pollen tubes at
the style base, without exception.

Lythrum salicaria in central Saskatchewan was visited by several bee taxa including
honeybees (Apis mellifera L.), bumblebees (Bombus spp.), leafcutter bees (Megachile spp.), and
sweat bees (Lasioglossum spp.). A single visit by Anthophora furcata (Panzer) was also
recorded in 2007. Generally, bee visits led to high levels of pollination success as determined by
fluorescence microscopy of pollen tubes following single insect visits to previously-unvisited
flowers. However, most visits by hoverflies (Syrphidae) were non-pollinating. Visits by Pieris
rapae (L.), yellowjacket wasps (Vespidae) and some non-syrphid flies (Diptera) also yielded no
pollen tubes at the style base.

A study of the ultrastructure and development of the floral nectary of the purple
loosestrife cultivar ‘Morden Gleam’ (Lythrum virgatum L. x L. alatum Pursh.) showed that
starch build up in pre-secretory nectary tissues declined throughout secretion, and is virtually
absent in post-secretory nectary tissues. The lack of a direct vascular supply to the floral nectary
suggests that the starch breakdown products likely make up most of the floral nectar
carbohydrates. Surface features of the floral nectary in ‘Morden Gleam’ closely resembled those
of L. salicaria, located in the valley formed between the hypanthium and gynoecium. Nectary

stomata, occasionally in pairs, likely serve as outlets for nectar in this cultivar.
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1. INTRODUCTION TO LYTHRUM SPP.

1.1 Classification and distribution

The Lythraceae is one of 14 families of the order Myrtales of the subclass Rosidae. This
dicotyledonous family is widely distributed, though most species are tropical and many occupy
aquatic or semi-aquatic habitats. The Lythraceae consists of 30 to 32 genera and approximately
600 species (Morris 2007; Judd et al. 2008). Within the Lythraceae, the genus Lythrum L.
contains 35 species (Judd et al. 2008).

Of the 35 Lythrum species, only 12 are present in North America (USDA Plant Database
2008). However, only half of these species are native to North America: L. alatum Pursh; L.
californicum Torr. & A. Gray; L. curtissii Fernald; L. flagellare Shuttlw. ex Chapm.; L. lineare
L.; and L. ovalifolium Koenhe. The six non-native Lythrum species in North America are L.
hyssopifolium L.; L. portula (L.) D.A. Webb; L. salicaria L.; L. thymifolia L.; L. tribracteatum
Salzm. ex Spreng.; and L. virgatum L.

In Canada, specifically, the only native Lythrum species is L. alatum, which occurs in
Ontario. There are three introduced species of Lythrum in Canada: L. hyssopifolium in British
Columbia and Ontario, L. portula in British Columbia, and L. salicaria, which is most widely

distributed, occurring in all ten Canadian provinces (USDA Plant Database 2008).

1.2 Biology of Lythrum salicaria (purple loosestrife)

1.2.1 History and environmental impact in North America

Lythrum salicaria (purple loosestrife) is a perennial herb of Eurasian origin that has
become an invasive species in North America. Although thought to have been introduced to

North America in the early 1800’s (Mal et al. 1992; Houghton-Thompson et al. 2005), L.


http://plants.usda.gov/java/ClassificationServlet?source=profile&symbol=LYFL4&display=63
http://plants.usda.gov/java/ClassificationServlet?source=profile&symbol=LYPO4&display=63

salicaria was not recognized as invasive until the 1930°s (Levin 2003). This species was known
from wet meadows of Canada from about 1814 onward, and had become established as a serious
weed in Quebec wetlands by the early 1930°s (Mal et al. 1992). By the latter half of the 20"
century, it was known from all Canadian provinces except Saskatchewan, where specimens were
identified by the end of the 1970’s (Cody 1978).

Levin (2003) regarded this spread of L. salicaria throughout North America as a
“spectacular expansion” and suggested that the mechanism responsible may have been fostered
by crossing between genotypes originating in different areas of Europe, giving L. salicaria a
source of extra genetic variation with which to adapt to new environments. There is some
morphological and molecular evidence to suggest that hybridization between L. salicaria, and
the native L. alatum, may be the driving force that has allowed the rapid spread throughout the
wetlands of North America. Thirty L. salicaria populations across eastern North America had
individuals that showed morphological traits of L. alatum including fewer than four flowers per
axil and alternate leaf arrangements. Four sympatric L. salicaria populations also showed mean
heights more in line with L. alatum (Houghton-Thompson et al. 2005). The molecular evidence
is based around analysis screens of variation patterns using 279 AFLP markers. Out of the 279
markers, only two showed clear evidence for introgression from L. alatum to L. salicaria
(Houghton-Thompson et al. 2005). However, if hybridization did occur, most North American
stands of L. salicaria appear to have retained almost all traits of the Eurasian form of L.
salicaria, and none of L. alatum (Houghton-Thompson et al. 2005).

Whatever the mechanism, L. salicaria now represents a threat to wetland environments in
North America through its ability to become established and then expand into monospecific

stands, displacing much of the native diversity (Mal et al. 1992; Diehl et al. 1997). This



reduction of native plant diversity in turn creates a threat to the native fauna of these ecosystems,
which may rely on aspects of habitat like food and shelter which are changed by the presence of

L. salicaria.

1.2.2 Plant morphology, growth, and vegetative reproduction

Lythrum salicaria is a perennial herb. The flowering shoots are annual, regenerating
from a perennating rootstock every spring. There are no reports in the literature on the longevity
of a single specimen (Mal et al. 1992). Seed germination occurs in late spring or early summer,
a long taproot develops, and eight to ten weeks pass before flowering begins. Flowering starts in
early July and continues through September.

The above ground features of L. salicaria include stems each terminating in a long
inflorescence. Stems can reach 2.7 metres high. Many stems can be present on a single plant, and
they completely die back every winter (Shamsi and Whitehead 1974; Mal et al. 1992). Leaves of
purple loosestrife are sessile, lanceolate to ovate, and 3-10 cm long. Lower leaves can be
opposite, decussate, or in whorls of three; however, upper leaves are generally alternate (Mal et
al. 1992).

Various physiological studies on plant growth have been undertaken with purple
loosestrife. Shamsi and Whitehead (1974) indicate that at least half of the assimilate of a single
specimen is allocated to root development. Purple loosestrife has a 13 hour photoperiod
threshold for spike elongation and flowering, whereas a nine hour photoperiod leads to
dwarfism. Reduced growth was noted in nutrient deficient soils; deficiencies in N, P, and K led

to an increased root: shoot ratio and reduction in flowering and fruit set (Shamsi and Whitehead



1974). By the end of the first year of growth, the upper parts of the main root and lateral roots
become woody (Shamsi and Whitehead 1974; Mal et al. 1992).

Mal et al. (1992) reported that there are no known mycorrhizal associations with L.
salicaria in Ontario. However, Philip et al. (2001) reported that such associations have indeed
been found in wild L. salicaria. Mycorrhizal colonization reduced both above and below ground
biomass of the plant. No significant changes were found in the number or length of
inflorescences among plants with or without mycorrhizae. However, pollen production per
anther and per flower was increased when L. salicaria had mycorrhizae (Philip et al. 2001).

There is controversy over the ability of Lythrum salicaria to spread vegetatively.

Pearsall (1918) described L. salicaria as being “rhizomatous”, but Shamsi and Whitehead (1974)
indicated that while L. salicaria may persist in one spot for several years, it is “incapable of
much vegetative spread”. Localized clonal growth does occur, as shoots are produced annually
from root buds (after overwintering), but clonal growth by means of rhizomes is insignificant
(Mal et al. 1992). L. salicaria can be propagated by transplanting cuttings into soil. This ability
suggests that L. salicaria may be more capable of vegetative reproduction than Mal et al. (1992)

suggested.

1.2.3 Sexual reproduction involving heterostyly

Heterostyly is a genetic polymorphism where populations are composed of either two
(distyly) or three (tristyly) floral morphs which differ in the relative heights of stigmas (length of
styles) and anthers in the flower (Barrett 1992). It is represented by about 25 families in the
angiosperms, including both monocotyledons and dicotyledons (Figure 1.1). The relationship of

style length polymorphism and many other traits (such as pollen, anther, and stigma



polymorphism) to heterostyly was documented by Darwin (1877) and is supported throughout

the modern literature (Barrett 1992; Hermann et al. 1999; Mal and Hermann 2000).

Monocotyledoneae | Dicotyledoneae

Caesalpiniaceae ? Proteifiorae

Polygoniflorae
Myrtiflorae

Caryophylliforae

Fabiflorae

Lilliflorae

Rosiflorae

Lythraceae*

Ranunculifiorag

Nymphaeiflorae Podostemiflorae

Gentianiflorae
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agnoliiflorae.

Theiflorae

Clusiaceae)
Santaliflorae

Primulifioraer~

Malviflorae

Commeliniflorae

Asteriflorae

Figure 1.1 Diagram of angiosperm families which display the heterostylous syndrome. The occurrence of distyly

is indicated by the shading, whereas families with tristyly are indicated by an asterisk (reproduced from Barrett
1992).

Distyly is considerably more common than tristyly (Barrett 1992). The distylous
condition is represented by two floral morphs: “pin” flowers with long style and short stamens,
and “thrum” flowers with short style and long stamens. Pollen size polymorphism in most
distylous species has been demonstrated, thrum pollen normally being the larger of the two
morphs (Darwin 1877; Ganders 1979; Bahadur et al. 1984). In addition to size, other types of
pollen dimorphism occur in distylous species. Differences in pollen production between anther

levels is also very common, and less frequently, differences in pollen viability, colour, exine
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sculpturing, or shape also occur (Ganders 1979; Bahadur et al. 1984; Buchmann 1983). There
are some distylous species of Lythrum, such as L. californicum, which have differences in pollen
colour between the floral morphs, as well as differences in style length and in pollen size at both
anther levels, typical of distyly. In L. californicum, pin pollen is yellow and thrum is green
(Ganders 1979).

Tristyly, on the other hand, occurs in only three (Lythraceae, Oxalidaceae,
Pontederiaceae) of the approximately 25 families known to exhibit heterostyly (Ganders 1979).
Lythrum salicaria possesses this relatively rare self-incompatibility system (Darwin 1877; Stout

1925; Eckert and Barrett 1992; Agren 1996; O’Neil 1997; Ture et al. 2004).

1.2.4 Floral attractiveness and pollination biology

The flower of Lythrum salicaria is epigynous, with six alternating whorls of appendages.
There are two whorls of sepals (the outer whorl of sepals is termed ‘epicalyx’, whereas the inner
whorl is called ‘calyx’), one whorl of petals, two whorls of stamens and one whorl of two fused
carpels per flower (Cheung and Sattler 1967; Mal et al. 1992). The flowers of L. salicaria are
herkogamous (i.e., they possess a spatial separation of stigma and anther) and the three floral
morphs present in this species show remarkable consistency in floral morphology (Mal et al.
1992). Floral primordial initiation was determined by Cheung and Sattler (1967) to be as
follows: a) inner sepals, b) outer sepals, c) outer stamens, d) gynoecium, e) inner stamens, and f)
petals. This sequence of initiation represents a situation where the normal centripetal or
acropetal inception of floral primordia is reversed twice; once when the calyx is initiated before

the epicalyx, and a second time when the inner stamens are initiated after the inception of the



gynoecium. This sequence of initiation was said to be unique to L. salicaria (Cheung and Sattler
1967; Mal et al. 1992).

In tristyly, there are three floral morphs present within a species (Figure 1.2), with only
one morph per plant. This type of heterostyly features flowers with short, intermediate, or long
styles. Three levels of stamens also occur in these three morphs, with two staminal whorls
present in each flower. The short-styled flowers have mid- and long-staminal whorls; the
intermediate-styled flower has short- and long-staminal whorls; and the long-styled flowers
feature mid- and short-staminal whorls (Darwin 1877). In similar fashion to the characteristics
of polymorphism outlined for distylous plants, in tristylous species these include the common
pollen polymorphisms (colour, size, shape, and exine sculpturing), as well as anther levels, style

levels, and stigma polymorphisms (Darwin 1877; Barrett 1992; Dulberger 1993; Hermann et al.

1999).

Long-
styled
morph

Mid-
styled
morph

Short-
styled
morph

Figure 1.2. The three floral morphs of Lythrum salicaria drawn with much of the calyx and corolla removed,
illustrating tristyly in this species. Arrows indicate “legitimate” pollen flow (taken from Darwin 1877).



Pollen size (as well as other pollen polymorphisms) is correlated with anther levels as it was
described in dimorphic species. The long stamens (from short- and mid-styled flowers) produce
the largest pollen grains, but the least amount of pollen; the intermediate stamens (from the long-
and short-styled flowers) produce intermediate-sized grains in intermediate quantities; and
finally the short stamens (from the mid- and long-styled flowers) produce the smallest grains but
in the largest quantities (Darwin 1877; Ganders 1979; Bahadur et al. 1984). This situation
appears to be typical in many tristylous species in the Lythraceae, Oxalidaceae, and the
Pontederiaceae. However, it is not always clear; Lythrum junceum has a weaker pollen
polymorphism, because this species showed a considerable overlap in small- and mid-stamen
pollen size (Ganders 1979). Yet in Dulberger’s (1970) study on tristyly in L. junceum, he found
clear size trimorphism, as well as starch dimorphism. The starch dimorphism showed positive on
a starch test for the larger long-stamen pollen, whereas all other grains were negative.

Pollen of Lythrum salicaria was determined also to be strongly trimorphic for pollen size,
wherein long-stamens produce the largest pollen grains and mid- and short-stamens produce
smaller grains (Darwin 1877; Waites and Agren 2004). Other polymorphisms associated with
the tristylous condition of L. salicaria include a pollen colour dimorphism. In L. salicaria, green
pollen is produced in the long stamens having purple anthers, and yellow pollen is formed in
both the mid- and short-stamen levels with greenish anthers (Darwin 1877; East 1927). L.
salicaria also possesses polymorphic stigmas in association with the three forms of its flowers.
The stigma of the long-styled floral morph of L. salicaria is larger than that of the mid- and
short-styled morphs (Darwin 1877; Mal and Hermann 2000). More precisely, the stigma of the
long-style morph was greater in diameter, but also possessed longer and larger papillae, than the

mid- or short-styled morphs. Although the diameter of the short-styled stigma to that of the mid-



style was smaller, the difference in size was not statistically significant (Schill et al. 1985;
Hermann et al. 1999).

The proportion of long-, mid-, and short-styled plants in natural populations varies as
well. Short-styled morphs have the highest probability of being lost in a population, while long-
styled morphs have the lowest probability of being lost. Ninety percent of L. salicaria
populations in the southern Harkské&rsfjarden archipelago in central Sweden were trimorphic,
whereas only 69% of the populations in the more northern Skeppsvik archipelago possessed all
three floral morphs (Agren and Ericson 1996). In the northern European populations of L.
salicaria, the mid-styled morph represented only 21% of plants in trimorphic populations (Agren
and Ericson 1996), and a similar though less marked deficiency in the mid-styled morph was
found in northern Ontario populations (Eckert and Barrett 1992), indicating variation in morph
proportions may be affected by geographic location. Mulcahy and Caporello (1970) noted that
in a wild population of L. salicaria in Massachusetts, U.S.A., 22% of the plants were of the long-
styled morph, 43% were intermediate, and 35% were short-styled plants. However, near Zurich,
Switzerland, Schoch-Bodmer (1936) showed that the long-styled morph was most abundant
(36.4%), then the mid-styled (33.0%) followed by the short-styled (30.6%) morph.

The movement of pollinators between plants of L. salicaria has been investigated
extensively. Levin etal. (1971) found that bee and butterfly movements between plants were not
random. Bees tended to continue moving in the same direction or with 45° deviations most of
the time, while deviations of 135° and 180° were much less frequent. Levin et al. (1971)
suggested that this directionality may play a part in reducing the chance of re-visiting previously
foraged flowers. Levin and Kerster (1969) showed that the density of L. salicaria plants dictates

how far pollinators will fly to the next plant, and therefore plays a role in bee-mediated pollen



dispersal. Bees also tend to forage at a similar height when flying between plants of L. salicaria
(Levin and Kerster 1973). In a more detailed study in Europe, Waites and Agren (2004) studied
differences in pollinator visitation, pollen deposition, and pollen limitation in L. salicaria. They
found that pollinator visitation rate was correlated with plant population size. The rate of plant
visitation increased, and the number of flowers visited per plant decreased, in relation to an
overall increase in population size. However, they noted that although this overall trend was
observed, in most cases it only approached statistical significance. Thus, Waites and Agren
(2004) postulated that small sparse populations of L. salicaria may be less attractive to
pollinators, while larger, dense stands will attract more pollinators. However, pollinators will
visit fewer flowers per plant in the more dense stands. The results of Waites and Agren’s (2004)
study on pollen limitation suggest that no statistically significant differences in pollen limitation
occur between floral morphs in populations of L. salicaria. However, quantity and composition
of pollen did vary depending on population size. The absolute quantities and relative amounts of
compatible pollen received increased with population size, whereas the total number of pollen
grains received (compatible and incompatible) per flower showed no correlation with population
size. However, the number of compatible pollen grains received per flower increased
significantly with population size. This outcome occurred in each of two consecutive years.
When correlating pollen deposition and seed set in L. salicaria, no evidence relating to
deposition of incompatible pollen negatively affecting seed set was found (Waites and Agren
2004), in contrast to the earlier study by Nicholls (1987), where seed set was significantly
reduced by the prior deposition of illegitimate pollen. Seed yield per flower was only correlated

significantly with the number of compatible pollen grains received per flower.
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Heterostyly is usually accompanied by a sporophytically controlled, diallelic
incompatibility system that serves to prevent both selfing, and intramorph fertilization (Barrett
1992). Darwin used the terms “illegitimate” to refer to crosses between stigmas and anthers of
different levels, and “legitimate” to refer to crosses between anthers and stigmas of the same
level (Figure 1.2) (Darwin 1877). Working mainly with Lythrum salicaria, Darwin performed
illegitimate and legitimate crosses and recorded the seed set. In subsequent generations derived
from the seed, he measured ability to reproduce. The results indicated that plants derived
through illegitimate crosses were inferior in their fertility, and in some cases were infertile
(Darwin 1877). These results present strong evidence that L. salicaria is among those species of
tristylous plants that does incorporate this incompatibility system.

