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THESIS STRUCTURE

Following the general introduction (Chapter One), which defines the overarching research aim and
hypotheses, the empirical research in this thesis is presented as a series of chapters written in a
manuscript format (Chapter Two, Three, Four and Five). Supplementary material is provided at the
end of each of these chapters. The general discussion (Chapter Six) connects the findings of the
previous four empirical research chapters to the overarching research aim and hypotheses defined

in Chapter One, and discusses the implications of this research for conservation more broadly.
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ABSTRACT

The research in this thesis explores spatio-temporal variability in pollination and reproduction of three
plant species with contrasting pollination systems across a range of reserve areas protecting plant
populations within a fragmented landscape of southern Australia. In particular, plants were chosen
with ecological traits that have not usually been displayed by plants included in previous studies of
landscape disturbance. Thus, this research examined three common species rather than the rare
and threatened species which are more typically studied. This research also included the study of a
plant species with high levels of insect pre-dispersal seed predation, which is an understudied biotic
interaction in fragmented landscapes, and finally this research included a nocturnally moth-pollinated

species whereas most studies have focused on plants with diurnal rather than nocturnal pollinators.

There was no evidence of pollen-limitation of reproduction of the papilionaceous legume Pultenaea
daphnoides J.C.Wendl. (Chapter Two) in the two years studied. This may have been due to the
relative diversity of bee visitors to flowers of P. daphnoides, including the introduced honeybee, Apis
mellifera. However, viable seed production was mostly limited to the smallest reserves assessed in
2018, with almost complete abortion of viable seeds in larger reserves. This striking result occurred
in a year of historically low early spring rainfall and highlights the possibility that smaller reserves
may maintain at least some viable seed production across fragmented landscapes in particular
years. However, plants within both small and large reserves were both successful at producing viable
seeds in the previous year of 2017, and thus reserve area was not a consistent predictor of

reproductive success.

In contrast to P. daphnoides, fruit production of the relatively more specialized buzz-pollinated
Hibbertia exutiacies N.A.Wakef. (Chapter Three) was significantly pollen-limited in 2017, perhaps
suggesting the more specialized pollination system of H. exutiacies increases the risk of reproductive
failure. Viable seed production in 2017 was also positively related to the amount of native vegetation
in the landscape surrounding sample sites, which was not necessarily related to reserve area, and
this positive relationship appeared to be largely due to spatial variation in this species’ high level of
insect pre-dispersal seed predation. However, similar to P. daphnoides, H. exutiacies displayed
almost complete abortion of seed development in the following year of 2018. An experimental field
study of two populations in 2019 demonstrated that water stress may limit reproduction in particular

years for some populations (Chapter Four).

In comparison to H. exutiacies and P. daphnoides, reproduction of the nocturnally moth-pollinated
Stackhousia aspericocca Schuch. ssp. Cylindrical inflorescence (W.R.Barker 1418) W.R.Barker
(Chapter Five) was comparable between smaller and larger reserves in 2018 and 2019 and there

was no significant difference in reproduction between years.

Vii



Regarding the conservation of common plants within fragmented landscapes, the findings of this
thesis do not suggest the studied plant species are at greater risk of reproductive failure within
smaller reserves versus larger reserves. Nevertheless, the idiosyncratic responses of the three
species studied emphasises the importance of continued empirical studies of pollination and plant

reproduction within fragmented landscapes.
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CHAPTER ONE