Lythrum salicaria represents an entomophilous species, its flowers being visited, in both
Eurasian and North American habitats, primarily by honey bees and bumble bees (Apidae: Apis
mellifera, Bombus spp., respectively), and leafcutter bees (Megachilidae: Megachilie inermis)
(Levin and Kerster 1969; Mal et al. 1992; Diehl et al. 1997; Waites and Agren 2004). Several
other insect groups that visit L. salicaria include syrphid flies (Syrphidae: Helophilus latifrons,
H. fasciatus, Sphaerophoria contigua), and several Lepidoptera species (Nymphalidae:
Nymphalis antiopa, Cercyonis pegala; Pieridae: Pieris rapae, Colias philodice) (Diehl et al.
1997; Henne et al. 2002; Waites and Agren 2004). However, any insect with a proboscis length
greater than 6 mm may potentially effect pollination in this species (Levin 1970). In North
America, assortative pollination of Lythrum species may occur. Levin (1970) showed that
flower visitors in North America prefer to associate with L. salicaria over L. alatum, indicating
that potential pollinators may be associating with this introduced plant species over the native

one.
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Finally, Mal et al. (1992) described the sexual reproduction of L. salicaria as
overwhelmingly important in terms of spread of the species. Seed yield in a single healthy
purple loosestrife plant can exceed 2.7 million seeds. A single stem of L. salicaria is capable of
producing approximately 900 capsules (Shamsi and Whitehead 1974). Basal seeds can be
dispersed while distal shoots are still flowering (Mal et al. 1992). The seeds of L. salicaria are
small and light and readily dispersed by wind and water. Seed germination in L. salicaria is
highly inhibited below 20°C. Seeds of L. salicaria can germinate in a variety of soil types and
over a wide range of soil pH, from calcareous to very acidic soils (Shamsi and Whitehead 1974;
Mal et al. 1992). These attributes, accompanied by high seed viability (i.e., up to 80% viable
after 3 years), present favourable characteristics by which dispersal of the species can take place

(Mal et al. 1992).

1.3 Research objectives

By gaining new knowledge about the parameters contributing to the successful spread of
Lythrum salicaria, it may be possible to learn more about possible control methods.
Accordingly, the intent of this study was to expand our current knowledge with regard to the
pollination biology of Lythrum salicaria in central Saskatchewan. In a related study, the single
morph of an ornamental cultivar (‘Morden Gleam’) of purple loosestrife was utilized to advance
our understanding of nectary structure in Lythrum spp. Accordingly, this study has three main
objectives:

) to determine floral characteristics, i.e., style and stamen lengths; pollen production

and viability; ovule production; and nectary location and morphology, as well as
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i)

nectar secretion dynamics in the three floral morphs of L. salicaria, to ascertain their
role in sexual reproduction (Chapter 2).

to examine the pollination biology of L. salicaria in natural stands in central
Saskatchewan. Self-pollination within this species was re-examined, along with
cross-pollination, using hand-crosses. A survey of insect visitors to flowers, as well
as a determination of the pollination efficiency of various insect taxa using single
visits to previously unvisited (virgin) flowers, were included (Chapter 3).

to determine the development, anatomy, and ultrastructure of the floral nectary in

‘Morden Gleam’, an ornamentally available cultivar of purple loosestrife (Chapter 4).
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2. FLORAL MORPHOLOGY AND NECTAR SECRETION IN
LYTHRUM SALICARIA

2.1 Introduction

Several studies have investigated floral structure and floral organ morphometrics in
Lythrum salicaria. The general floral morphology in L. salicaria consists of six alternating
whorls of floral appendages, three sterile whorls (epicalyx, calyx, corolla), and three whorls of
sexual organs (two whorls of stamens and the gynoecium) (Cheung and Sattler 1967; Mal et al.
1992) as discussed in section 1.2.4.

Numerous studies on floral morphometrics between the three morphs of L. salicaria
exist. In two different regions (Tiverton, Rhode Island and Dresden, Maine) of the northeastern
U.S.A,, significant differences in style length typically occurred between style morphs, but not
between populations (O’Neil and Schmitt 1993). Short stamens were found not to vary
significantly in length between populations or floral morph, and the same result was found for
long stamens. However, intermediate stamens were found to vary significantly in length, both
between floral morphs and populations. Petal lengths were not found to vary significantly either
between floral morphs, or populations in those localities (O’Neil and Schmitt 1993). This study
also examined perianth, stamen, and pistil mass (dry mass) between populations and floral
morph. The perianth was found to vary significantly between populations, but not between
morphs; stamen mass was found to vary significantly between both morph and population; and
the pistil dry mass varied significantly between morphs, but not between populations (O’Neil
and Schmitt 1993). A study from Sweden which investigated morphometric differences in
corolla width, petal length, and the length of the calyx in relation to latitude, found that all

morphometric parameters examined varied significantly among populations within regions, but
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not between regions (Olsson and Agren 2002). The study found that variation in corolla length
and petal width showed no pattern with regard to latitude, but, there was a slight trend to longer
sepals at higher latitudes (Olsson and Agren 2002). A study by Mal (1998) in southern Ontario
examined floral organ differences (pistil overall, and ovary and style separately; and long,
intermediate, and short stamens) between the three morphs (three genets each) of L. salicaria at
three stages of development: early, pre-anthesis, and post-anthesis. Mal (1998) found that all
organs differed significantly in length at all three stages and between all three floral morphs.

Previous studies of floral nectar production in L. salicaria exist from Europe. In studies
conducted at the Cambridge Botanical Gardens, Comba et al. (1999) and Corbet et al. (2001)
provide some data on nectar secretion rates. Comba et al. (1999) found the peak secretion rate of
flowers to be approximately 90 pg of nectar sugar per flower h™, and Corbet et al. (2001) found
a similar peak rate at 80 pg per flower h™. Comba et al. (1999) indicated that there was a
temporal shift in nectar secretion rates, with secretion being much reduced in morning and
evening, the peak secretion rates occurring around midday. Preliminary studies showed that
rates of nectar secretion between the plants of three floral morphs of L. salicaria were not
different (Comba et al. 1999). Paper chromatographic analysis indicated that the floral nectar of
L. salicaria is sucrose dominant, but with both fructose and glucose present. Maltose and an
unknown sugar were also detected in the nectar (Percival 1961)

This chapter examines the variation in floral characteristics among the three floral
morphs of L. salicaria. In particular, style and stamen length, pollen and ovule production, and
nectar secretion dynamics were examined at three field sites in central Saskatchewan, which

differed in plant density and proportions of the three floral morphs.
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2.2 Materials and Methods

2.2.1 Field sites

Flowering spikes of L. salicaria were sampled at the same three field sites in the
summers of 2006 and 2007. At the field sites, Dutch Growers, ldylwyld, and Lakeshore,

flowering began in late July and continued through to early September.

2.2.1.1 Dutch Growers Nursery

The Dutch Growers Nursery (BVR) site (Figures 2.1A, B) was located approximately 6
km south of Beaver Creek Conservation Area and about 20 km south of Saskatoon (N.
51°55°41.17; W. 106°44°34.17; elev. 1607 ft.) in a small seasonal creek which was full of water
in the spring and usually dried up by late July. This site was the largest used in this project, both
by area and by number of plants present. The western edge of the site was dominated by willow
(Salix spp.) saplings and an alfalfa (Medicago sativa) field west of that. East of the site was the
Dutch Growers tree nursery. The site proper was almost completely dominated by L. salicaria,

though some grasses persisted in areas.

2.2.1.2 Idylwyld Bridge

The Idylwyld Bridge (IDY) site (Figures 2.1C, D) was located along the southern shore
of the South Saskatchewan River approximately 100 m downstream of Idylwyld bridge, directly
adjacent to Rotary Park in Saskatoon (N. 52°07°14.2”; W. 106°40°05.2”; elev. 1576 ft.). IDY
was the smallest site used in this study, although its relative abundance of plants and proximity
to the university made it a convenient site to collect material such as flowers and seeds to bring

back to the lab for analysis. The site was a sandy bank with lots of grasses and small willow
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trees. The south side of the site had a steep bank with lots of Canada thistle (Cirsium arvense)
and invasive grasses like smooth brome (Bromus inermis) and crested wheatgrass (Agropyron
cristatum). Some small elm trees also grew on the southern bank. The northern side of the site
abutted the river. L. salicaria grew interspersed with small willows, and tall grasses, and
dominated the areas that it had invaded. The phytophagous biological control agent, Galerucella
calmariensis (Coleoptera: Chrysomelidae), was released at this site by the Saskatchewan Purple
Loosestrife Eradication Project in the early 2000’s, but none of the beetles remained at this site

in either of the two years this project was carried out.

2.2.1.3 Lakeshore Garden Centre

Lakeshore (LKS) (Figures 2.1E, F) was located in a farm field directly across 11™ Street
from Lakeshore Garden Centre (N. 52°06°49.6”; W. 106°45°27.9”; elev. 1660 ft.). The site was
a slough with water in the centre all year long. L. salicaria grew along the eastern edge of the
slough, and was generally submerged until early August when the shoreline retreated to the
centre of the slough. This site had a lot of individual plants, but they were spread out along the
eastern shoreline, and were relatively sparse. L. salicaria grew amongst trembling aspen
(Populus tremuloides), willow and cat tails (Typha spp.). Canada thistle and smooth brome grass
dominated the eastern bank of the slough, although white and yellow sweet clover (Melilotus
alba; M. officinalis) and alfalfa were also very common among smooth brome grass adjacent to
the field. The biological control agent, Galerucella calmariensis, was released at this site at the
same time as it had been released at IDY. However, the beetles have persisted at LKS in
abundance, and caused considerable feeding damage to L. salicaria; consequently, this site was

used less frequently than the other two sites.
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Figure 2.1. Field sites utilized during each of the 2006 and 2007 field seasons. (A) Beaver
Creek (BVR) field site with many spikes of Lythrum salicaria in the foreground. (B)
Experimental spikes of L. salicaria with white mesh bags shown on some spikes at BVR. (C)
Idylwyld Bridge (IDY) site, where the L. salicaria is located adjacent to the river seen in the
background. (D) Experimental spikes at IDY with mesh bag in place. (E) Lakeshore Garden
Centre (LKS) site, where the L. salicaria grows along the shoreline of this slough. (F) Close up

of an experimental spike at LKS enclosed within mesh bag.
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2.2.2 Plant density per site

Plant density at the three field sites was determined at the end of the 2007 field season.
At all sites, stems were counted at ground level; therefore, every counted stem does not represent
one plant, but one spike. Sampling was carried out at BVR using a 2m x 2m quadrat at six
random locations within the site. Because of the relatively compact size of the IDY site, the
entire perimeter of the site was measured and all stems counted within the site boundaries. Due
to the long and narrow site dimensions of LKS, sub-sampling was carried out using a quadrat

measuring 1m x 4m. As in BVR, six random locations within the site were sampled.

2.2.3 Proportions of the three floral morphs per site

Proportions of the three floral morphs were quantified at all three sites during both the
2006 and 2007 field seasons. Censuses were conducted twice at each site, approximately three
weeks apart, during August. An exception occurred at LKS in 2006, where only one census was
recorded.

The proportions of floral morphs determined at LKS and IDY during both seasons
represented every flowering specimen present within these sites on the census dates. A single
count was given to each discrete ‘clump’ of stems; this approach was taken in an attempt to
approximate individual specimens rather than every single spike on site. Due to the large
number of specimens present at BVR (Figure 2.1A), the site was subsampled as follows. Spikes
closest to my left foot on every second step during random walkthroughs of the site, were
examined for floral morph. No attempt was made to discern individual specimens at BVR as it
was assumed that spikes two steps distant from each other represented different plants, and the

high plant density at BVR made it difficult to discern individual ‘clumps’ of stems.
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2.2.4 Scanning electron microscopy

Scanning electron microscopy (SEM) was utilized to examine the floral nectary of L.
salicaria to compare the surface features (including the total number of stomata) of the nectary

between the three floral morphs.

2.2.4.1 Tissue dissection and fixation

Nectaries (n = 12 per floral morph) examined by SEM were taken from flowers sampled
at IDY on each day of the nectar collection experiments (section 2.2.9). Once nectar was
collected from the flowers, the nectary was dissected from the flower base using a dissecting
stereomicroscope on site, in preparation of fixation. Nectary tissues were fixed in 2%
glutaraldehyde in 25 mM sodium phosphate (equal quantities of mono- and dibasic forms) buffer
for at least one hour. Tissues were rinsed three times in buffer before post-fixing in 1% OsO, for
2 hours. Tissues were again rinsed three times in buffer before dehydration in a graded acetone
series, culminating at 100% acetone (overnight). Following a series of exchanges with liquid
CO,, tissues were critical-point dried (Polaron Instruments). Dried specimens were then stored

in sealed, labelled vials until mounting on SEM stubs.

2.2.4.2 Tissue processing and examination

In preparation for examination, dried samples were removed from vials and placed,
nectary surface facing up, on aluminum stubs using double-sided tape. Once mounted, samples
were gold coated using an Edwards S150B Sputter Coater. Coated specimens were examined in

a Philips SEM 505 at 30 kV and micrographs taken using Polaroid 665 positive/negative film.
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Later, SEM negatives were scanned using an Epson 3200 Photo scanner. Image editing

(contrast, brightness, and cropping) was carried out using Adobe Photoshop® CS2.

2.2.5 Floral organ morphometrics

Using flowers collected from the LKS field site reproductive organ sizes were compared

between the three morphs of L. salicaria.

2.2.5.1 Determination of style length

Ten open flowers of each morph were collected from the LKS site and brought back to
the lab in sealed Eppendorf® tubes to prevent desiccation. All flowers were collected from
spatially distant plants to ensure flowers were not taken from the same individual. Once at the
lab, the gynoecium was dissected from each flower. Using a standard ruler, calibrated in
millimetres, the style was measured from the point of attachment of the ovary to the tip of the

stigma, while viewed with a dissecting stereomicroscope at 6.1x magnification.

2.2.5.2 Determination of filament length

Staminal filaments were harvested from the same specimens collected for the style length
data (2.2.5.1). Two stamens from each flower (one each from both staminal whorls) were
chosen at random and measured from the point of filament attachment at the hypanthium tube, to
the point of filament attachment at the anther base, using a stereomicroscope (6.1x

magnification).
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2.2.5.3 Statistical methods

The mean of each floral organ measurement within morph-types was determined along
with standard deviation, and standard error. Differences in style length between the three floral
morphs were analysed using One-Way ANOVA (analysis of variance) to determine if length
differences were significant. Direct comparisons of like staminal levels between two floral
morphs were analysed using t-tests to determine if there was any significant difference between
two like staminal whorls among two different floral morphs. Comparisons of length between the
three different staminal levels were analysed using a One-Way ANOVA for significance (o =

0.05) with Microsoft Excel 2007.

2.2.6 Pollen characteristics

Several pollen characteristics were examined. Total pollen per anther and per flower was
quantified for all three staminal levels in all three floral morphs. Pollen viability was also

determined for all three anther levels.

2.2.6.1 Pollen quantity per flower

Floral material for counts of pollen grains per anther at the various staminal levels was
collected at IDY and brought back to the lab in closed Eppendorf® tubes (1.5 mL) to prevent
desiccation and subsequent anther dehiscence. Flowers were chosen based on being newly open
and having indehiscent anthers to ensure that all pollen was still accounted for. In total, all
anthers per flower from three flowers per morph (each flower coming from a different plant)
were examined. In the lab, all anthers within a flower were harvested, and pollen grains were

collected by dissecting each anther in a drop of water on a glass microscope slide. Anthers were
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transferred through multiple water droplets on the slide until no more pollen was liberated. A
cover slip was applied to the preparation and sealed with clear nail polish to prevent drying out
of the slides. The labelled slides were stored in slide boxes until counted.

Pollen counting was done using an Olympus compound light microscope at 100x
magnification. Absolute values were determined per anther by counting within the field of view
and moving the slide carefully in a linear pattern over the entire cover slip to limit miscounting.
Recording of pollen counts was done in such a way as to be able to quantify total pollen per

anther, and per flower by summing all pollen counted within a flower.

2.2.6.2 Pollen viability

Pollen viability was determined for all stamens within six flowers from each of the LKS
and IDY field sites. Viability was determined between July 5-12, 2006 at LKS and between July
18-20, 2006 at IDY. Pollen viability was determined using the Fluorochromatic Reaction test
(FCR) as described by Shivanna and Rangaswamy (1992). A solution of fluorescein diacetate
(FDA) in acetone (2 mg/ml) was added to about 2 ml of 0.5 M sucrose solution until the
resulting mixture displayed “persistent turbidity”. Freshly harvested pollen grains from mature
but indehiscent anthers were placed in a drop of FDA solution on a glass microscope slide. The
preparation was then placed in an incubation chamber at ~90% RH for 5-10 minutes. When
removed from the incubator, a cover slip was placed on the slide and then immediately viewed
with a Zeiss fluorescence microscope. Pollen grains were considered viable if they fluoresced

green and non-viable if the grains did not glow.
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2.2.7 Ovule quantity per flower

Six mature, unopened buds of all three floral morphs of L. salicaria were collected at
LKS and brought to the lab. The entire gynoecium was removed from these 18 flowers and
preserved in 90% ethanol. All ovules per ovary were removed in a Petri dish in 90% ethanol
using two fine syringe tips as probes, and then counted under an Olympus dissecting microscope.
Descriptive statistics (mean and standard error) were determined for all floral morphs. The three
floral morphs were compared to determine if differences in ovule numbers existed using One-

Way ANOVA (o = 0.05%).

2.2.8 Pollen-ovule ratio

The pollen-ovule ratio for L. salicaria was determined by dividing the average number of
pollen grains per floral morph by the average number of ovules per morph. Pollen-ovule ratios
were compared with a table of values used to estimate breeding systems based on pollen-ovule

ratios (Cruden 1977).

2.2.9 Floral nectar production per flower

Nectar collection experiments were carried out over single days at IDY. The experiment
was run twice, once on July 27, 2006, and again on August 17, 2006. On the day prior to these
experiments, multiple plants of each morph were cleared of open flowers using forceps and
bagged with fine mesh cloth bags to exclude nectar foraging on the following day. Plants of a
single morph were numbered, in order to prevent the sampling of flowers from the same
specimen during a sampling period. Sampling took place every three hours from 09:00h to
21:00h. Any open flowers not sampled for nectar were re-bagged after each sampling period to
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prevent access by insects. After each 3 h interval, total nectar from 5-6 flowers (depending on
the supply of newly-open flowers) of all three morphs was collected. Drummond micropipettes
(Microcaps®) of 0.2 or 1.0 pL capacity were used to collect the nectar from the surface of the
floral nectary. The total volume of nectar collected per flower was determined by measuring the
proportion of the micropipette column filled with fluid, using a ruler under a dissecting
microscope in the field. Nectar sugar concentration (by weight, or % NCW) of the nectar was
determined using a Bellingham and Stanley Pocket Refractometer. Refractometer readings then
were corrected according to temperature by using the correction table in the refractometer
manual. The corrected % NCW readings were converted to pg sugar per uL nectar (NCV) using
the equation: NCV= NCW? (59.6 X 10°®) + NCW (9.224 X 10®) + 7.08 X 107, which gives an
error of less than 1% for nectar sugar concentration readings between 10% and 80% (Burquez
and Corbet, 1991). A secretion rate of quantity of nectar sugar produced per flower per hour was
determined for all floral morphs by taking the peak nectar sugar quantity value at the 3:00 pm
sampling interval and subtracting the nectar sugar quantity value from the first sampling interval
(9:00 am) and dividing by the time elapsed (6 hours). Air temperature was recorded at the field
site every half hour throughout the day while the experiments were in progress, using a mercury
thermometer. Similarly, light readings on July 27" were taken every half hour with a General
Electric Triple Range 214 light meter, calibrated in foot-candles. Foot candle readings were
converted to lux using the conversion: 1 foot-candle = 10.7639104 lux. Light readings on
August 17" were measured every half hour throughout the day with a Li-Cor Incorporated LI-

185 light meter calibrated in microeinsteins per m? per sec.
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2.3 Results

2.3.1 Plant density per site

Plant density for IDY was determined as the total number of stems of L. salicaria divided
by the site’s total area. The density of L. salicaria at IDY was 5.54 stems per m?. However, the
number of stems per m? assessed by the subsampling of quadrats at LKS was 18.8 + 2.7 (mean +
s.e.), and at BVR, 83.9 + 11.0 stems per m? (Figure 2.2). Due to the plant density at IDY being a
total number rather than a sample, it could not be statistically compared to the other two sites.
However, a t-test between BVR and LKS sites showed plant density of L. salicaria was

significantly higher at BVR (P = 0.002).
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Figure 2.2. Stem density of L. salicaria at the three field sites in September 2007. The values for LKS and BVR are
reported as mean = s.e. for six quadrats sampled per site.
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2.3.2 Proportions of the three floral morphs per site

Availability of the three field sites in both 2006 and 2007 permitted a comparison of the
proportions of the three floral morphs present at each site between the two years. At BVR in
2006, plants of the long (LM) and intermediate (IM) morphs were abundant, with relatively few
of the short morph (SM) plants being present (Table 2.1). At LKS in 2006, a somewhat even
proportion of all three floral morphs occurred. The IDY site in 2006 had an abundance of SM
plants, followed by IM and LM (Table 2.1).

The 2007 census of BVR showed that the majority of flowering spikes at the site were
LM and IM, with SM representing 3% or less of all plants in both years (Tables 2.1, 2.2). At
IDY in 2007, SM was again abundant during the early August census, but was reduced in late
August (Table 2.2). The LKS site had similar proportions of the three floral morphs present in
2007 (Table 2.2), as in 2006 (Table 2.1). Whereas the total number of flowering plants at IDY
remained relatively consistent between the two seasons, there was a marked increase in the
number of flowering plants at LKS from 2006 to 2007 (Tables 2.1, 2.2), consistent with an

expansion of L. salicaria at this site.

Table 2.1. Proportion (%) of the three floral morphs (LM = long-style morph; IM = intermediate-style morph; SM
= short-style morph) of Lythrum salicaria present at each of the three field sites in 2006.
* Number of plants represents a sub-sample of plants present on site.

Site Date LM (%) IM (%) SM (%) No. plants
gyR | August16 48.8 50.7 0.5 201:
August 29 51.0 45.9 3.1 196
IDY August 17 18.7 24.0 57.3 150
August 29 18.4 32.0 49.5 103
LKS August 29 325 38.6 28.9 197
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Table 2.2. Proportion (%) of the three floral morphs (LM = long-style morph; IM = intermediate-style morph; SM
= short-style morph) of Lythrum salicaria present at each of the three field sites in 2007.
* Number of plants represents a sub-sample of plants present on site.

Site Date LM (%) IM (%) SM (%) No. plants
BVR | August13 46.8 50.2 2.9 203:
August 29 45.9 52.3 1.8 220
DY August 10 17.8 29.6 52.6 152
August 30 25.9 34.2 39.8 108
LKS August 10 38.0 335 28.5 313
August 30 42.5 32.0 25.5 337

2.3.3 Floral morphometrics

2.3.3.1 Style length

Style lengths among the three floral morphs were significantly different (Table 2.3; One-
Way ANOVA, P < 0.001), with the styles of long-morph (LM) flowers being 1.7 and 5.6 times

longer than styles of the intermediate (IM) and short (SM) morphs, respectively.

2.3.3.2 Filament length

No significant differences (t-tests in all three comparisons had P > 0.26) were found in
filament length between staminal whorls of one flower morph, to those of the same staminal
level in another floral morph (i.e., LM/IS compared with SM/IS; LM/SS compared with IM/SS;
and IM/LS compared with SM/LS) (Table 2.3). One-Way ANOVA analysis of the three
staminal levels to each other showed that their differences in length were highly significant (P <
0.001). Mal (1998), working with wild L. salicaria in Essex County, near Windsor, Ontario,
detected similar (often somewhat shorter) dimensions of styles and filaments to those recorded
from LKS (Table 2.3). The representation of the three floral morphs indicated by Darwin (1877)
(Figure 1.2) accurately depicts what was found for the three floral morphs of L. salicaria in

Saskatchewan.
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Table 2.3. Lengths (mean = s.e.) of styles and staminal filaments (LS = long stamen; IS = intermediate stamen; SS
= short stamen) of the three floral morphs of Lythrum salicaria from the LKS field site. Columns in bold type
represent corresponding data from Mal (1998). NA= not applicable

Long Morph Intermediate Morph Short Morph
Length Data from Length Data from Length Data from
(mm) Mal (1998) (mm) Mal (1998) (mm) Mal (1998)
Style 9.5+0.2 9.31+£0.01 56+0.1 515%0.02 1.7+0.1 1.32+£0.01
LS Filament NA NA 108+05 9.05+0.10 106+0.6 9.88+0.13
IS Filament 6.8+0.1 6.22 £0.12 NA NA 6.4+04 6.61 £ 0.06
SS Filament 34+01 3.20+£0.06 31+£02 2.89+0.08 NA NA

2.3.4 Pollen characteristics

2.3.4.1 Pollen quantity per flower

Analysis of the number of pollen grains per anther showed that even within an anther
level from the same floral morph, there can be statistically significant differences in average
pollen quantity per anther (Table 2.4). Pollen quantities per anther level between floral morphs
(i.e., SM/LS compared with IM/LS) were significantly different in all cases (t- tests, P < 0.02)
(Table 2.5). Analysis between staminal levels within a floral morph (i.e., LS and IS in SM
flowers) showed that the number of pollen grains between staminal levels was always
significantly different (t-tests, P <0.01) (Table 2.5). In all instances, LS possessed fewer pollen
grains than IS, which typically possessed fewer pollen grains than SS; however, quantities of

pollen per IS and SS anthers did overlap (Table 2.4).

2.3.4.2 Pollen viability

As determined by the FCR test (section 2.2.6.2), pollen viability in all anther levels in L.
salicaria averaged greater than 90% (Table 2.6). T-tests between anther levels in the same floral
morph (such as comparing LS with IS in SM flowers) indicated that differences in viability

between anther levels within a flower were not significant (Table 2.7). However, the difference
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in pollen viability between IS and LS in SM flowers at LKS did approach significance (P =
0.067). The comparisons between like anther levels in different floral morphs (Table 2.8) also
showed no significant difference in pollen viability. Thus, pollen viability was likely not
affected by which staminal level it was produced in, either within a floral morph, or between

floral morphs.

Table 2.4. Number of pollen grains per anther according to the three stamen lengths (LS = long stamen; IS =
intermediate stamen; SS = short stamen) in the various floral morphs (LM = long-style morph; IM = intermediate-
style morph; SM = short-style morph) of Lythrum salicaria. Pollen grains were counted from all anthers per flower,
for three replicates per floral morph.

lover St o Toslmlen  olenginsperanter  Glipolngransper  anverovr
o anther (P-value) (grand mean * s.e.)

SM1 LS 5 6737 1347.3* £53.8

SM2 LS 6 9391 1565.24 +79.1 0.11 1487.1 £44.2
SM3 LS 6 9152 1525.3* + 68.8

IM1 LS 5 10922 2184.4% £101.4

IM2 LS 6 12750 2125.0" +56.3 0.045 2057.1 +54.6
IM3 LS 6 11299 1883.2% + 85.9

SM1 IS 5 11855 2371.0" + 65.6

SM2 IS 6 13952 2325.3% + 265.2 0.71 2406.8 + 96.1
SM3 IS 6 15108 2518.0" +81.2

LM1 IS 6 22741 3790.2* +317.2

LM2 IS 5 15835 3167.0% + 146.2 0.13 3592.2 +135.9
LM3 IS 6 22492 3748.7" £ 98.2

IM1 SS 5 20686 4137.2% +116.8

IM2 Ss 6 19199 3199.8% + 191.4 0.006 3554.4 + 134.3
IM3 Ss 6 20539 3423.2% +180.5

LM1 SS 6 22556 3759.3* +78.3

LM2 Ss 5 14248 2849.6°% + 130.7 <<0.001 3154.9+123.1
LM3 SsS 6 16829 2804.8% +82.0
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Table 2.5. Statistical comparison of Table 2.4’s data on quantity of pollen between different staminal levels (LS =
long stamen; IS = intermediate stamen; SS = short stamen) within a floral morph (LM = long-style morph; IM =
intermediate-style morph; SM = short-style morph), and between like anther levels among different floral morphs (t-
tests, a = 0.05).

Floral morph Staminal level Probability (P)
IS
LM 0.01
SS
LS
IM <<0.001
SS
SM LS <<0.001
IS
LM
SS 0.02
IM
LM
IS <<0.001
SM
IM
L <<0.001
SM S 0.00

Table 2.6. Average pollen viability as determined by the FCR technique for the various staminal levels (LS = long
stamen; IS = intermediate stamen; SS = short stamen) for the three floral morphs (LM = long-style morph; IM =
intermediate-style morph; SM = short-style morph) of L. salicaria from LKS and IDY field sites.

Average no. pollen grains Average viability of
Fleld Floral morph Staminal No. analyz??azz]Z)Stamen p(z:'lgr?g(:?))
site level stamens

IS 6 304.2 942+1.2

SM (300-311) (89.51-98.02)
LS 5 305.4 97.2+05

(300-313) (96.10-99.01)
SS 5 312.4 947+ 1.6

LKS IM (307-323) (91.02-98.71)
LS 6 334.2 98.4+ 0.5

(300-440) (96.67-99.71)
SS 5 323.2 97.2+1.0

LM (307-354) (93.97-99.69)
IS 6 312.8 93.7+1.7

(304-326) (85.89-97.37)
IS 6 307.5 97.8+ 0.5

SM (303-313) (95.71-99.35)
LS 5 316.6 97.5+0.8

(301-356) (94.72-99.33)
SS 5 307.2 95.2+3.1

IDY IM (306-308) (83.01-98.38)
LS 5 316.6 98.3+0.5

(301-356) (97.07-99.68)
SS 6 326.2 97.6 + 0.6

LM (307-404) (95.56-99.50)
IS 6 307.3 96.5+0.9

(302-321) (93.20-99.01)
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Table 2.7. Statistical analysis of Table 2.6’s data on pollen viability between different staminal levels within the
same floral morph (LM = long-style morph; IM= intermediate-style morph; SM = short-style morph) at the LKS and

IDY field sites.

Site Floral morph Staminal levels within flower
morph
SM t=-2.23, P =0.067
LKS IM t=-2.28, P =0.084
LM t=1.76,P=0.117
SM t=0.31,P=0.764
IDY IM t=-1.00, P =0.375
LM t=1.10, P =0.305

P > 0.05 = Not significant

Table 2.8. Statistical analysis of Table 2.6’s data on pollen viability between stamens of the same staminal level
(LS = long stamen; IS = intermediate stamen; SS = short stamen) among different floral morphs at the LKS and IDY

field sites.

Site Like staminal level between
two floral morphs
SS t=-1.34,P=0.229
LKS IS t=0.21, P=0.842
LS t=-1.65,P=0.137
SS t=-0.77, P =0.487
IDY IS t=1.32,P=0.224
LS t=-0.83,P=0.436

P > 0.05 = Not significant

2.3.5 Number of ovules per flower

The average numbers of ovules per floral morph in L. salicaria are shown in Table 2.9.
Each floral morph averaged over 100 ovules per flower, and differences were not statistically

significant (One-Way ANOVA, P > 0.30).

Table 2.9. Number of ovules (mean * s.e.) per floral morph (LM = long-style morph; IM= intermediate-style
morph; SM = short-style morph) in Lythrum salicaria from IDY.

Floral morph No. flowers Ovules per flower
SM 6 115.2+56
IM 6 1015+21
LM 6 105.0+8.9
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2.3.6 Pollen-ovule ratio

Pollen-ovule ratios for the three floral morphs are indicated in Table 2.10. The pollen-
ovule ratio for the long-style morph (LM) is 1.2 and 1.9 times greater than that for the
intermediate-style (IM) and short-style (SM) morphs, respectively. For all morphs, the pollen-
ovule ratios lie between the averages for facultative autogamy (168.5 + 22.1) and facultative
xenogamy (796.6 £ 87.7) as determined for many plant species by Cruden (1977), who
suggested that pollen-ovule ratios are a conservative indicator of a plant species’ breeding
system. However, hand pollination work carried out in the field during both field seasons
indicates that L. salicaria, for all practical purposes, approaches true xenogamy (obligate

outcrossing) (see section 3.2.2).

Table 2.10. Pollen-ovule ratios for the three floral morphs (LM = long-style morph; IM= intermediate-style morph;
SM = short-style morph) of Lythrum salicaria in central Saskatchewan.

Total pollen per No. ovules per
Floral No. flower No. flower Pollen/ovule
morph flowers (mean xs.e.) flowers (mean +s.e.) ratio
SM 3 22065 + 1756.6 6 115.2+5.6 191.5
IM 3 31798 + 100.4 6 1015+2.1 313.3
LM 3 38234 + 44254 6 105.0+8.9 364.1

2.3.7 Floral nectar production

2.3.7.1 Morphology of the floral nectary

The floral nectary of L. salicaria is located in a ring which forms a slight depression or
valley around the gynoecium (Figure 2.3A). Nectar is exuded from the floral nectary through
evenly spaced modified stomata located along the surface (Figures 2.3A, B). Stomata are
generally found singularly along the surface, but can be found in adjacent pairs on occasion

(Figure 2.3C). The number of nectary stomata present per nectary varied among the three floral
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morphs, ranging from 17.6 + 0.89 to 19.2 + 0.55 (Figure 2.4). However these differences were

not statistically significant (One-Way ANOVA, P > 0.23).

i oy ™
Figure 2.3. Scanning electron micrographs (SEM) of the floral nectary surface of Lythrum salicaria. (A) Low
magnification of the floral nectary of intermediate-style morph. GY = gynoecium; HY = hypanthium. Arrowheads
indicate evenly spaced nectary stomata; pollen grains (arrows). Scale bar =200 um. (B) Higher magnification of
nectary stomata from a long-style morph (arrowheads); the lower of the three stomata is occluded by an unknown
material. Debris (arrow). Scale bar = 50 um. (C) High magnification of two nectary stomata in an alignment, from
a long-style morph. Scale bar = 25 um.
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In SM and LM flowers, paired nectary stomata accounted for 0.87% and 1.4% of all
stomata, respectively. There were no paired stomata detected in 12 IM flowers examined;
however, twinned stomata were observed on IM nectaries not utilised for the total counts of

stomata.
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Figure 2.4. Number of stomata (mean = s.e.) per floral nectary among the three floral morphs (LM = long-style
morph; IM= intermediate-style morph; SM = short-style morph). Twelve floral nectaries from IDY were examined
per morph.