1. GENERAL INTRODUCTION

Landscape disturbance (here used to describe the combined effects of habitat loss and
fragmentation and other interrelated processes (e.g., edge effects)) is considered one of the
major drivers of global declines of insect abundance and diversity (Sanchez-Bayo and
Wyckhuys 2019; but see Simmons et al. 2019). Thus, within many fragmented regions of the
world, the abundance and diversity of insect pollinators have declined (e.g., see Biesmeijer et
al. 2006; Pauw 2007; Goulson et al. 2008; Potts et al. 2010; Ollerton 2017). Similarly, although
a smaller number of vertebrates act as pollinators (Ollerton 2017), vertebrate pollinators have
declined globally (Regan et al. 2015). Given the majority of the world’s flowering plants are
pollinated by animals (Ollerton et al. 2011), pollinator declines, potentially in conjunction with
the plants they pollinate, are of serious conservation and economic concern. Indeed, a review
of the contribution of animal pollinators to plant reproduction estimates an absence of
pollinators would result in a third of plant species producing no seeds, and reproduction of half
of all plants globally would decline by 80.00 % or more (Rodger et al. 2021). Worryingly, biotic
pollination also appears to have a greater susceptibly to anthropogenic disturbance than other
plant-animal interactions, such as seed predation and herbivory (Neuschulz et al. 2016). Thus,
perhaps unsurprisingly, biotic pollination is often detrimentally affected by habitat loss and
fragmentation (e.g., reviewed by Aizen et al. 2002; Hobbs and Yates 2003; Harris and Johnson
2004; Aguilar et al. 2006; Hadley and Betts 2012).

However, although pollination may be negatively impacted, declines in pollination (i.e., floral
visitation rate, pollen tube numbers, etc.) do not necessarily translate into declines in plant
reproduction (e.g., see the multi-species study by Aizen and Feinsinger 1994a). Similarly, an
observed decline in plant reproduction does not necessarily result from an equivalent decline
in pollination (e.g., reduced seed output can occur due to increased levels of pre-dispersal
seed predation; Matesanz et al. 2015). Moreover, landscape disturbance does not inevitably
result in a negative impact on the pollination and reproduction of all plant species in a
landscape (Yates and Ladd 2005), and some plant species may perform relatively better within
fragmented landscapes (Cunningham 2000a). Thus, the impact(s) of landscape disturbance
on pollination and plant reproduction can still be somewhat idiosyncratic, and empirical studies
remain important in understanding the reproductive changes that occur to plants within

fragmented landscapes (Hobbs and Yates 2003; Broadhurst and Young 2007).
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In the following general introduction to this thesis, | first define habitat loss and fragmentation
before briefly reviewing causes as to why pollination and plant reproduction are negatively
impacted by landscape disturbance, and highlight remaining gaps and biases in our
understanding of these impacts. Subsequently, | describe the study region, review past
studies relevant to pollination and plant reproduction in this locality, and describe the study
species. Lastly, | summarise why this study will help to address gaps and biases in the

literature and define the overarching aim of this research.

1.1 Habitat Loss and Fragmentation

The clearance of native vegetation typically, but not necessarily (e.g., see Fahrig 2019),
results in the subdivision of remaining habitat into increasingly smaller and more isolated
patches (Saunders et al. 1991; MclIntyre and Hobbs 1999; Fischer and Lindenmayer 2007).
Thus, habitat loss (a process) results in a landscape in which once contiguous vegetation is
now fragmented (a pattern). Such fragmented landscapes are recognized by their strong
contrast between remaining fragments of vegetation and the surrounding matrix, the matrix
being defined as the dominant patch type in the surrounding landscape (e.g., urbanised areas,
farmland, etc. Saunders et al. 1991; Mcintyre and Hobbs 1999; Fischer and Lindenmayer
2007).

Although typically confounded, the ecological consequences of habitat loss and fragmentation
per se, defined as the subdivision of habitat into smaller patches independent of habitat loss,
may be considerably different (see review by Fahrig 2017). However, within the literature on
the effects of habitat disturbance on plants and their pollinators, few studies have separately
partitioned the effects of habitat loss and fragmentation (e.g., only six studies out of the 303
reviewed by Hadley and Betts 2012). Regardless, these studies still demonstrate that
landscape disturbance (i.e., the combination of habitat loss and fragmentation) has an overall
negative influence on both the pollinators and the pollination dynamics of plants (Aizen et al.
2002; Hobbs and Yates 2003; Harris and Johnson 2004; Aguilar et al. 2006; Hadley and Betts
2012). The few studies that have separated the effects of habitat loss and fragmentation also
suggest negative consequences to plants and their pollinators via fragmentation alone (e.qg.,
see Farwig et al. 2009 and additional studies in Hadley and Betts 2012). Here, to avoid further
confusion, | have consistently used the terms habitat loss and fragmentation in combination
or alternatively supplemented both terms with landscape disturbance. Likewise, here the
terms fragmented habitat or landscape simply refer to a habitat or landscape under the

influence of landscape disturbance.
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1.2 Why Does Pollination and Plant Reproduction Decline?