2.3.7.2 Nectar secretion dynamics

During the inaugural nectar-collection trial on July 27, 2006, no nectar was available
from any floral morph at 6:00am. Accordingly, nectar collection began at 9:00am on both
sampling dates, and ended at 9:00pm as darkness set in. Both sampling days were sunny and
warm, although a few cloudy periods occurred on August 17 (Figure 2.6) compared to July 27

(Figure 2.5).
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Nectar sugar concentration typically increased throughout the day, from 9:00am to
9:00pm (Table 2.11). This increase was gradual and steady on July 27, but was more dramatic in
the early sampling periods of August 17. Nectar sugar concentrations on July 27 exceeded those

of August 17 at almost every sampling interval (Table 2.11).

Table 2.11. Average (mean * s.e.) nectar sugar concentration (%) per sampling interval for 5-6 flowers sampled for
each of the three floral morphs (LM = long-style morph; IM= intermediate-style morph; SM = short-style morph) at
IDY. NA = nectar unavailable for collection.

Floral Sampling Nsl.igllg;,r\:zrs July 27, 2006 N;iefllc(j)mgrs August 17, 2006
morph interval refractometer Nectar sugar refractometer Nectar sugar
reading concentration reading concentration
9:00 AM 3 47.4 + 4.86 3 27.9+£6.43
12:00 PM 5 57.2+2.97 6 51.2+3.14
LM 3:00 PM 6 61.1+1.74 6 57.7+1.82
6:00 PM 6 68.7 £ 0.79 6 61.5+ 1.56
9:00 PM 5 68.6 £ 1.77 6 63.3+1.40
9:00 AM 1 46.1 2 22.9+3.00
12:00 PM 5 56.8 + 2.36 6 51.6 £ 3.39
IM 3:00 PM 6 62.3+0.79 6 53.9+2.19
6:00 PM 6 69.2+0.84 6 60.9 £ 2.18
9:00 PM 5 70.2+1.12 6 57.9+£2.97
9:00 AM 4 53.3+1.38 0 NA
12:00 PM 5 52.4 £ 3.15 6 52.2 +2.53
SM 3:00 PM 6 56.4 £ 3.19 6 56.7 £ 2.01
6:00 PM 6 65.3+1.14 6 57.9+3.69
9:00 PM 5 67.0+1.02 6 62.6 + 3.88

Table 2.12. Estimated rates of nectar sugar (jug) secreted by each of the three floral morphs (LM = long-style
morph; IM= intermediate-style morph; SM = short-style morph) on the two sampling dates at IDY in 2006.

Average Average . .
Difference in nectar
Floral nectar sugar nectar sugar Rate of nectar sugar
Date : : sugar secreted over
morph guantity guantity 6h secreted per hour
at 9:00am at 3:00pm
LM 191.8 594.2 402.4 67
July 27 IM 83.8 446.8 363.0 61
SM 96.6 556.9 460.3 78
LM 35.7 505.0 469.3 78
August 17 SM 16.7 494.6 477.9 80
IM 0 500.2 500.2 83
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Mean nectar sugar quantities and mean nectar volume per flower for July 27, 2006 and
August 17, 2006 were determined for the three floral morphs (Figures 2.5, 2.6). The daily
pattern of secretion was similar between all three morphs, with peak average nectar volumes and
sugar quantities per flower at 3:00 pm regardless of morph and day. The only exception
occurred for IM flowers on August 17, where highest average nectar sugar quantity per flower
occurred at 6:00 pm (Figure 2.6). T-tests of peak nectar sugar quantities among like floral
morphs between days indicated that no significant difference in nectar sugar quantity existed (P
>0.380). The estimated rates of nectar sugar secretion for July 27 ranged from 61-78 g per
flower per h, and from 78-83 g per flower per h on August 17 (Table 2.12). The relative
consistency in nectar sugar concentration as the sampling progressed throughout the day (Table
2.11) helps to explain the close similarity between the plots of nectar volume and nectar sugar

quantity (Figures 2.5, 2.6).

2.4 Discussion and Conclusions

Plant density at the three field sites used in this study varied significantly, ranging from 5.5
(IDY) to 84 (BVR) stems per m?. Various factors may have influenced this density disparity.
The BVR site, which had the highest density, was located literally in the bottom of a seasonal
creek. This location may provide optimal conditions for the growth and spread of L. salicaria at
that site. The amount of time that BVR has been infested with L. salicaria may also have played
a role, but the period that plants have been present at any of the three sites used is unknown. The
LKS site also possessed a significant source of water, and its density was intermediate. IDY had

the lowest density among the three sites and was situated in such a way that the plants

38



00000000
PN who o N ®©

Nectar volume (uL)

o

700
600
500
400
300
200
100
0

Nectar sugar (uL)

LM

9:00am 12:00pm 3:00pm

Time of sampling

6:00pm 9:00pm

—#— Average volume
—— Average nectar sugar quantity

0.7 600
IM
0.6 500
30.5 400 §
204 =
§ 300 &
503 g
> 7]
502 200
5] 8
Z01 100 =z
0 0
9:00am 12:00pm 3:00pm 6:00pm 9:00pm
Time of sampling
1.2 700 SM
1 600
— 500
3% 400 B
£06 =
3 300 =
S04 =3
5 200 2
S S
02 100 8
0 0
9:00am 12:00pm . 3:00pm . 6:00pm 9:00pm
Time of sampling
30 40000
25 35000
30000
c 2 25000
@ 15 20000 5
: N~—
E 10 15000%
g 10000-5
E 5 5000
0 0
O OO0 OO0 0000000000000 O0O0O0O0 00000000 OO OO
ONMONONONONONONONONONONONONORNONSMO
@ErEmO®eeggddydI3a83ITIL8SE8558322RRIIN —=— Temperature
Time of day ——Light

Figure 2.5. Average volume and nectar sugar quantity per flower for long-style (LM), intermediate-style (IM), and
short-style (SM) morphs of Lythrum salicaria, and temperature and light intensity throughout the day at IDY (July
27, 2006).
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themselves were never submerged. These values do correspond (though somewhat higher for
BVR) to densities of L. salicaria at two sites (1-17, and 4-54 stems per m?) in Connecticut,
U.S.A., which also showed variation, both within site, and between the two sites (Farnsworth
and Ellis, 2001). Mal et al. (1997) reported that in 74 populations of L. salicaria in Ontario and
Quebec, the mean population density was 17 plants per m?, with a maximum recorded density of
86 plants per m?. Certain dense patches of L. salicaria on Turkey Island in the Detroit River
could reach densities of around 110 plants per m? (Mal et al. 1997). It is difficult to say how

2 2
“plants per m”” corresponds to “stems per m~”

, because it is very difficult to discern individual
plants in the field and Mal et al. (1996) likely counted stems as well. If so, these data from
various locations in North America are similar to those densities reported here for central
Saskatchewan. The data from Turkey Island indicate that in certain discrete patches, the density
of L. salicaria can exceed that determined for any of the three field sites used.

The proportions of short-, intermediate-, and long-style morphs of L. salicaria vary in
wild populations (Eckert and Barrett 1992; Agren and Ericson 1996) (see section 1.2.4). With the
exception of the BVR site, the IDY and LKS field sites had these three floral morphs in
abundance; however, they were not always of equal proportions. The BVR site had all three
morphs as well, but SM plants were very scarce. Eckert and Barrett (1992) examined 102
populations of L. salicaria throughout Ontario and found that small populations (3-50 ramets)
were less likely to be trimorphic than larger populations. Populations consisting of 500 or more
ramets were found to be uniformly trimorphic, meaning at least one specimen of each morph was
present at such sites. In the case of the BVR site, it had the largest population, but the most

conspicuous deficiency of any floral morph (SM is limiting) between any of our field sites.

Although this apparent lack of SM in BVR seems to go against the findings of Eckert and Barrett
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(1992), it must be noted that although there was very little SM present at BVR, it was
represented at the site, and this site was, therefore, trimorphic. Eckert and Barrett (1992) also
investigated the frequency with which one morph was lost over another and found that out of the
20 dimorphic populations of L. salicaria in Ontario, 75% of them had lost the SM plants, 20%
lost the IM plants, and only 5% lacked LM plants. In two Swedish archipelagos, Agren and
Ericson (1996) found that in the Northern Skeppsvik archipelago, 11 dimorphic populations were
found within a total of 35 populations examined, and of those 11, nine lacked IM plants, one
lacked SM, and the other one lacked LM plants. In the Harkskarsfjarden archipelago in Central
Sweden, 28 out of 31 populations were trimorphic. Of the three dimorphic populations, two
lacked SM, and one lacked IM specimens (Agren and Ericson 1996). In the case of central
Saskatchewan populations, all three (BVR, IDY, LKS) were trimorphic, however the BVR site
had very few SM plants. This result fits well with the data from Ontario and central Sweden,
which would suggest that the SM is the most likely to be lost within a discrete population of L.
salicaria. What caused the low proportion of SM in BVR is difficult to ascertain. It is possible
that many factors of environment and genetic diversity within the population may play a role.
Because BVR was located in a seasonal creek bed, it could be speculated that in prolonged
drought periods where water is scarce, conditions may be advantageous for LM and 1M plants to
flourish, or conversely could be disadvantageous to SM plants.

The reproductive floral organ morphometrics performed in Saskatchewan compared well
with the results Mal (1998) found for populations of L. salicaria in Ontario. Mal (1998)
determined that the number of cells does not increase in the short style during development, but
does increase in the intermediate and long styles. This developmental difference in styles of

different lengths may, in part, be responsible for the significantly different lengths of styles
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between morphs. The number of epidermal cells in the outer staminal filaments of a floral
morph was also found to increase, whereas the number of epidermal cells of the inner staminal
filaments was found either not to change or to change only slightly, which conforms well with
the observation of longer outer stamens within a floral morph (Mal 1998).

Average numbers of pollen grains produced per anther at the different staminal levels
varied in L. salicaria, as well as for all like staminal levels in different floral morphs.
Interestingly, differences in pollen quantities between staminal levels in trimorphic Lythrum
junceum, had been noted previously by Ganders (1979), citing Ornduff (1975). It was found that
LS produced 6666 pollen grains per flower in IM flowers and 6088 in SM flowers; IS produced
13599 grains per flower in LM flowers and 12999 in SM flowers; SS produced only 11643
pollen grains per flower in LM flowers, but 17687 pollen grains in IM flowers. There are a few
similarities between L. junceum with the present data for L. salicaria, in that SS of IM flowers
consistently produced more pollen than SS of LM flowers. Furthermore, SM flowers always had
smaller quantities of pollen per anther than LS of IM and IS of LM flowers.

On the other hand, average ovule numbers per flower between the three floral morphs in
L. salicaria did not differ significantly. Therefore, with these constant numbers of ovules per
flower, the pollen-ovule ratio differed between the three floral morphs. However, all three ratios
fall within the range of facultative autogamy (Cruden, 1977). This result seems to contradict
what one would expect of L. salicaria due to its tristylous self-incompatibility system (Barrett,
1992), which makes it closer to being an obligate outcrosser (i.e. xenogamous).

Pollen viability was consistently high in wild plants of L. salicaria at the two sites

investigated in central Saskatchewan. There was no statistical significance to differences in
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pollen viability between anther levels within a floral morph, or between like staminal levels
between two floral morphs.

No difference in nectar secretion rates were found for L. salicaria at the IDY field site on
either day the experiments occurred. L. salicaria in England was also found, in a less intensive
study than undertaken here, to have no significant difference in nectar secretion rates between
floral morphs (Comba et al., 1999). The secretion rate of L. salicaria at Cambridge Botanical
Gardens was found to be around 80 pg nectar sugar per flower per h (Corbet et al. 2001). This
observation correlates well with the findings at IDY, where estimated secretion rates for all floral
morphs ranged between 61 and 83 g nectar sugar per flower per h. Therefore, it would appear
that floral nectar is produced by L. salicaria, invasive to central Saskatchewan, in a fashion

similar to plants at least in parts of its native Europe.
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3. POLLINATION BIOLOGY OF LYTHRUM SALICARIA IN
CENTRAL SASKATCHEWAN

3.1 Introduction

Lythrum salicaria possesses the rare self-incompatibility syndrome, tristyly, meaning that
successful pollination is only achieved when ‘legitimate’ pollen is transferred to a receptive
stigma of up to two correct floral morphs (see section 1.2.4). Although direct experimentation is
lacking, cross pollination of Lythrum salicaria in the wild is thought to be performed by various
insect visitors observed on the flowers (Mal et al. 1992; Diehl et al. 1997; Waites and Agren
2004), thereby suggesting that this species is entomophilous.

The most common insect visitors to flowers of L. salicaria in North America, and its
native Eurasia, are bees of the family Apidae (Hymenoptera); specifically bumble bees (Bombus
spp.) and the European honey bee (Apis mellifera). Moreover, leafcutter bees of the family
Megachilidae (Hymenoptera) also have frequently been reported to visit flowers of L. salicaria
(Mal et al. 1992; Diehl et al. 1997; Waites and Agren 2004). Other insect groups reported to
visit flowers of L. salicaria are the hover flies (Diptera: Syrphidae) and butterflies (Lepidoptera)
(Diehl et al. 1997; Henne et al. 2002; Waites and Agren 2004) (see section 1.2.4).

Non-pollinating insect activity such as herbivory and other related interactions with
plants of L. salicaria are also well known. Insects from many orders including the Coleoptera,
Hemiptera (including the Homoptera), Thysanoptera, Lepidoptera (generally as larvae), Diptera,
and Hymenoptera have been recorded in association with various parts of purple loosestrife
plants (Diehl et al. 1997; Henne et al. 2002). Several beetles (Coleoptera: Curculionidae,
Chrysomelidae), including Galerucella calmariensis and G. pusilla, have been studied as

possible biological control agents for import to North America from Europe. Some native
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phytophagous coleopterans are also attracted to purple loosestrife (Blossey and Schroeder 1995;
Blossey et al. 2000; Hunt-Joshi and Blossey 2005).

The objective of this portion of the project was to investigate the functional reproductive
biology of L. salicaria in central Saskatchewan, specifically by conducting experimental
pollinations of the three floral morphs by hand, and ultimately to determine and quantitatively

rank various flower visiting insects as pollinators.

3.2 Materials and Methods

3.2.1 Survey of insect diversity

Censuses of insect visitors to L. salicaria were carried out at both IDY (two days) and
BVR (three days) sites in 2007. The transect used at IDY was 10 m long and at BVR the
transect was divided into three lengths of 10 m each. Insects foraging on flowers of L. salicaria
were recorded while walking the transect. Each 10 m transect (or section) was walked for one
minute at three times throughout the day; once between 9:00 and 11:00 am, once between 12:00
and 1:10 pm, and again between 3:00 and 4:00 pm. Thus, observations were made along 30 m
and 90 m of transect at IDY and BVR, respectively, on each census date. Insect diversity was

not measured at LKS due to the difficulty of creating a walkable transect.

3.2.2 Controlled pollination experiments by hand

3.2.2.1 Self-pollination

Self-pollination experiments were conducted by hand at IDY in 2006 and at both IDY

and LKS during 2007, to determine the potential ability of L. salicaria to self-pollinate in wild
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stands in Saskatchewan. However, at the LKS field site the coleopteran biological control agent,
Galerucella calmariensis (Chrysomelidae), resided in the flowers and on the leaves of L.
salicaria. Considerable feeding damage was observed, both on the foliage and within the
flowers, including many experimental flowers which had to be discarded due to damaged or
missing styles, presumably caused by the feeding activities of this species.

Self-pollination trials included a receptive stigma of SM being brushed with pollen from
IS and LS anthers of its own flowers; each IM stigma crossed with pollen from SS and LS
anthers of its own flowers; and each stigma of LM crossed with pollen from SS and IS anthers of
its own flowers, as described below.

In preparation for hand-pollinating experiments, several spikes of all three floral morphs
were cleared of open flowers using forceps. Then each cleared spike was carefully enclosed in
mesh bags sewn from fine netting (Century Textiles and Supplies, Saskatoon, SK) with mesh
openings approximately triangular in shape and having dimensions of about 0.25 mm (base) x
0.65 mm (height). Each mesh bag was open on both ends and was slid down the spike over
mature buds using draw-strings to close the bag securely around the stem, to prevent visitor
access to flowers which opened later within the bag. The following day, bagged spikes were
carefully unveiled to allow access to the newly open flowers. Forceps were used to remove a
stamen and gently touch the stigma of the same flower that yielded the stamen. This procedure
was repeated separately on different flowers for both staminal levels present within each floral
morph. All flowers on a bagged spike were given the same treatment, marked, and then the plant
was labelled with the treatment in order to prevent confusion between different treatments and
plants. Hand-pollinated flowers were then carefully re-bagged and any pollen tubes from

germinated grains were allowed to elongate for 24 hours. The following day, hand-pollinated
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flowers were collected using forceps and placed into labelled vials containing 3:1 ethanol: glacial
acetic acid to fix the styles for at least 24 hours. After fixation, styles with the stigma and upper
portion of the ovary intact were dissected from flowers and rinsed three times in 70% ethanol.
Styles were then placed in 0.1% aniline blue, a UV-fluorescent stain for the polysaccharide
callose (B-1, 3 glucan) present in pollen tubes as callose plugs (Martin 1959).

Testing for successful pollination and potential fertilization was accomplished using
fluorescence microscopy. Accordingly, after a period ranging from a few days to several
months, stained styles were removed from vials and placed in a drop of aniline blue stain on
glass microscope slides. Styles were gently squashed under a cover glass before sealing with
clear nail polish to retard desiccation of the slides. Slides were viewed between 63x and 400x
magnification under ultraviolet light using a Zeiss epifluorescense microscope. Pollen tubes, if
present, could be distinguished by the presence of callose in the tube walls (Figures 3.1A, B) or
as callose plugs (Figure 3.1F). Pollen tubes detected at the ovary end of the style were
quantified. For those experiments, it was assumed that if a pollen tube entered the ovary, there

was the potential for fertilization of an ovule.

3.2.2.2 lllegitimate crosses

The experimental procedure for illegitimate crosses was performed similarly to the
selfing experiments above; however, instead of placing pollen from a stamen within the same
flower onto the stigma, “illegitimate pollen” (i.e., from a stamen not matching the style’s length)
from another plant was brushed upon the stigma of a bagged, virgin flower. Illegitimate crosses
made were: LS pollen on SM and IM stigmas; IS pollen on SM and LM stigmas; and SS pollen

on IM and LM stigmas. Collection and processing of styles, and the eventual visualisation and
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quantification of pollen tubes, were also undertaken using fluorescence microscopy (section

3.2.2.1).

3.2.2.3 Leqgitimate crosses

“Legitimate crosses” were performed between plants by hand using combinations of
stamens and gynoecia of the same length. In other words, SS pollen was placed upon SM
stigmas, IS pollen on IM stigmas, and LS pollen on LM stigmas. Otherwise, the procedure
utilised for these legitimate crosses was the same as for self- and illegitimate crosses (sections
3.2.2.1and 3.2.2.2). Visualisation and quantification of pollen tubes at the style bases of
legitimately crossed flowers were accomplished using the fluorescence microscopy technique

described in section 3.2.2.1.

3.2.3 Pollination efficiency as determined by single insect visits

3.2.3.1 Experiments involving single insect visits to virgin flowers

Experiments allowing single insect visits (SIVs) to virgin flowers (Davis 1992a) were
conducted from July 25 - September 1, 2006, and from July 17 - September 5, 2007, and
performed primarily at the IDY and BVR field sites. The LKS site was also used for some SIV
trials during both field seasons, however because of the risk of data loss due to insect herbivory
(see section 3.2.2.1), LKS use was restricted. Entire sections of a flowering spike were enclosed
using fine mesh cloth bags (see section 3.2.2.1) to prevent visitor access. Before being closed in
the mesh bags, spikes were cleared of open flowers by forceps. This practice ensured that any
flowers later found open within the bag had opened after spikes were enclosed, thereby

providing a source of non-visited (virgin) flowers for experimentation. The following day (i.e.,
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9:00 am — 4:00 pm), bags were removed from spikes and virgin flowers watched closely until a
visitor approached. The duration of the solitary visit was recorded and an attempt was also made
to capture the departing visitor with an insect net. The visited flower was marked on a petal with
black ink, then immediately and carefully re-bagged to prevent further visitor access. The SIV
flowers were left bagged for approximately 24 hours and then collected and placed into fixative
in labeled vials, and their styles processed for pollen-tube quantification, as explained in section
3.2.2.1.

Collected insect specimens were pinned and labeled at the lab, placed into like groups
and, where possible, determined to species using Curry (1984); Vockeroth (1992); Michener et
al. (1994); and the Discover Life website (2007). Tentatively identified specimens were sent to
taxonomic experts for confirmation. With this taxonomic verification in hand, descriptive
statistics (mean and standard error of the mean) were determined for the identified insect taxa
participating in SIVs for all field sites, and also for pooled field sites after first checking for
significant differences between years and sites. For each year separately, percentages of insect
taxa involved with SIV experiments at all sites combined were determined by dividing the total

number of insects per taxon by the total number of visitors.

3.2.3.2 Controls

Various treatments (controls) were conducted to quantify levels of pollination
inadvertently performed by the investigator, rather than insect visitors. By carefully unbagging
and immediately re-bagging virgin flowers of L. salicaria, thereby preventing an insect visit, it
was possible to attribute pollination levels caused by non-insect factors. Unvisited flowers from

the 2006 field season were marked as controls on non-visited spikes to distinguish them from
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spikes receiving SIVs, and individual control flowers then processed in the same manner as
SIVs. In 2007, the technique for acquiring controls was changed slightly, as follows. Controls
were taken from unvisited, open flowers near the same region on a spike that had received a SIV
to a virgin flower nearby. Before the flowering spike was re-bagged following an SIV, unvisited
flowers were identified using a different colour mark on the petals to distinguish these control
flowers from that receiving a SIVV. The collection and processing of control flowers in 2007 was
the same as for SIV flowers (see section 3.2.2.1).

Furthermore, normal (i.e., never bagged) flowers were also sampled randomly during
both field seasons from BVR and IDY during 2006 and from BVR and LKS in 2007. However,
flowers with a darkened stigma typical of aging were not collected. These open flowers of
imprecise age and unknown visitation history were collected from the field sites in order to
investigate natural pollination levels in L. salicaria. These randomly collected flowers were
processed in the same manner as SIV flowers and the standard control flowers (see section

3.2.2.1).

3.2.3.3 Statistical analysis

Prior to statistical analysis, SIV data underwent data transformation using a variant of the

square root transformation ( |y + %) recommended for use with data sets containing several

small numbers (under 10-15) and zeros (Steel and Torrie 1980). After data transformation,
analysis of variance (One-Way ANOVA; a. = 0.05) was performed to determine statistical
significance between three or more different sets of SIV data. Two-Tailed t tests were used

when comparing between two data sets. Regression analyses were performed between visit
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duration and number of pollen tubes following single insect visits. Statistics were performed

using Microsoft Excel 2007.

3.3 Results

3.3.1 Diversity of insect visitors

Three taxonomic orders of insects were observed visiting flowers of L. salicaria over the
course of the censuses made at IDY and BVR. Various bee taxa from three families constituted
the majority (629 of 661 visitors; 95.2%) of visitors overall, with three other taxa (one vespid
wasp, nine butterflies and 22 hover flies) also represented (Table 3.1). Taxonomic diversity of
flower visitors to L. salicaria was notably different between the two sites studied. IDY was
visited almost exclusively by Bombus spp. and Apis mellifera, with only two visits by other
insect taxa observed on the census dates. Insect diversity at BVR was higher at all times than at
IDY, comprising all four taxa observed at IDY plus four more taxa (Table 3.1). The overall
larger number of visitors recorded at BVR over IDY may also have been related to the greater,

90 m transect distance at BVR compared to the 30 m transect used at IDY.

3.3.2 Controlled pollination experiments by hand

3.3.2.1 Self-pollination

In all styles but one, self-pollinations by hand yielded no pollen tubes at the ovary end of
the style. The exception was a single IM of the eleven flowers of that morph selfed by LS
pollen, which had five pollen tubes at the ovary end of the style (Table 3.2). All styles included

in the data had copious quantities of germinated pollen grains on the stigma, indicating that all
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replicates had successful pollen transfer to the stigma, but the pollen tubes did not grow to the

ovary.

Table 3.1. Number of insect visitors per taxonomic group to non-experimental flowers of Lythrum salicaria,
according to census date and time at BVR and IDY.

No. of Visitors

Hymenoptera
Apidae Lepidoptera  Diptera
Site Date Time Total Bombus spp.  Apis mellifera  Anthophora spp.  Halictidae Megachilidae Vespidae Syrphidae
9:38 6 5 1
04-Aug-07 | 12:11 9 5 4
DY 15:00 5 3 1 1
10:55 2 2
15-Aug-07 |  12:52 2 1 1
15:05 3 2 1
9:00 60 41 2 10 6 1
05-Aug-07 |  12:00 42 29 7 2 1 3
15:00 33 31 1 1
10:30 31 24 5 2
BVR | 14-Aug-07 [ 13:09 99 74 11 2 3 5 4
15:00 95 84 10 1
9:10 14 8 6
29-Aug-07 | 12:40 143 76 59 3 3 2
15:00 117 55 51 2 9

Table 3.2. Results of self- and illegitimate-pollinations performed by hand using flowers of Lythrum salicaria,
pooled from the BVR, IDY, and LKS field sites. LM = long-style morph; IM = intermediate-style morph; SM =
short-style morph; LS = long stamens; IS = intermediate stamens; SS = short stamens.

Recipient floral morph

Source of donor pollen

No. flowers pollinated

No. pollen tubes observed per style

(mean +s.e)
SM self IS 10 00
SM self LS 13 00
IM self SS 7 0+0
IM self LS 11 0.45 +0.45
LM self SS 11 00
LM self IS 11 00
SM LM/IS 8 00
SM IM/LS 7 0x0
SM SMI/IS 6 00
SM SMI/LS 3 00
IM LM/SS 7 00
M SM/LS 5 02+0.2
IM IM/SS 5 00
IM IM/LS 5 0+0
LM SMI/IS 5 00
LM IM/SS 12 0x0
LM LM/SS 6 00
LM LM/IS 5 00

53



3.3.2.2 lllegitimate crosses

As with self-pollination by hand, illegitimate hand-crosses yielded virtually no pollen
tubes at the ovary end of the style. The single exception (IM stigma receiving SM/LS pollen)
resulted in a single pollen tube at the base of one style from five styles examined (Table 3.2).
Pollen tubes that issued from “illegitimate pollen” were often swollen and rarely possessed
callose plugs (Figures 3.1C, E). Thus, illegitimate pollen transfer to the stigma of another

specimen rarely resulted in a successful fertilization event.

3.3.2.3 Legitimate crosses

Legitimate pollen transfer to the stigma resulted in pollen tube growth to the ovary,
without exception (Figure 3.2). The lowest number of pollen tubes recorded at the ovary end of
the style in a legitimate cross was five, the numbers reaching several hundred pollen tubes per
style. Pollen tubes arising from crosses with “legitimate pollen” typically were narrow and
possessed distinct callose plugs (Figures 3.1D, F). Hand-crossing experiments showed that when
legitimate pollen is involved, pollen tubes do reach the ovary, and presumably succeed in
fertilizing ovules. These results, along with those from the experiments involving self- and
illegitimate pollinations, indicate the strong level of outcrossing that L. salicaria requires from
stamens of precisely the same length of the gynoecium, in order for the species to achieve sexual

reproductive success.
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3.3.3 Single insect visits

3.3.3.1 Frequency of insect taxa as floral visitors

During the 2006 field season, a total of 107 single insect visits (SIVs) were recorded
when SIVs were combined from the three field sites. The majority (65%) were made by
bumblebees (Bombus spp.) (Figure 3.5A), followed distantly by honeybees (Apis mellifera)
(Figures 3.3, 3.5B). Appreciable numbers of visits by both sweat bees (Halictidae) and
hoverflies (Syrphidae) (Figure 3.5F) were also registered (Figure 3.3). A single visit each from
an unknown fly (Diptera), a pierid butterfly (Figure 3.5C), and a vespid wasp were also recorded

during SIV trials in 2006 (Figure 3.3).
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Figure 3.1. Fluorescence and light micrographs of pollen tubes on the stigma and in the styles
of Lythrum salicaria. (A) Light micrograph showing region of intermediate-style morph flower
of unknown visitation history with multiple germinated pollen grains (arrowheads) among the
stigmatic papillae (arrows). (B) Fluorescence micrograph of the same region as seen in “A”
showing the fluorescence of pollen tubes after staining with aniline blue. Germinated pollen
grains (arrowheads) with pollen tubes; stigmatic papillae (arrows). (C) Stigmatic region of
intermediate-style morph flower of unknown visitation history showing many illegitimate
germinated pollen grains with short pollen tubes. (D) Stigmatic region of an intermediate-style
morph flower of unknown visitation history showing many legitimate germinated pollen grains
with many pollen tubes entering the transmitting tract of the style. (E) Pollen tubes (arrows) and
some germinated illegitimate pollen grains (arrowheads) near the point of attachment of stigma
to the style. Such pollen tubes frequently lack callose plugs. (F) Fluorescence micrograph of
pollen tubes from legitimate pollen grains with callose plugs (arrowheads) in the transmitting
tract of a squashed style from an intermediate-style morph. Cells of the transmitting tract

(arrows).
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Figure 3.2. Distribution of pollen tube quantities per style base following legitimate pollination of the three floral
morphs (LM = long-style morph; IM = intermediate-style morph; SM = short-style morph) of Lythrum salicaria,
with pollen from the corresponding legitimate anthers (LM/SS = long-style morph/short stamens; IM/SS =
intermediate-style morph/short stamens; LM/IS = long-style morph/intermediate stamens; SM/IS = short-style
morph/intermediate stamens; SM/LS = short-style morph/long stamens; IM/LS = intermediate-style morph/long
stamens).
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In 2007, 130 SIVs to virgin flowers were obtained, and insect diversity was generally
higher than the year before (Figure 3.3). Although bumblebees still performed the majority
(45%) of visits in 2007, their numbers were down in proportion to other taxa. Honeybees (21%)
still performed the second highest numbers of SIVs, but were followed closely by sweat bee
(16%) and hoverfly (11%) visits (Figure 3.3). In 2007, SIVs were also recorded by leafcutter
bees (Megachilidae) (Figure 3.5D), Anthophora furcata (Figure 3.5E), vespid wasps, two

unknown flies (Diptera), and one dragon fly (Odonata) (Figure 3.3).

3.3.3.2 Randomly collected flowers of unknown visitation history and age

Microscopic examination of the styles of randomly collected ‘normal’ flowers of
unknown history and age collected during both field seasons showed that a gradation in
pollination success was present in wild L. salicaria. In 2006, interestingly, the majority of
flowers (67.8%) collected at random did not have pollen tubes at the base of the style (Figure
3.4). However, successful pollination had occurred for all three floral morphs, with some styles
possessing over 150 pollen tubes. In 2007, again a high number of styles lacking pollen tubes
(35.6%) were present (Figure 3.4), however only about half as many as in 2006. In contrast to
2006, in 2007 many styles possessed over 100 pollen tubes each, and at least one surveyed

flower occurred within each pollen tube range (Figure 3.4).

3.3.3.3 Pollination efficiency of single insect visitors

During the 2006 and 2007 field seasons, a total of 237 single insect visits to virgin
flowers of L. salicaria were recorded. Overall, 114 insects (48.1%) landed on virgin flowers of

LM, 84 (35.4%) on IM flowers, and 39 (16.5%) on SM flowers (Table 3.3).
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As reflected in the census data of Table 3.1, members of the Apidae were also the most
common visitors to virgin flowers of L. salicaria (Figure 3.3; Table 3.4). Of the 237 total SIVs
recorded in this study, Bombus accounted for 129 (54.4%) and Apis had 47 (19.8%). Beyond the
Apidae, sweat bees (Halictidae) were represented next with 27 SIVs (11.4%), followed by 22
SIVs (9.3%) by hover flies (Syrphidae). Thirteen styles (Apis mellifera -3; Bombus ternarius -2;
Bombus spp. -5; Halictidae -1; Syrphidae -2) unfortunately were lost during processing, leaving a
total of 224 styles that yielded pollen-tube data (Table 3.4).

Not only did individuals of Bombus participate in over half of the SIVs, all seven
identified species contributed as pollinators of L. salicaria. Of these, B. vagans was the most
frequent, followed by B. ternarius and B. huntii (Table 3.4). Within a species, there were no
significant differences in pollination effectiveness with regard to floral morph. That is, for
example, B. huntii pollinated the three floral morphs (LM, IM, SM) of L. salicaria, equally
(Table 3.4). The same held true when all Bombus data were combined. One exception occurred
for the unknown Bombus spp. visitors, wherein SM flowers possessed significantly more pollen
tubes than in the other two morphs (Table 3.4). However, this result may be anomalous due to
the extremely small number of SM flower visits (n = 2) by these unknown Bombus species, and
may not represent a true statistical difference.

Within an individual floral morph (LM, IM, SM), individual Bombus species showed no

significant difference in pollination effectiveness (i.e., left-most column of Table 3.4).
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Figure 3.3. Relative proportions of different taxa recorded as single insect visitors to virgin flowers of Lythrum
salicaria during the 2006 (n = 107) and 2007 (n = 130) field seasons at the BVR, IDY, and LKS sites combined.
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Figure 3.4. Approximate number of pollen tubes per style for randomly collected flowers of Lythrum salicaria of
unknown visitation history pooled from all three field sites in 2006 and 2007. LM = long-style morph; IM =
intermediate-style morph; SM = short-style morph.

Table 3.3. Percentage of the total (n = 237) single insect visits observed for each of the three floral morphs (LM =
long-style morph; IM = intermediate-style morph; SM = short-style morph) at the three field sites in 2006 and 2007.