1.2.1 Pollinators

Pollinator abundance and/or diversity may decline in smaller and/or more isolated vegetation
fragments, leading to reduced visitation by pollinators to flowers and/or less efficient pollination
by ineffective pollinators. This could be due to a decline and/or loss of pollinator populations
within the fragments themselves (Aizen and Feinsinger 1994b), particularly when fragment-
specific resources used by pollinators are lower in fragments of smaller area (Steffan-
Dewenter 2003), or pollinators may avoid smaller and/or more isolated vegetation fragments
versus larger and/or less isolated fragments (e.g., gap avoidance in some hummingbird
species; Hadley et al. 2014). For example, an early study by Jennersten (1988) found that
reproduction of the butterfly-pollinated herb, Dianthus deltoides (Caryophyllaceae), was
pollen-limited (i.e., plant reproduction is constrained by the quantity and/or quality of pollen
received) within two small habitat fragments of 0.15 ha and 0.32 ha (both embedded in a
largely agricultural landscape) but not in a relatively larger fragment of 1.00 ha (surrounded
by a mixture of meadows, cultivated and uncultivated fields, and forests) in southwestern
Sweden. This difference was attributed, at least in part, to the lower visitation rate by
pollinators to the flowers of D. deltoides in the smaller sized fragments. Indeed, even when
pollinators can seemingly reach smaller fragments of vegetation and/or plant populations
when foraging within the landscape, pollinators may still preferentially visit those larger
fragments and/or plant populations which contain a greater availability of floral resources and
this differential visitation may, in turn, result in lower levels of plant reproduction in those less
visited smaller fragments and/or plant populations (Groom 1998; Ward and Johnson 2004).
However, the relationship(s) between measures of fragment area and isolation, floral
abundance, and pollinator visitation can be complex, and measures of pollinator visitation and
plant reproductive output are not always significantly related to one another within fragmented
landscapes (Lazaro et al. 2020). Thus, studies which examine the impact(s) of landscape
disturbance on pollinator visitation alone are inherently limited in what they can conclude about

the impact(s) on subsequent plant reproduction.

On a larger scale than that studied by Jennersten (1988), Hadley et al. (2014) observed a
40.00 % increase in seed production for the common, hummingbird pollinated herb Heliconia
tortuosa (Heliconiaceae), across a gradient of areas of forest fragments ranging from 0.64 to
1300 ha in premontane tropical forest within Costa Rica. The availability of pollinating
hummingbirds increased along this same gradient and was positively correlated with the seed

production of H. fortuosa, suggesting seed production was limited in smaller forest fragments
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by lower access to the plant’s pollinators (Hadley et al. 2014). In particular, the increased
availability of pollinating hummingbirds in larger forest fragments was likely due to the gap
avoiding behaviour of this plant species’ pollinators, which avoid crossing gaps in forest cover
as little as 30 m, highlighting the significant role that larger sized fragments of native vegetation
may play for plant species with pollinators that otherwise tend to avoid dispersing through the
surrounding matrix to either forage within and/or migrate to other vegetation fragments
(Hadley et al. 2014). Pollinator size may also limit dispersal and/or foraging ability and plants
in more isolated vegetation fragments and/or plant populations may be visited by larger
pollinators on average (Steffan-Dewenter and Tscharntke 1999), although the impact(s) of
such changes in the average size of visiting pollinators on pollination and in turn plant

reproduction will be plant species-specific.

Altered communities of pollinators may also lower plant reproduction. For example, Delnevo
et al. (2020) found that fruit-set increased with population size for the threatened shrub
Conospermum undulatum (Proteaceae), within an urbanised area of southern Western
Australia. This was due, at least in part, to smaller populations of C. undulatum having a lower
diversity of weakly effective pollinators, including the total absence of the efficient specialized

bee pollinator Leioproctus conospermi (Colletidae) (Delnevo et al. 2020).