LM

IM

SM

No. SIVs

%

No. SIVs

%

No. SIVs

%

114

48.101

84

35.443

39

16.456
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Bumblebee visits resulted in several of the highest numbers of pollen tubes recorded at
the style base. For example, a single visit by B. huntii to a SM flower yielded 123 pollen tubes
(Table 3.4). Whereas this result is exceptional, other noteworthy SIVs yielded 50 (IM; B.
huntii), 52 (SM; unknown Bombus sp.), 74 (IM; B. vagans), and 88 (LM; B. vagans) pollen tubes
each. On the other hand, 51 of 122 SIVs (41.8%) involving bumblebees resulted in styles
without a single pollen tube (i.e., zero), despite the receptive stigma present in those flowers.

Like bumblebees, honeybees (Apis mellifera) successfully and equally pollinated the
three floral morphs of L. salicaria (Table 3.4). Indeed, the highest number of pollen tubes
following a SIV was recorded for a honeybee foraging on IM (n = 138 tubes). Other noteworthy
honeybee visits yielded 44, 44, 45 (all IM) and 43 (LM) pollen tubes, each (Table 3.4). Still, of
44 visits by honeybees to virgin flowers, 14 (31.8%) failed to yield a single pollen tube at the
style base.

The only other apid to have visited virgin flowers in either field season was Anthophora
furcata which, although visiting only once, yielded 11 pollen tubes at the LM style base (Table
3.4).

Apart from the Apidae, the two other bee families (Halictidae, Megachilidae) that visited newly-
unbagged flowers of L. salicaria also were successful as pollinators. Although two species were
identified, most SIVs by sweat bees involved unknown species of Lasioglossum. From the latter
group, and when all Lasioglossum were combined, a significant difference in pollen tube
quantities per floral morph occurred, with SM exceeding LM but not IM (Table 3.4). Two
individual visits by L. laevissimum furnished 38 (IM) and 53 (SM) pollen tubes per style, and an
unknown Lasioglossum achieved 35 (SM) pollen tubes (Table 3.4). However, 15 (57.7%) of the

26 total visits by Lasioglossum to virgin flowers generated styles lacking pollen tubes.
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Figure 3.5. Various insect visitors foraging on Lythrum salicaria. (A) Bumblebee (Bombus
terricola). (B) Honeybee (Apis mellifera). (C) Sulphur butterfly (Pieris sp.). (D) Leafcutter

bee (Megachile sp.). (E) Flower bee (Anthophora furcata). (F) Hover fly (Sphaerophoria sp.).

64



65



Table 3.4. Pollination effectiveness of various taxa involved as single insect visitors to virgin flowers (n) of the
three floral morphs (LM = long-style morph; IM = intermediate-style morph; SM = short-style morph) of Lythrum

salicaria. Pollen tube (y) data (mean =+ s.e.) are given following a square-root transformation ( /y +§ ). Actual (i.e.,

non-transformed) pollen tube counts are shown as a range. Within a row, means denoted by different letters as a
superscript are significantly different (P < 0.05). Similarly, non-bold superscripted letters in the flower visitor
column (LM/IM/SM) denote significantly different quantities of pollen tubes between individual species (P < 0.05).
Bold superscripted letters in the flower visitor column (LM/IM/SM) denote significant differences between pollen-
tube means for the four major visitor groups.

LM IM SM
Fl - Taxonomic No. pollen tubes No. pollen tubes No. pollen tubes
ower visitor fami
amily n | (mean+se) (range) | n | (mean+s.e) (range) | n | (mean+s.e.) (range)
Anthophora furcata Apidae 1 3.39 11
Apis mellifera™/A/A ANA Apidae 23 227+035" 043 |14 401+087" 0-138 | 7 276+070° 027
Bombus borealis™"* Apidae 1 0.71 0 3 199+078  0-11
Bombus centralis™ " Apidae 2 163+092 913 | 1 0.71 0
Bombus huntii¥A Apidae 8 1.90+0.67* 0-25 4 2.31+1.60" 0-50 5 468+183" 0-123
Bombus rufocinctus Apidae 1 4.18 17 1 0.71 0
Bombus ternarius™/A Apidae 10  165+0.20" 0-6 |15 219+042* 010 | 2 0.71+0.00" 0-0
Bombus terricola”"* Apidae 2 337+267  0-36
Bombus vagans/AA Apidae 28 297048 088 |13 3.09+065" 074 | 2 071£000" 00
Unknown . A A B
Bombus spp.A/A/A Apidae 13 1.04+0.19 0-6 9 1.69+0.31 0-10 2 4.68 £2.56 4-52
All Bombus . A A A
combinedB/B/A Apidae 63 2.17+0.26 0-88 | 43 2.30+0.30 0-74 | 16  3.02+0.80 0-123
Llas'cfg'f”s“m Halictidae 3 071+000° 00 | 3 328+160° 038 | 1 7.31 53
aevissimum
Lasioglossum zephyrum Halictidae 1 0.71 0
Unknown Halictidae 6 088+011" 01 | 7 116+038*® 011 | 5 310+1.04°> 035
Lasioglossum spp.
All Lasioglossum Halictidae 9 082+008" 01 |11 170+054*® 038 | 6 380+110° 0-53
combined
Megachile latimans Megachilidae 2 452+293 2-55
Megachile sp. Megachilidae 1 0.71 0
Vespidae 1 0.71 0 2 0.71£0.00 0-0
Eupeodes americanus Syrphidae 3 0.71+£0.00 0-0
Heringia sp. Syrphidae 1 0.71 0
Sphaerophoria contigua Syrphidae 1 0.71 0
S. philanthus OR .
asymmetrica Syrphidae 1 0.71 0 1 0.71 0
Syritta pipiens Syrphidae 2 1.29+0.58 0-3
Syrphus vitripennis Syrphidae 1 0.71 0
Toxomerus marginatus Syrphidae 3 0.71+£0.00 0-0 1 212 4 1 0.71 0
Unknown Syrphidae 1 0.71 0 2 0.71+0.00* 0-0 2 0.71+0.00* 0-0
All Syrphidae 10 071000 00 | 7 108+024° 04 | 3 071+000*  0-0
combined
Unknown Diptera 1 0.71 0 3 0.71£0.00 0-0
Pieris rapae Pieridae 1 0.71 0
Odonata Sgborder: 1 0.71 0
Anisoptera
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Although only three SIVs were registered by leafcutter bees (Megachile spp.), both visits
to SM resulted in pollen tubes at the style base (once with 55), whereas the LM visit did not
(Table 3.4).

Only three visits by yellow jacket wasps (Vespidae) were registered as SIVs over both
years, and all lacked pollen tubes at the style base (Table 3.4).

Although a diversity of hover flies (six genera, seven species identified) visited newly-
unbagged flowers of L. salicaria over both field seasons, the Syrphidae (combined) led to few,
or more often, no pollen tubes at the style base (Table 3.4). Indeed, only two visits to IM, by
Syritta pipiens (3 pollen tubes) and Toxomerus marginatus (4), yielded any pollen tubes; 90% of
the 20 SIVs resulted in an absence of pollen tubes (Table 3.4).

Of the remaining, infrequent flower-visiting taxa, none of the four unknown flies
(Diptera), nor the cabbage-white butterfly (Pieris rapae), nor the dragonfly (Odonata), led to any
pollen tubes at the style base (Table 3.4).

When comparing the combined pollen-tube data of Table 3.4 for the four taxa which
most frequently visited virgin flowers of L. salicaria, significant differences were apparent for
LM (One-way ANOVA,; P = 0.020) and IM (P = 0.012), but not for SM (P = 0.441) flowers. For
the latter morph, the relatively lower quantity of SM flowers visited overall, may have been
influential. The mean number of pollen tubes per style base for all Lasioglossum (Halictidae)
was 3.80 £ 1.10 (n = 6), not being significantly greater than that for all hover flies (Syrphidae)
combined (0.71 £ 0.00, n = 3; P = 0.096, two-tailed t test).

For IM flowers, on the other hand, SIVs by honeybees (Apis mellifera) gave significantly
more pollen tubes per style base (4.01 £ 0.87) than all Bombus combined (2.30 + 0.30; P =

0.020, two-tailed t test), all Lasioglossum (Halictidae) together (1.70 £ 0.54; P = 0.045), and all
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Syrphidae (1.08 = 0.24; P = 0.030). However, when compared on an individual species basis
rather than to the large number of visits (43) amassed when pooling all Bombus together,
honeybees were found not to be superior pollinators of IM flowers than any Bombus species in
particular (Table 3.4).

Finally, for LM flowers, determination of a clearly superior pollinating taxon was
complex. Honeybees visiting virgin flowers yielded an average of 2.27 + 0.35 pollen tubes per
style, similar to all Bombus together (2.17 + 0.26), but statistically superior to all Lasioglossum
(Halictidae) combined (0.82 + 0.08; P = 0.015, two-tailed t test) and Syrphidae combined (0.71 +
0.00; P =0.006). Bumblebees were not superior to Halictidae (P = 0.053), but were significantly
better pollinators than the Syrphidae combined (P = 0.027). Halictids and syrphids were equally
inferior pollinators of LM flowers (Table 3.4)

In 2006, microscopic examination of styles from bagged (control) flowers sampled from
inflorescences separate from those hosting SIVs, indicated a very low level of inadvertent
pollination had taken place (Table 3.5). For those controls, there was no significant difference in
pollination levels between the three floral morphs (One-Way ANOVA, P = 0.624). Similarly, in
2007, the isolated-inflorescence controls, as well as SIV-associated controls, showed no
significant differences in pollination levels between morphs (P = 0.165 and P = 0.402,
respectively). When comparing the different control treatments within a morph, LM SIV-
associated controls from 2007 had significantly fewer pollen tubes than those control flowers
from isolated inflorescences in 2006 (P = 0.042); however, there was no difference between
either of the two control treatments in 2007, or between the 2006 and 2007 isolated-inflorescence
controls. One-way ANOVA indicated that between treatment analysis of IM controls was

almost significant (P = 0.052). In comparison, between SM control treatments there is no
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significant difference in the level of inadvertent pollination (One-way ANOVA, P =0.343)

(Table 3.5).

Table 3.5. Numbers of pollen tubes per style base for unvisited flowers (negative controls) of Lythrum salicaria
collected from all field sites in 2006 and 2007. LM = long-style morph; IM = intermediate-style morph; SM = short

style morph.
LM M SM
Type of control No. flowers — mean £ s.e. No. flowers — mean = s.e. No. flowers — mean *s.e.
2006; isolated inflorescence 22 0.41+0.19 21 0.24+0.15 18 0.67+0.52
2007; isolated inflorescence 8 0.13+0.13 24 0.00 +0.00 5 0.00 £ 0.00
2007; inflorescence associated with
SIv 52 0.06 + 0.04 29 0.00 £ 0.00 32 0.13+0.08

In order to determine whether insect visitors overall had preferentially chosen one floral

morph of L. salicaria over another at the three field sites, a chi-squared test (y2 = Y.

(0-E)?

2

0.05) was used. The observed proportions to each floral morph of the total SIVs recorded are

given in Table 3.3, and expected, weighted values were determined based on the resident

proportions of the three floral morphs among the three field sites (Table 3.6). It became evident

that there was no preference to any particular floral morph shown by the pooled insect visitors

(347, = 3.0415,P = 0.228).

Table 3.6. Average percentage (upper value) of each of the three floral morphs (LM = long-style morph; IM =
intermediate-style morph; SM = short-style morph) present at the three field sites in 2006 and 2007 (from Tables 2.1
and 2.2). The lower values (in brackets) represent the weighted percentages of the three floral morphs based on the
location of the SIVs performed.

Field No. . . .
site SIVs Proportion SIVs (No. SIVs/237) per field site LM IM SM
0 0, 0
BVR 159 0.6709 48.1% 49.8% 2.1%
(32.270) (33.410) (1.409)
20.2% 30.0% 49.8%
IDY 58 0.2447
(4.943) (7.342) (12.187)
37.7% 34.7% 27.6%
LKS 20 0.0844
(3.181) (2.928) (2.329)
Weighted percentages of floral morphs, according to the number
of SIVs acquired per field site (i.e., expected values) (40.394) (43.680) (15.925)
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3.3.3.4 Duration of visits to virgin flowers by single insect visitors

Of the 237 total insects that visited newly-unbagged flowers, visit duration was recorded
for 214 SIVs as shown in Table 3.7. The average duration of visits to virgin flowers varied
between different taxa (Table 3.7). However, within a specific visitor taxon, there was never an
instance where visitors would remain statistically longer on one floral morph over another (Table
3.7). Visitors of the Syrphidae tended to spend the longest time on individual flowers per visit,
with averages ranging from 5.3 to 62.1 seconds. Similarly, halictid bees remained on the flowers
for comparatively long periods, ranging from 35.9 (Lasioglossum laevissimum on LM) to 57.8
(unknown Lasioglossum spp. on LM) seconds per single visit (Table 3.7). The dragon fly
remained stationary for a few minutes before flying off again, as would be expected. On the
contrary, bees of the family Apidae tended to stay for relatively shorter times, with averages
ranging from 2.3 (B. borealis on SM) to 15.7 (honeybees on SM) seconds per single visit.

A comparison of average duration per flower visit to virgin flowers of L. salicaria (Table
3.7) among the individual Bombus species plus Apis mellifera, yielded several significant
differences for LM (One-way ANOVA, P = 0.0002) and SM (P = 0.020) flowers, but not for IM
(P =0.213).

On virgin flowers of LM, on average Apis mellifera (10.7 sec) remained significantly
longer than Bombus huntii (4.7 sec, P = 0.013, two-tailed t test), B. ternarius (5.9 sec, P = 0.015),
B. vagans (5.8 sec, P = 0.0005) and the unknown Bombus spp. (5.5 sec, P =0.003). Although
having only two visits by B. centralis to LM flowers brings sample size into question, analysis of
the data available from this study showed that B. centralis (11.0 sec) foraged significantly slower
than B. huntii (P = 0.013, two-tailed t test) and the unknown Bombus spp. (P = 0.004), but not B.

ternarius (P = 0.060) and B. vagans (P = 0.059).
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Table 3.7. Average time (seconds) spent on a flower per single visit by various insect visitors to Lythrum salicaria
at BVR, LKS, and IDY. LM = long-style morph; IM = intermediate-style morph; SM = short-style morph. Statistical
tests of significance between floral morphs used One-Way ANOVA, a = 0.05. Within a row, means denoted by
different letters as a superscript are significantly different (P < 0.05). Similarly, non-bold superscripted letters in the
flower visitor column (LM/IM/SM) denote significantly different quantities of pollen tubes between individual
species (P < 0.05). Bold superscripted letters in the flower visitor column (LM/IM/SM) denote significant
differences between pollen-tube means for the four major visitor groups.

LM IM SM
Flower visitor Tafxonpmic ’.\k.)' mean = s.e. ’.\k.)' mean = s.e. ’.\k.)' mean + s.e.
amily visits visits visits
Anthophora furcata Apidae 1 2.9
Apis mellifera™A/A A/B/B Apidae 23 10.7+1.14 14 9.9+1.9" 7 15.7+2.8%
Bombus borealis™’® Apidae 1 143 3 2.3+03
Bombus centralis”®"" Apidae 2 11.0+2.0 1 2.8
Bombus huntii®~° Apidae 6 47+08" 4 10.2 +5.0* 5 46+06"
Bombus rufocinctus Apidae 1 4.3 1 8.4
Bombus ternariusB<AA Apidae 10 5.9+1.0% 11 6.3+1.0% 2 6.2+0.74
Bombus terricola™"? Apidae 2 77463
Bombus vagans2C/A/A8 Apidae 28 5.8+0.74 13 75+228 2 6.8+3.2"
Bomggskggggm Apidae 12 5.5+ 0.6° 8 3.6+ 0.5 2 47+13°
All Bombus combined®/~/A Apidae 60 6.0 £ 0.4" 38 6.5+1.0% 16 51+08"
Lasioglossum laevissimum Halictidae 3 35.9 +14.3" 3 49.8 +31.1° 1 67
Lasioglossum zephyrum Halictidae 1 7.09
U”k”OW”S'E)";SiOg'OSS”m Halictidae 6 578+181% | 6 54.1 +16.7 5 472 +12.6°
fg;ﬁ?ﬁ'&?g@ Halictidae 9 505+£129% | 10 481133 6 50.5 +10.8%
Megachile latimans Megachilidae 2 47114
Megachile sp. Megachilidae 1 1
Vespidae 1 8.6 2 22+1.2
Eupeodes americanus Syrphidae 3 53+1.2
Heringia sp. Syrphidae 1 62
Sphaerophoria contigua Syrphidae 1 87.8
S. philanthus OR Syrphidae 1 475 1 10
asymmetrica
Syritta pipiens Syrphidae 2 75+45
Syrphus vitripennis Syrphidae 1 52.2
Toxomerus marginatus Syrphidae 3 54.1+253 1 63.4 1 96.3
Unknown Syrphidae 1 7.1 2 33.7+313 1 27.8
Q:ﬂ%’;ggé‘?&% 10 31.7£9.9° 7 54.1 +16.1° 2 62.1 +34.3
Unknown Diptera 1 68 2 74+53
Pieris rapae Pieridae 1 11
Odonata Asrl:it;%gjti:ia 1 224.9
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Upon visitation to newly-unbagged flowers of SM, honeybees again spent longer average
visits (15.7 sec) than certain Bombus visitors: B. borealis (2.3 sec, P = 0.017, two-tailed t test), B.
huntii (4.6 sec, P = 0.009), and B. ternarius (6.2 sec, P = 0.013), but not B. vagans (6.8 sec, P =
0.090). Also, within Bombus, B. borealis foraged significantly faster than B. huntii (P = 0.040)
and B. ternarius (P = 0.012), but not B. vagans (P = 0.103).