In contrast, for those plant species pollinated by a relatively wider range of floral visitors (e.g.,
generalist-pollinated eucalypts; Ottewell et al. 2009), or plants pollinated by animals able to
effectively utilise the modified matrix as habitat (e.g., highly mobile, dietary generalist,
hawkmoth-pollinators; Skogen et al. 2016), pollination may be relatively unimpacted by
landscape disturbance. Thus, for the generalist insect-pollinated endangered Australian shrub
Verticordia fimbrilepis ssp. fimbrilepis (Myrtaceae), which is visited by a wide range of insect
pollinators, smaller populations had similar or higher rates of floral visitation, pollination, and

seed production relative to larger populations (Yates and Ladd 2005).

The degree of specialization by a plant on its pollinator, and vice versa, has thus been
hypothesized as an important determinant of the impact of landscape disturbance on
pollination and plant reproduction (Bond 1994). In support, Pauw (2007) demonstrated that
the loss of a specialized oil-collecting bee Rediviva peringueyi (Melittidae) from small reserves
within urban areas of the Cape Floral Region of South Africa resulted in zero seed-set for six
orchids specialized on that pollinator. In comparison, seed-set was maintained for the co-
flowering plant, Hemimeris racemosa (Scrophulariaceae), which is pollinated not only by R.
peringueyi but also by three smaller species of Rediviva (Pauw 2007). Similarly, in the

biodiversity hotspot of the Brazilian Atlantic forest, a region with only 11.00 % of original
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vegetation remaining, the magnitude of pollen-limitation of plant reproduction was greater for
species increasingly specialized on fewer pollinators, suggesting a greater vulnerability to
reproductive failure (Wolowski et al. 2014). However, both a qualitative review (Aizen et al.
2002) and a quantitative meta-analysis (Aguilar et al. 2006) found no effect of pollinator
specialization on the vulnerability of pollination or plant reproduction to landscape disturbance.
Thus, when assessed across a large collection of studies, specialization by a plant on its
pollinator appeared to be an overall inconsistent predictor of how plant reproduction will
respond to landscape disturbance, although both the review and meta-analysis necessarily

required a coarse classification of levels of plant-pollinator specialization.

Similarly, although a recent comprehensive meta-analysis by Bennett et al. (2020) found
pollen-limitation of plant reproduction was greater for those plant species specialized on a
single pollinator versus two or more, there was no difference in the magnitude of this pollen-
limitation between wild plants in natural versus managed habitats (i.e., landscapes of mostly
agricultural crops, rangelands, and pastures). However, interestingly, pollen-limitation of plant
reproduction was significantly greater for wild plants exclusively pollinated by bees in natural
habitats versus similarly bee-pollinated plants in managed habitats, possibly as a result of
supplementation of pollination by domesticated honeybees in managed habitats lowering the

degree of pollen-limitation for these plants (Bennett et al. 2020).

1.2.2 Plant breeding systems

If there is a positive correlation between fragment area and plant population size (although
this is not always true (e.g., see Donaldson et al. 2002)), then the genetic neighbourhood of
plants growing in smaller fragments may have lower genetic diversity than that of plants
growing within larger fragments, resulting in fewer compatible mates for self-incompatible
plants, and otherwise possible greater levels of selfing, mating among close relatives (e.g., bi-
parental inbreeding), and correlated paternity (see qualitative review by Eckert et al. 2010 and
meta-analysis by Breed et al. 2015). For example, Glémin et al. (2008) found a small
population of the rare, self-incompatible Mediterranean plant, Brassica insularis
(Brassicaceae) was mate-limited due to the loss of genetic diversity controlling for self-
incompatibly (i.e., low S-allele diversity in small populations reduces the average number of
cross-compatible mates for an individual plant). Likewise, Young and Pickup (2010) found
small populations of the endangered composite Rutidosis leptorrhynchoides a perennial of
fragmented grasslands of eastern Australia, were mate-limited by the loss of genetic diversity
controlling for self-incompatibly. Moreover, this mate-limitation reduced the seed output of

plants even though the number of conspecific outcross pollen grains received by flowers were
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similar among populations of varying size (Young and Pickup 2010). Thus, landscape
disturbance may still reduce plant reproduction even when pollinator services (i.e., flower
visitation, outcross pollen transfer to stigmas, etc.) are not evidently impacted. As such,
negative impacts on plant reproductive output should not be automatically attributed to
negative impacts on their pollinators (e.g., plant reproduction in smaller vegetation fragments
and/or populations may be pollen-limited due to the greater receival of genetically
incompatible pollen rather than by lower pollinator visitation to plants in smaller fragments

and/or populations).