When the data for duration of floral visit to virgin flowers of L. salicaria were combined
for each of the four most frequent insect taxa and then compared by a One-Way ANOVA, highly
significant differences (P << 0.001) occurred for each floral morph. In LM flowers, average
honeybee visits (10.7 sec) lasted as long as the combined Bombus (6.0 sec, P = 0.101, two-tailed
t test), but significantly shorter than those of combined Lasioglossum (50.5 sec, P = 0.003) and
all Syrphidae (31.7 sec, P =0.001). Bombus foraged significantly more quickly than all sweat
bees together (P << 0.001) and all hover flies (P << 0.001). The latter two taxa visited flowers
for lengthy periods that were not significantly different (P = 0.778).

However, for IM flowers, bumblebees together (6.5 sec) foraged more quickly than Apis
mellifera (9.9 sec, P << 0.001, two-tailed t test), Lasioglossum combined (48.1 sec, P << 0.001),
and Syrphidae combined (54.1 sec, P << 0.001). Honeybees, on the other hand, spent
significantly less time per IM flower than the sweat bees (P << 0.001) and combined hover flies
(P =0.003). The latter two spent long periods on IM flowers, which were not significantly
different (P = 0.9).

Finally, for SIVs to SM flowers, when combined, Bombus again stayed for significantly
shorter periods (5.1 sec) than Apis mellifera (15.7 sec, P << 0.001, two-tailed t test), all
Lasioglossum (50.5 sec, P = 0.009), and Syrphidae combined (62.1 sec, P << 0.001). Again the

average duration of each honeybee visit per SM flower was significantly shorter than for the
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hoverflies (P = 0.021), but not for the sweat bees (P = 0.585). However, the relatively lengthy

visits by sweat bees and hover flies did not differ (P =0.117).

3.3.3.5 Correlation between flower visit duration and pollination efficiency

For the insect taxa which made frequent visits to newly-unbagged flowers of L. salicaria
in this study, a relationship between pollination effectiveness (i.e., quantity of pollen tubes per
style base) and the duration of floral visit was sought by regression analysis for each floral
morph, where possible (Figures 3.6 — 3.12).

As a generalization, this study of SIVs demonstrated that pollination efficiency was not
correlated with duration of visit for these most frequent pollinators of L. salicaria. For the
honeybee (Apis mellifera), for instance, no correlation between number of pollen tubes and visit
duration to LM flowers (P = 0.953) existed (Figure 3.6). For IM flowers, there was a trend
toward a positive correlation (P = 0.059), but no statistically significant relationship existed
either for SM flowers (P = 0.470) nor when all three morphs (LM, IM, SM) were considered
together (AM; P = 0.100) (Figure 3.6).

For all floral morphs (LM, IM, SM, and even when combined (i.e., AM)) visited by
Bombus huntii, a positive correlation between pollen-tube quantities per style base and visit
duration occurred (Figure 3.7). However, this relationship was only significant for IM flowers
(P << 0.001), but may be due partially to the relatively few observations available.

For B. ternarius (Figure 3.8) and B. vagans (Figure 3.9), there were only 2 SM flowers
available as SIVs for each species (Table 3.7), and hence regression analyses for that particular
morph were not meaningful. However, the SM data were included for the analysis of all morphs

(AM) together. For B. ternarius, there was no significant correlation between number of pollen
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tubes per style and duration of visit for LM, IM or AM (Figure 3.8), although a weak positive
correlation occurred for LM (P = 0.094). Likewise, for B. vagans, no significant correlation
occurred for any floral morph or when all were taken together. It was evident that a large
quantity of pollen tubes per style base were attainable even after relatively short visits (e.g., 3
sec), and that for the IM and AM plots, there was a large influence by an outlying, poor-
pollinating visit of long duration (Figure 3.9).

When SIV data available for all Bombus species were combined, there was no correlation
for LM (P =0.168), IM (P = 0.417) or SM (P = 0.277) flowers separately, and especially not
when all morphs were taken together (AM; P = 0.821) (Figure 3.10).

Similarly, no significant correlations existed for the sweat bees (Lasioglossum spp.) taken
collectively, for any floral morph (LM, P = 0.886; IM, P =0.736; SM, P =0.376; AM, P =
0.843) (Figure 3.11).

Finally, as anticipated by their relatively poor performance per SIV (Table 3.4, section
3.3.3.3), no significant correlation was found for the hover flies (Syrphidae) combined, for any
floral morph (LM, P = 1.00; IM, P = 0.195), although when all floral morph data were combined
(AM), there was a slightly positive trend (P = 0.064) but with a slope of very low magnitude,
owing to the large number of non-pollinating visits (Figure 3.12).

Of the 25 plots illustrated in Figures 3.6 — 3.12, 14 regression lines had a positive slope
suggesting a general trend for a weak positive correlation between pollination effectiveness and
time spent per virgin flower. This trend was most obvious for B. huntii (all four regressions had
a positive slope) and A. mellifera (three of four regressions had a positive slope). However, six

of the 25 regression lines were essentially horizontal, indicating the lack of a strong relationship
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between pollination effectiveness and visit duration. Finally, five of the 25 regressions resulted
in a negative slope, including all three regressions for B. vagans.

Accordingly, taken overall, the data for single insect visits to intact, virgin flowers of L.
salicaria do not support the hypothesis that pollination effectiveness, as measured by pollen-tube

quantity at the style base, is correlated with time spent foraging on the flower.

3.4 Discussion and Conclusions

The hand pollination experiments performed throughout the 2006 and 2007 field seasons
were used to establish the levels of selfing and of possible illegitimate pollination (i.e., pollen
from stamens whose length differed from the style) that could lead to seed set of purple
loosestrife in central Saskatchewan. Darwin (1877) noted that illegitimate pollination frequently
lead to no seed production whatsoever, however, when seed was produced, resultant plants
frequently were irregular, or even sterile. Darwin (1877) also showed that L. salicaria did not
generate seed when self-fertilised. The findings of Darwin (1877) with regard to self-
fertilisation were confirmed by Stout (1922), where in a series of selfing experiments, he
frequently found seed set failures. These findings correspond very well with what has been
determined here for invasive L. salicaria in central Saskatchewan. Although very infrequently
(i.e., 2 of 137 flowers), a small number (n = 1, 5) of pollen tubes were recorded at the ovary end
of two styles, the vast majority of self- and illegitimately crossed replicates yielded no pollen
tubes at the ovary. It was not possible to completely eliminate the potential for smaller insects
such as thrips (Thysanoptera) from moving between plants and crawling up the stem into bagged
flowers, thus yielding the possibility that pollen tubes detected in the style at the ovary end in

self- or illegitimately crossed experimental flowers may have resulted from the unanticipated
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Figure 3.6. Regression analysis of the number of pollen tubes per style (LM = long-style morph; IM =
intermediate-style morph; SM = short-style morph; AM = all morphs combined) on duration of visit for Apis

mellifera. Quantities of pollen tubes per style (y) are shown as transformed values ( |y +§ ).
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introduction of some legitimate pollen. Furthermore, the consistently successful pollination that
resulted from hand crosses involving legitimate pollen (i.e., from stamens taken from other
plants, in which stamen length matched style height) completes this story in central
Saskatchewan, and indicates that L. salicaria in this area is strongly xenogamous, as opposed to
the facultative autogamy based upon the pollen-ovule ratios discussed in section 2.3.6. Our
observations on the sexual reproductive behaviour of L. salicaria also accord with the suggestion
by Barrett (1992) that the heterostylous condition is accompanied by a diallelic incompatibility
system which prevents selfing, as well as intramorph fertilisation (see section 1.2.4).

The present study relied heavily on the microscopic detection and quantification of pollen
tubes at the style base, as a measure of a flower visitor’s effectiveness as a pollinator. The
method had proven reliable for other plant species (Davis 1992a) because pollen tubes are
preserved in the style’s transmitting tract as a past record of tube elongation which transports
non-flagellated sperm cells from the germinated pollen grains on the stigma, to ovules located
within the flower’s ovary. In this study of L. salicaria, it was determined that pollen tubes
arising following illegitimate pollination frequently showed aberrant growth patterns when
compared with tube growth involving legitimate pollen. Very often, the former did not even
grow into the style, terminating growth on the stigma. Those pollen tubes following illegitimate
pollination that did grow into the style almost always lacked discrete callose plugs (Figures 3.1C,
E), and grew only a very short distance, terminating at the top of the style. Legitimate pollen
tubes tended to grow down the style into the transmitting tract in relatively large bundles or
aggregations of pollen tubes that appeared morphologically similar to one another (Figure 3.1D,
F). Regularly spaced callose plugs were visible throughout the length of pollen tubes arising

from legitimate pollination. Pollen tubes that grew down to the base of the style where it
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connects the ovary always possessed callose plugs. This disparity of pollen tube growth patterns
following illegitimate versus legitimate pollination allowed the assumption that pollen tubes
detected at the base of the style arose from the latter cross. Although there are apparently few
previous studies describing pollen tube growth characteristics in L. salicaria, Scribailo and
Barrett (1991) did describe pollen tube characteristics in another tristylous species, Pontederia
sagittata (Pontederiaceae). With legitimate pollination, pollen tube growth in P. sagittata is
similar to that of L. salicaria in that the tubes also tend to grow down the transmitting tract of the
style in discrete groups. However, even in P. sagittata tubes emanating from legitimate pollen
demonstrated abnormal growth habits, with regard to their failure to grow down the style, plus
their swollen nature, absence of callose plugs, and an increase in particulate callose causing the
entire pollen tube to fluoresce (Scribailo and Barrett 1991). Abnormal pollen tube characteristics
like those described for legitimate pollination, such as tubes terminating growth early in the style
of P. sagittata, match well with the abnormal characteristics observed for illegitimate pollen
tubes in this study on L. salicaria. lllegitimate pollen tubes in P. sagittata, though terminating
growth before the ovary, did possess callose plugs at regular intervals, and did not display more
abnormal growth than legitimate pollen tubes (Scribailo and Barrett 1991).

In this study of the pollination biology of Lythrum salicaria in central Saskatchewan,
bees were, by far, the predominant flower-visiting taxon. Bees represented 95.2% of all flower
visitors in the 2007 census data, and 87.5% (2006 — 90%; 2007 — 85%) of all insects that
participated as visitors to previously-bagged (virgin) flowers.

The diversity of various floral visitors to wild stands of L. salicaria in central
Saskatchewan reflects very closely the previous observations made both in North America, and

in its native Europe. In Manitoba, Diehl et al. (1997) observed that honey bees, bumble bees,
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and leafcutter bees were common visitors to flowers of L. salicaria, and that hover flies and
butterflies also frequently visited flowers in that province. Honey bees, bumble bees, and
leafcutter bees also represent important flower visitors of L. salicaria in its native European
habitats (Waites and Agren 2004). Moreover, other bees newly recorded in the present study as
visitors to L. salicaria include at least two species of sweat bee (Lasioglossum; Halictidae) and
Anthophora furcata (Apidae), plus other insects like yellow-jacket wasps and a dragonfly.
Whereas confirmation of similarities in the flower-visiting insect taxa of invasive L.
salicaria in Saskatchewan is important, the current study is unlike any previous study of purple
loosestrife in that it goes beyond strictly recording observations of flower-visiting insects, to
quantitatively discriminate mere flower visitors from pollinators and to rank these pollinators
according to their effectiveness in terms of pollination efficiency of specific insect taxa. This
study has demonstrated that honey bees and bumble bees are important pollinators of L. salicaria
in Saskatchewan. Furthermore, Halictidae also seem to be able to effect pollination quite well,
especially in IM and SM flowers. The lack of effective pollination to LM flowers by sweat bees
may be a function of their tendency to collect pollen alone (i.e., not nectar), and their small body
size, which allows them to collect pollen without contacting the exserted stigma. Although
relatively few visits (n = 3) from leafcutter bees to virgin flowers were obtained, the visits did
indicate that leafcutter bees can effectively pollinate L. salicaria. In terms of frequent visitors
that do not appear to be effective pollinators to L. salicaria, it is important to mention the hover
flies (Syrphidae). Compared to the bee species, hover flies possess relatively few setae on their
bodies, and these hairs are unbranched (Lukoschus 1957, in Davis 1997a) suggesting that pollen

adherence is inferior. Even though floral visits by hover flies were more than occasional (9% of
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visits), the majority (90%) of 20 visits yielded no pollen tubes at the ovary. Thus, sweat bees
(Halictidae) and hoverflies (Syrphidae) were equally inferior pollinators of LM flowers.

Despite the capability of various insect species to pollinate L. salicaria as demonstrated
here, this study also showed that each visit by a bona fide proven pollinator does not necessarily
ensure that pollination will actually occur. For example, 32% of SIVs performed by honeybees
(Apis mellifera) resulted in a lack of pollen tubes at the style base, and for other frequent-visiting
pollinators the proportion of SIVs leading to an absence of pollen tubes was even greater (e.g.,
Bombus combined — 42%; Lasioglossum combined — 58%). Thus, many insect visits to virgin
flowers of purple loosestrife did not yield quantities of stylar pollen tubes any different from the
experimentally bagged (control) flowers, which were non-visited. That is, these control flowers
routinely possessed no, or very few, pollen tubes. Furthermore, the investigation of never-
bagged, intact flowers of unknown age and visitation history (Figure 3.4) also demonstrated a
high proportion (51.7%) of styles lacking pollen tubes, even within flowers that potentially had
received multiple visits. Accordingly, it would appear that in natural settings, non-experimental
flowers of L. salicaria may be missed and/or are never pollinated and never set seed, although
these seedless, perfect flowers may still have played an important role as pollen donors.
Although apparently unavailable from previous studies of tristylous species, these data for L.
salicaria are comparable to results obtained from a self-compatible invasive species (Echium
plantagineum; Boraginaceae) in Australia, wherein 34.7% of SIVs by Apis mellifera to flowers
with receptive stigmas did not yield pollen tubes, 11% (intact) and 15% (emasculated) flowers
available to multiple visitation still lacked pollen tubes at the style base, and 84% of

permanently-bagged flowers were deficient of pollen tubes (Davis 1992a).
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Problems encountered with beetle herbivory at LKS (a site with 28% SM) and the
relative lack of insect foraging activity at the smallest site, IDY (50% SM), led to the majority
(67.1%) of SIV experiments being conducted at the largest site with the greatest floral visitation
by insects (Table 3.1), BVR (only 2.1% SM). Consequently, these circumstances led to a
smaller quantity of SIVs to SM flowers than desired. This relative shortage of SM flowers
available denied a rigorous comparison between some of the insect taxa foraging on SM flowers.
Yet, numbers of SM flowers for SIVs were sufficient to determine that for the most frequent
flower visitors (e.g., Apis mellifera; Bombus, both for individual species as well as when
combined), typically there were no differences in pollination effectiveness between the three
floral morphs. Also, a chi-squared analysis of floral morph census data weighted according to
site utilisation for SIVs, showed overall that insects participating in SIV trials did not exhibit
foraging preferences for one floral morph over others, but rather visited SIV flowers in
proportion to which floral morph was available and offered to them. In other words, for
example, despite being fewer in number, SM flowers were neither sought after, nor avoided,
during the SIV experiments.

No correlation between duration of insect visit and pollination efficiency seems to exist
for L. salicaria in central Saskatchewan. This discovery agrees with a regression analysis of
honeybee pollination of Echium plantagineum (Davis 1992a). Length of flower visit as a
predictor of an insect’s pollination effectiveness appears to be more important for plant species
with “platform inflorescences” on which insects can walk, and which require only one or two
pollen tubes per tiny floret to satiate all ovules, such as the Apiaceae (e.g., caraway —
Langenberger 2000) and the Asteraceae (e.g., Echinacea — Wist 2005). The lack of a strong

correlation in purple loosestrife between an insect’s effectiveness and its duration of visit

87



indicates that in this species, the frequency of stigmatic contact with compatible pollen does not
increase appreciably over time spent on the flower. Instead, because stigmas can be touched
upon an insect’s arrival to a flower, an event which can happen with regularity even within three
seconds of landing (Figures 3.6, 3.9, 3.10), it appears that a better predictor of pollination
success of campanulate flowers like L. salicaria and E. plantagineum is the number of visits that
a flower receives during its receptive phase, rather than duration of visits (Davis 1992a).

When comparing visit duration among insect types, it is clear that certain taxa spent
differing amounts of time on a flower. Bees of the family Apidae visited individual flowers
quickly, generally less than 10 seconds per flower, yet frequently showed high efficiency of
pollination. Although they shared an equal rapidity for LM flowers, bumblebees (when taken
together) foraged on each IM and SM flower more quickly than honeybees. Halcitid bees spent
much longer (mean of 50.5 sec on LM and SM) on individual flowers, and although the halictids
do show some proficiency at pollination in L. salicaria, they were incapable of pollinating many
flowers within the same time period. Syrphid flies also spent long periods (averaging from 31.7
sec on LM to 62.1 sec on SM) on flowers of L. salicaria, but nonetheless have been
demonstrated here to be poor pollinators of this species in Saskatchewan.