Similarly, although self-compatible plants may not be mate-limited per se, reproductive output
may decline if increased inbreeding results in higher seed abortion. Thus, Yates et al. (2007b)
found small and fragmented populations of the mixed-mating bird-pollinated shrub
Calothamnus quadrifidus (Myrtaceae) produced fewer seeds per fruit relative to larger
populations in southern Western Australia. This occurred although the composition and
visitation rate of bird pollinators to C. quadrifidus was unrelated to population size (Yates et
al. 2007a). The highly mobile pollinators of C. quadrifidus also maintained outcrossing rates
within smaller populations and allowed for long-distance pollen dispersal among fragments
(Byrne et al. 2007). Indeed, pollinator mobility significantly determines the magnitude of selfing
and correlated paternity of plants within fragmented populations (see meta-analysis by Breed
et al. 2015). Nevertheless, the lower movement by pollinators between plants within smaller
populations still resulted in the greater self-fertilization of ovules in C. quadrifidus, with lower
seed-set resulting from greater post-zygotic abortion (Yates et al. 2007b). Thus, although the
highly mobile pollinators of C. quadrifidus maintained outcrossing rates and genetically linked
geographically separated populations, and the fitness of progeny within smaller populations
was equal to those from larger populations (as measured by seed germinability, seedling
mortality, and seedling growth), reproductive output was still reduced within smaller

populations via inbreeding (Yates et al. 2007b).

While the results of Yates et al. (2007b) demonstrate that the reproduction of self-compatible
plants may nevertheless decline via the negative effect(s) of greater selfing, the reproductive
output of self-compatible plant species may be no different between self- versus cross-
pollination (Patrick et al. 2018), and for those plants which regularly reproduce via self-
fertilization, deleterious alleles which cause inbreeding depression may be otherwise purged
from the gene pool (Vandepitte et al. 2010). Hence, even under increased inbreeding, self-

compatibility may buffer plant reproduction from declining under landscape disturbance.
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The breeding system of plants has thus been hypothesized as an important determinant of
the impact of landscape disturbance of pollination and plant reproduction (Bond 1994). A
meta-analysis by Aguilar et al. (2006) found that both pollination and reproduction of self-
incompatible plants exhibited a greater decline in response to landscape disturbance than
self-compatible plants. Moreover, reductions in offspring quality, as measured via offspring
germination, growth, and survival, are also on average greater for self-incompatible plants
versus self-compatible plants under landscape disturbance (see meta-analysis by Aguilar et
al. 2019). Thus, overall, self-compatible plants appear to be less-susceptible to landscape

disturbance than self-incompatible plants.

1.3 Gaps and Biases in Landscape Disturbance Studies

While a number of qualitative and quantitative reviews have found generally negative impacts
of landscape disturbance on pollination and plant reproduction (e.g., Aizen et al. 2002; Hobbs
and Yates 2003; Aguilar et al. 2006), these reviews along with particular studies (e.g., Pauw
2007) highlight gaps and biases that remain in our understanding of these impacts. In
particular, the research contained within this thesis relates to the five broad gaps and biases

listed below:

1.) Studies of rare and threatened plants, likely vulnerable to landscape disturbance to begin
with, have been over-represented in the literature (as recognised by Hobbs and Yates 2003
and Aguilar et al. 2006; see similar viewpoint in Matesanz et al. 2015). However, common
plant species, which are typically not the focus of conservation efforts, may be important for
maintaining plant-animal interactions and other ecosystem functions throughout fragmented
landscapes, which may in turn help support the conservation of threatened species (Gaston
2010; Knight et al. 2018; Cariveau et al. 2020). Thus, any negative impact(s) on common
species will likely have more wide-ranging implications (Broadhurst and Young 2007).
Conversely, it is possible that some common plant species, abundant across both small and
large fragments, may be less impacted by current levels of landscape disturbance. If so, these
species may be particularly valuable to current conservation and restoration efforts in
fragmented landscapes. Thus, assessing which common plant species are impacted by

landscape disturbance is an important topic of research in fragmented landscapes.

2.) Most studies are conducted over a single flowering season (Aguilar et al. 2006). Indeed,
the lack of temporal replication of ecological field studies, particularly interannual replication,

remains a significant problem for studies of plant-animal interactions (Medel et al. 2018;
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CaraDonna et al. 2021), conservation ecology (Vaughn and Young 2010), and field ecology
more generally (Filazzola and Cahill 2021). This is problematic given that temporal variability
in pollination and plant reproduction are significant factors mediating the impact(s) of
landscape disturbance (Hobbs and Yates 2003). For example, the detrimental effects of
landscape disturbance may be masked in certain years, due to temporal variation in overriding

factors, such as rainfall (e.g., see Morgan 1999).

3.) Many studies measure and find negative impacts on pollination and plant reproduction at
the most severe scale(s) of disturbance, such as within small patches of remnant vegetation
(Donaldson et al. 2002; Matesanz et al. 2015; Lazaro et al. 2020) or roadside verges (Lamont
et al. 1993; Yates et al. 2007b; Llorens et al. 2018a). Thus, it is somewhat unclear how often
the negative effects of landscape disturbance manifest themselves in larger conservation

areas (e.g., see Cunningham 2000a and Pauw 2007).

4.) The literature has predominantly focused on plants with diurnal pollinators. For example,
although moths represent the most diverse group of flower visiting insects globally (Ollerton
2017), and are common nocturnal flower visitors in many plant communities (see reviews by
Macgregor et al. 2015; Hahn and Brihl 2016; Buxton et al. 2018), there remains a lack of
understanding of the role of these nocturnal flower visitors for pollination (Van Zandt et al.
2020).

5.) Pollination is not the only biotic interaction which may be altered under landscape
disturbance and impact plant reproduction (e.g., herbivory, seed predation, etc.). However,
such processes, particularly antagonistic interactions, have been understudied in comparison
to pollination even though they may directly impact the reproductive output of plants (Hobbs
and Yates 2003; Chavez-Pesqueira et al. 2015; Teixido et al. 2022). For example,
Cunningham (2000a) observed decreased fruit predation in linear strips of mallee woodland
(e.g., roadside verges) versus larger woodland reserves for Acacia brachybotrya (Fabaceae)
and Eremophila glabra (Scrophulariaceae) in New South Wales, Australia. Similarly, within
the same study system, Duncan et al. (2004) observed a decline in flower damage by flower
feeding beetles on plants of Dianella revoluta (Asphodelaceae) positioned at greater distances
from a large nature reserve. More isolated populations of the legume Colutea hispanica
suffered reduced predation of fruits by caterpillars in Central Spain (Rabasa et al. 2009).
However, this relationship was evident in only one of three years studied, demonstrating
significant spatial and temporal variability in the strength of the antagonistic interaction
(Rabasa et al. 2009). Pre-dispersal seed predation by insect larvae was not correlated to

population size for the endangered grassland herb Gerbera aurantiaca (Asteraceae) within
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southern Africa (Johnson et al. 2004). Significantly, however, although the seed-set of
undamaged inflorescences of G. aurantiaca was positively related to population size, once
pre-dispersal seed predation was accounted, no increase in final seed output with population

size was evident (Johnson et al. 2004).

Ultimately, plant reproduction may be constrained simultaneously by a number of abiotic and
biotic factors, all of which may vary spatially and temporally in their influence, and thus multi-
year studies across a number of populations are essential to understanding the spatio-

temporal dynamics of plant reproduction.

1.4 Study System: Southern Mount Lofty Ranges (SMLR)

The Southern Mount Lofty Ranges (SMLR) is an often-overlooked region of floristic diversity
within Australia (Crisp et al. 2001). Located in the state of South Australia, Australia, on the
Fleurieu Peninsula (Fig. 1-1a), the SMLR is composed of a series of hills rising to the south of
the Gawler River (~32 km north of the city of Adelaide), following the peninsula to its eventual
end (Armstrong et al. 2003; Fig. 1-1b). The highest point, Mount Lofty (720 m), lies to the east
of the City of Adelaide (Fig. 1-1b), where the ranges rise steeply along a western escarpment
before slowly descending as an elevated plateau to the east (Armstrong et al. 2003). The
SMLR constitutes an area of approximately 6282 km?, representing only 0.60 % of the land
area of South Australia, and 0.08 % of Australia, respectively (Armstrong et al. 2003). Due to
the increased rainfall associated with the ranges, the region as a whole is considered an island
of temperate woodlands and forests, separated from similar regions in Australia by the sea
and relatively drier environment(s) that surround it (Armstrong et al. 2003). As such, a number
of plant and animal species common to the temperate woodlands and forests of Australia’s

eastern states, naturally exist as isolated populations within the SMLR (Armstrong et al. 2003).