That individual insect species, without exception, spent an equal duration on each of
Lythrum’s three floral morphs (Table 3.6) again is interpreted as strong evidence for a lack of
discrimination or preference for an individual morph. Moreover, such indiscriminate insect
foraging behaviour corroborated the results (Figures 2.4, 2.5) that the three floral morphs
produce equal quantities of nectar sugar and hence appear to be equally attractive for food. It

does appear, however, that visits by nectar-foraging insects such as bees were most frequent in
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the early afternoon (Table 3.1) when average nectar volume per flower was near its peak
(Figures 2.4, 2.5).

These findings also seem in agreement with a bee’s interplant flight distance being
negatively correlated with plant density in purple loosestrife, evidently without regard to an
adjacent plant’s floral morph type, but nonetheless with potential significance for the distance
pollen is transported on the insect’s body (Levin and Kerster 1969). Also potentially relevant is
the work of Agren (1996), who observed a significant positive correlation in Sweden between
population size, and seed set in L. salicaria. Although difficult to directly compare with my
results, it may help to explain the less frequent visitation to flowers at the two less dense and
smaller field sites, LKS and IDY, than at BVR.

Finally, this study has demonstrated the highly stochastic nature of pollination itself, in
which the pollination success of a single insect species can vary dramatically from zero to over
100 pollen tubes per style per visit. It seems remarkable that on two occasions, SIV trials
demonstrated that one solitary visit by a honeybee (138 pollen tubes on IM) and by Bombus
huntii (123 pollen tubes on SM) could result in pollination sufficient to theoretically fertilize all

100-115 ovules per ovary (Table 2.9) within a single flower of L. salicaria.
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4. DEVELOPMENT, ANATOMY, AND ULTRASTRUCTURE
OF THE FLORAL NECTARY OF THE
PURPLE LOOSESTRIFE CULTIVAR ‘MORDEN GLEAM’
(LYTHRUM VIRGATUM x L. ALATUM)

4.1 Introduction

The angiosperm order Myrtales consists of up to ten families: the Combretaceae,
Lythraceae (including Trapaceae, Sonnerataceae, Punicaceae), Melastomataceae, Memecylaceae,
Myrtaceae, Onagraceae and VVochysiaceae (Judd et al. 2008). Of these families, evidently only
the Combretaceae, Lythraceae, Melasomataceae, Myrtaceae, Onagraceae, and the Trapaceae
have records of floral nectary structure.

In the Combretaceae, the floral nectary has a ribbed surface that lines the lower
hypanthium of the tubular flowers of Combretum fruticosum and C. lanceolatum. The nectary
surface possesses scattered stomata (Bernardello et al. 1994) which are distinctly elevated in C.
lanceolatum (Sazima et al. 2001). The latter species possesses “jelly flowers”, because their
secretory product is a gelatinous pellet (rather than fluid nectar) consumed by perching birds
(Sazima et al. 2001).

Within the Lythraceae, floral nectary stomata have been reported in Lythrum
hyssopifolium and L. salicaria (Bonnier 1879), and also in Cuphea platycentra and Cuphea sp.
(Wolff 1924; Imperatori 1906). In C. graciliflora, the floral nectary is formed as a “unilateral
retroverse disk bulge” upon which stomata are restricted to the apex and may form clusters
where two or three stomata are directly adjacent (Vogel 1998).

In the Melastomataceae, most members lack floral nectaries of any kind. However, some

members of this family are able to exude nectar through “rupturing” of the phloem supply to the
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staminal filaments (Vogel 1997). Tobe et al. (1989) describe one species of Melastomataceae
(Medinilla magnifica) which exudes nectar from the tip of each of its petals.

In the Myrtaceae, nectary stomata are known from at least 43 species (Beardsell et al.
1989; Carr and Carr 1987, 1990; Davis 1968, 1969, 1997b; Moncur and Boland 1989; Ronse
Decraene and Smets 1991). Detailed structural studies, however, have only been carried out in
two species of the Myrtaceae (Chamelaucium uncinatum - O’Brien et al. 1996; Thryptomene
calycina - Beardsell et al. 1989), but some data exists on changes in nectar composition and
nectary surface features in three species of Eucalyptus (Davis 1997b). In T. calycina, droplets of
nectar originate in the “cup” formed by the floral tube, these droplets arising in areas of many
nectary stomata located around the base of the style of this epigynous flower (Beardsell at al.
1989). A region of 2-3 cell layers of densely packed secretory cells covers 5-10 layers of large
parenchyma cells that apparently contain phenols or tannins. The only vascular tissue in the
region is associated with the style and stamens; thus, the floral nectary lacks a direct vascular
supply (Beardsell et al. 1989).

The floral nectary of Chamelaucium uncinatum (Myrtaceae), evidently the only nectar-
secreting gland in the Myrtales to have been studied ultrastructurally, is located on the
hypanthium plus the entire upper surface of the ovary (O’Brien et al. 1996). The nectary
consists of two distinct zones: the secretory zone lying immediately beneath the epidermis, and
the subglandular zone located between the secretory zone and the vascular tissue. The epidermal
surface is covered with a thick cuticle broken only at sites of stomatal openings. The stomata are
uniformly spaced; each stomate is surrounded by a cluster of secretory cells. The epidermal cells
contain a very large central vacuole, and are described as lacking organelles. The nectariferous

cells of secreting nectaries contain many organelles within granular cytoplasm including
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dictyosomes mitochondria and several forms of endoplasmic reticulum. Starch grains in plastids
was uncommon. Many vacuoles could be present in these cells, some surrounded by thin
membranes only, while others have a thick layer of electron dense material lining the tonoplast.
Plasmodesmata are common between many cells, although not all cells appear to possess them.
Plastids and other unidentified organelles are also present within the secretory cells of the
nectary. Each subglandular and secretory cell contain a single large vacuole which expands with
flower age, wherein few organelles remain in the cytoplasm even though cell walls remain intact.

In flowers of the Onagraceae, nectary stomata are known from at least 18 species (listed
in Davis 1992b). Nectary stomata in the Trapaceae have been noted in only one species, Trapa
natans (Caspary 1848). However, for both these families, evidently no detailed work on nectary
structure has been undertaken.

Within the Lythraceae and the entire Myrtales, much remains to be investigated in terms
of floral nectary structure and ultrastructure in this diverse group of plants. The floral nectary of
Lythrum appears to have received only passing attention in previous studies. Darwin (1877)
reported that nectar in L. salicaria is exuded all around the base of the ovary. Fahn (1979)
described the nectary in the Lythraceae as a disk surrounding the ovary base, but Kurr (1833)
had indicated earlier that the floral nectary of L. salicaria was a concave “gutter” located
between the calyx tube and the gynoecium. Bonnier (1879) reported stomata on the surface of
the floral nectary of L. hyssopifolium and L. salicaria. Other than a description of the presence
of nectary stomata, and some brief references to the location and morphology of the floral
nectary, no detailed structural or ultrastructural study on the floral nectaries of any Lythrum

species is known.

92



Accordingly, this chapter is devoted to a study of the development, anatomy, and
ultrastructure of an “environmentally friendly”, non-invasive form of purple loosestrife, namely
the ‘Morden Gleam’ cultivar of Lythrum virgatum x L. alatum. This transplanted material,
kindly donated from her garden by J. Smith, Department of Biology, University of
Saskatchewan, became available well before the arrival of the first field season involving L.
salicaria. Consequently, this cultivar was utilized to study nectary ultrastructure in the
Lythraceae, and marks only the second such investigation (following that of Chamelaucium

uncinatum — Myrtaceae; O’Brien et al. 1996) that exists from the order Myrtales.

4.2 Materials and Methods

4.2.1 Plant material

Plant material used represented multiple cuttings taken from a single stem of the purple
loosestrife cultivar ‘Morden Gleam’ (Lythrum virgatum x L. alatum) which consists of the
intermediate-style floral morph, only. These propagated cuttings developed adventitious roots
and were grown, one cutting per 20 cm pot, in soil (Sunshine Mix, Sun Gro Horticulture, Seba
Beach, AB, Canada) in a growth chamber set at 14 hours light (20° C): 10 hours dark (16° C).

Light intensity was 5650 Lux, from 22 Sylvania ‘Cool White’ fluorescent tubes.

4.2.2 Scanning electron microscopy

Newly-opened flowers (first day of anthesis) were removed with forceps prior to
dissection in the lab. The processing and fixation of tissues, and the procedure for imaging

tissues with the SEM, were done using the protocols described in sections 2.2.4.1 and 2.2.4.2.
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4.2.3 Light and transmission electron microscopy

4.2.3.1 Tissue selection and fixation

Three stages of flower development were chosen to determine aspects of the
development of the floral nectary using both light and transmission electron microscopy (TEM):
mature unopened flower buds (pre-secretory stage); first-day anthesis (secretory stage); and
spent, 3-4 day old, flowers (post-secretory stage).

Fresh flowers of the three stages were dissected to expose the nectary before fixation in
1.5% glutaraldehyde in 25 mM sodium phosphate buffer for 0.5 hours, then transferred to 3%
glutaraldehyde in the same buffer for 2 hours. After rinsing with ice-cold buffer over 1-12
hours, samples were post-fixed in 1% OsO,4 overnight, on ice. After post-fixation, samples were
rinsed three times with buffer and distilled water before dehydration in a graded ethanol series,
including 100% ethanol overnight. Once in 100% ethanol, samples were stored at 0° C until

ready to proceed with tissue embedding.

4.2.3.2 Tissue processing and imaging

Gradual substitution of ethanol with propylene oxide was performed prior to infiltration
of the tissues with Epon Araldite 502 resin mixture. Embedding was carried out by
polymerizing the resin at 60°C for 1-3 days (Wist and Davis 2006). Semi-thin sections for light
microscopy were cut at 0.9 um on a Reichert-Jung Ultracut E ultramicrotome using glass knives
and stained with Toluidine Blue O. All light micrographs were taken using a Zeiss
photomicroscope with 400 ISO, 35 mm colour film. Film negatives were scanned using an
Epson Perfection 1670 Photo scanner. Image editing (contrast, brightness, and cropping) was

performed with Adobe Photoshop® CS2.
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Ultrathin sections (50-70 nm) of nectary tissues for TEM were cut on a Reichert-Jung
Ultracut E ultramicrotome, using either glass knives, or a JUMDI diamond knife. Ultrathin
sections were floated onto 200 or 300 mesh copper grids which had been coated with Formvar.
Grids were stained for approximately 30 minutes with a 2% solution of uranyl acetate, and then
rinsed with distilled water before staining for 10 minutes in Reynolds lead citrate (Reynolds
1963). Grids were left to dry at least 24 hours before observation in either a Philips EM 410 or a
Philips CM 10 transmission electron microscope at 60 kV. TEM negatives were scanned using

an Epson 3200 Photo scanner, and edited with Adobe Photoshop® CS2.

4.2.3.3 Stereological analysis

Stereological analysis was performed using 10 subepidermal cells from three nectaries
each, of the three floral developmental stages: mature, pre-secretory buds; flowers actively
secreting nectar at the first day of anthesis, and older post-secretory flowers. Scanned TEM
images were re-sized to 15 000x magnification per micrograph (typically one cell each) and
printed on Kodak Premium Photo Paper. A grid of 1.5 cm? prepared on a plastic overlay was
used to calculate total cell, vacuolar, and nuclear area of each cell profile by counting the number
of gridline intersection points for each of these features. Moreover, organelles such as
dictyosomes, mitochondria, plastids and their starch grains were also quantified per cell profile.
Statistical comparisons of the three stages of nectary development were performed using One-

Way ANOVA, o =0.05.
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4.3 Results

4.3.1 Surface structure of the floral nectary

The nectary surface of the ‘Morden Gleam’ cultivar was similar to that seen in L.
salicaria (see section 2.3.7.1). Like in L. salicaria the nectary of this Lythrum cultivar was
located in a depression formed at the interface between the hypanthium and the gynoecium
(Figure 4.1A). Nectary stomata were fairly evenly spaced and generally solitary, although
stomata were found in adjacent pairs 4.7% of the time (Figures 4.1D, E). In the floral stages
examined here, almost all stomata had fully formed pores (Figures 4.1C-E). However, stomatal
stages where the overlying cuticle had barely yet torn (Figure 4.1B) to reveal the pre-formed
pore, and where a granular occluding material accumulated at the pore margins (Figure 4.1D
left), resembling a similar occurrence in L. salicaria (Figure 2.3B bottom), also existed. Guard
cells commonly possessed circumferential ridges (Figures 4.1B-E). The average number of
stomata per nectary surface in the ‘Morden Gleam’ cultivar was 21.4 + 0.47 (n=11),
significantly higher than all three floral morphs of L. salicaria (t tests, all P < 0.006) (Figure
2.4). The presence of stomata on the nectary surface of this purple loosestrife cultivar suggests
that nectar is secreted through these stomatal pores, and gathers as isolated droplets which
eventually coalesce in the gutter formed between the hypanthium and the gynoecium. Direct

observations of this postulated process are still required.

4.3.2 Anatomy and ultrastructure of the floral nectary

4.3.2.1 Epidermal features

The three developmental stages of the nectary epidermis were examined by light

microscopy. At all three stages, a large vacuole was present (Figures 4.2A-C). Amyloplasts
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bearing starch grains were also present in pre-secretory, and actively secreting developmental
stages (Figures 4.2A, B); however, starch content appeared to be depleted by the post-secretory
stage (Figure 4.2C). By TEM, epidermal cells of the floral nectary examined at various stages of
development possessed a large central vacuole (Figure 4.3B), though vacuolar contents, as well
as cytoplasmic contents, were comparatively electron dense when compared with the
subepidermal cells of the floral nectary (Figures 4.3A, B). Epidermal cells possessed many
organelles; amyloplasts with multiple starch grains (Figures 4.2A, B; 4.3A), a single nucleus per
cell (Figure 4.3B), plus many mitochondria and dictyosomes were frequently observed.

Guard cells of the stomatal openings were subtended by a substomatal space lined by a
cuticle (Figure 4.3C), and a group of subepidermal parenchyma cells which remained densely
packed with organelles even at advanced stages of nectary development (Figures 4.3C, D).
Guard cells possessed thick periclinal cell walls compared to other epidermal and subepidermal
cells of the floral nectary, as well as multiple amyloplasts packed with starch grains even at the

post-secretory phase (Figures 4.3C, D).

4.3.2.2 Sub-epidermal features

4.3.2.2.1 Pre-secretory stage

Pre-secretory, subepidermal parenchyma cells of the floral nectary possessed many
different organelles. Multiple small vacuoles (or a single highly branched vacuole) were present
throughout the cytoplasm of cells of this stage (Figures 4.2A; 4.4A-D). A single nucleus was
present with rough endoplasmic reticulum often seen in areas around the nucleus and throughout
the cell (Figures 4.4A, D). The presence of large amyloplasts, often with many starch grains per

plastid (Figures 4.4A, C, D) was a major feature of subepidermal nectary cells at the pre-
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secretory stage of development, as were many mitochondria distributed throughout the
cytoplasm (Figures 4.4A-D). Dictyosomes

were frequently encountered in cells at this stage of development (Figures 4.4A, B), however,
they were not seen in all cell profiles indicating that though present at this stage, their numbers
may have been somewhat smaller than other organelles. Other organelles encountered at this
stage of nectary development are plasmalemmasomes (Figure 4.4D), and multilamellar bodies
(Figure 4.4C). Intercellular spaces are present in the apoplast around subepidermal cells of this

stage of development (Figures 4.4A, C, D).

4.3.2.2.2 Secretory stage

Subepidermal cells of actively secreting floral nectaries possessed all of the same
organelles as the pre-secretory nectary cells including a nucleus, rough endoplasmic reticulum,
vacuome, mitochondria, amyloplasts with starch grains, dictyosomes, plasmalemmasomes, and
multilamellar bodies (Figures 4.5A-D). Some changes did occur in these cells between
developmental stages. The vacuome, though still often consisting of multiple vacuoles, or being
highly branched, tended to be larger (Figures 4.5A, B), and the amyloplasts though often still
possessing many starch grains were smaller and possessed starch grains that were smaller in size

(Figures 4.5A-D). Many intercellular spaces persist in the apoplast (Figures 4.5A-C).

4.3.2.2.3 Post-secretory stage

In post-secretory, nectariferous cells, there was a substantial change in the size of the vacuome
relative to the amount of cytoplasm visible within a cell profile (Figures 4.6A-C). A large

central vacuole was present in these cells which relegated cytoplasmic features to a thin
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Figure 4.1. SEMs of the floral nectary and nectary stomata in Lythrum virgatum x L. alatum.
(A) SEM of the floral nectary showing its location between the hypanthium (HY) and the
gynoecium (GY) of the flower. Nectary stomata (arrowheads) are visible at relatively even
spacing along the surface of the nectary. Pollen grain (arrow). Scale bar = 100 um. (B) Newly
maturing nectary stomate with the cuticle just tearing open. Circumferential ridges (arrow) are
visible on the guard cells. Scale bar =10 um. (C) Mature nectary stomate with fully open pore
(P) surrounded by two guard cells (GC). Circumferential ridges (arrow) on guard cells. Scale
bar = 10 um. (D) Paired nectary stomata arranged more or less parallel to one another.
Circumferential ridges (arrow) are clear on one stomate and on the other, the start of deposition
of an occluding material (arrowhead) is evident. Scale bar =10 um. (E) Paired nectary stomata
arranged nearly end to end. Circumferential ridges (arrow) are clearly visible on both stomata.

Scale bar = 10 pm.
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Figure 4.2. Semi-thin light micrographs of the three stages (pre-secretory, secreting, and post-
secreto