1.4.1 Adelaide Hills

The impact(s) of landscape disturbance on pollination and plant reproduction were specifically
examined in a peri-urbanised section of the SMLR known as the Adelaide Hills (Fig. 1-2). This
region is representative of a typically fragmented landscape (a landscape where remaining
native vegetation cover is between 10-60 %, as defined by Mclintyre and Hobbs (1999)).
Nevertheless, compared to other regions of the SMLR, the Adelaide Hills is still relatively well
vegetated, reflective of the large remaining areas of native vegetation along the Adelaide Hills

western escarpment (Armstrong et al. 2003; Fig. 1-1b, 1-2, 1-3). The predominant matrix
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surrounding reserves in the Adelaide Hills is a mixture of residential housing (Fig. 1-4a) and
dryland agriculture and orchards (Fig. 1-4b, d-e). Larger reserves in particular can have a
mixture of matrix types surrounding their boundaries. Additional native vegetation of varying
degrees of quality also occurs outside reserve boundaries (Fig. 1-4c, f). The boundaries of
many reserves have hard edges (e.g., Fig. 1-4d-e). However, in other instances, reserve
boundaries are not as sharply defined (e.g., Fig. 1-4f). These so-called soft edges represent
a modification gradient more typical of variegated landscapes (McIntyre and Hobbs 1999).
Nevertheless, within the Adelaide Hills, distinct fragments of native vegetation can still be

defined within an anthropogenically modified landscape (Fig. 1-2).

1.4.2 Vegetation clearance in the SMLR

Extensive clearance of native vegetation has occurred throughout the SMLR following
European settlement (Lothian and Harris 2014). Thus, with only 13.00 % of the original native
vegetation remaining, the present plant communities occur in fragments of various sizes,
isolation, and levels of degradation (Armstrong et al. 2003; Fig. 1-2, 1-4a-b). Significantly,
removal of native vegetation has not been random with respect to vegetation type, with the
majority of remnant fragments associated with plant communities typical of nutrient poor soils
(Armstrong et al. 2003). Thus, dry sclerophyll forest and woodlands (e.g., of messmate
stringybark (Eucalyptus obliqua (Myrtaceae))) are over-represented in the present-day
remnant vegetation (Armstrong et al. 2003). In contrast, savannah woodlands (e.g., of blue
gum (Eucalyptus leucoxylon)) which were preferentially cleared for agriculture, are now under-
represented (Armstrong et al. 2003). Present day native vegetation fragments are also
commonly regrowth, and many have a long history of grazing by livestock (Armstrong et al.
2003). As Armstrong et al. (2003 p. 6) states “there is virtually no vegetation in the SMLR

which not been altered since European settlement”.
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Fig. 1-1 (a) Map of Australia with borders of mainland states and territories. The natural resources management
region for Adelaide and the Mount Lofty Ranges (more recently (01/07/2020) superseded by the separate
landscape regions of Green Adelaide and the Hills and Fleurieu) has been highlighted in red. (b) Distribution of
remaining native vegetation, highlighted in green, within the Southern Mount Lofty Ranges (SMLR), delimitated
by the boundaries of the Fleurieu and Mount Lofty Ranges subregions defined by the Interim Biogeographic
Regionalisation for Australia. The location of Adelaide, the capital city of South Australia, and Mount Lofty (720
m), the highest point within the SMLR, are given. The scale bar represents a total distance of 25 km. Native
vegetation layer assembled by Department for Environment and Water (DEW) (Native Vegetation Floristic Areas
- NVIS - Statewide (Incomplete Version); Dataset Number: 898). Maps constructed in the program R (R Core
Team 2020) via the R package ‘tmap’ (Tennekes 2018).
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Fig. 1-2 Native vegetation fragments remaining in
the Adelaide Hills highlighted in green. This
vegetation layer captures areas of remnant
Eucalyptus forest and woodland, and other less
prevalent plant communities present across public
reserves and private land in the Adelaide Hills.
However, note that not all native vegetation is
necessarily captured by this dataset (e.g., native
vegetation along roadsides, clumps of paddock
trees, etc.). Data accessed via NatureMaps. Native
vegetation layer assembled by DEW (Native
Vegetation Floristic Areas - NVIS - Statewide

(Incomplete Version); Dataset Number: 898).
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Fig. 1-3 A section of the western escarpment of the Adelaide Hills as viewed from Pakapakanthi, part of the Adelaide
Park Lands which surrounds the Adelaide central business district. The summit of Mount Lofty (720 m), the highest
point within the SMLR, is marked by an arrow.
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Fig. 1-4 Surrounding matrix and edges of reserves in the Adelaide Hills. (a) Matrix surrounding The Knoll

Conservation Park (CP). The matrix includes a number of residential homes intermixed with non-native and native

vegetation and dryland agriculture. Data accessed via NatureMaps. (b) Matrix surrounding Kenneth Stirling CP, a

reserve system made up of four independent reserves of native vegetation. Shown here are the reserves of Whites
Scrub (smaller reserve) and Filsell Hill (larger reserve). The matrix includes dryland agriculture and orchards
intermixed with non-native and native vegetation. Data accessed via NatureMaps. (c¢) Dirt road which marks the
boundary of Nurrutti Reserve, located on the left-hand side. Note that some native vegetation is also present on the
right-hand side, growing along roadside verges and the boundaries of private residential properties. (d) Part of the
western boundary of Mark Oliphant CP. The private adjacent land is currently used for cattle grazing. Both (e) and
(f) show a section of the southern boundary of Giles CP. (e) Private adjacent land currently used for dryland
agriculture. (f) Private adjacent land with native vegetation. This area was burned in 2016 as part of a planned

prescribed burn.




1.4.3 Landscape disturbance, pollination and plant reproduction in the SMLR

e Bird-pollination

Most current evidence for an effect of landscape disturbance on pollination and plant
reproduction in the SMLR comes from studies of bird-pollinated plants in southern Australia.
The non-random clearance of native vegetation throughout the SMLR and southern Australia
overall has had profound consequences for populations of nectarivorous birds (Paton 2000;
Ford et al. 2001; Paton et al. 2004). Within southern Australia, bird-pollinated plants growing
on poorer quality soils (e.g., dry sclerophyll forest and woodlands) typically flower throughout
winter and spring, providing a food source for nectarivorous birds over this period (Paton 2000;
Ford et al. 2001; Paton et al. 2004). In comparison, bird-pollinated plants growing on better
quality soils (e.g., savannah-type woodlands) typically flower and provide nectar throughout
summer and autumn (Paton 2000; Ford et al. 2001; Paton et al. 2004). However, due to the
proportionally greater clearance of plant communities growing on better quality soils, nectar
resources in these habitats are now scarce throughout summer and autumn causing
nectarivorous bird populations to become food-limited and decline (Paton 2000; Ford et al.
2001; Paton et al. 2004).

Possibly as a result, the fruit-set of a number of common bird-pollinated plant species (e.g.,
Astroloma conostephioides (Ericaceae), Epacris impressa (Ericaceae), Grevillea
lavandulacea (Proteaceae), Xanthorrhoea semiplana (Asphodelaceae)) is largely pollen-
limited (i.e., fruit-set was significantly increased by manually supplementing flowers with
additional pollen over that received naturally) within vegetation fragments of the SMLR (Paton
2000; Paton et al. 2004). However, pollen-limitation of plant reproduction alone does not imply
a detrimental impact of landscape disturbance (i.e., pollen-limitation may result from causes

unrelated to landscape disturbance).

There are no data on the reproduction of bird-pollinated plants in the Mount Lofty Ranges prior
to vegetation clearance (as recognised by Paton 2000). Thus, the studied plant species may
have always been naturally pollen-limited within these areas. This is a caveat from which most
studies suffer due to an absence of historical data. However, the reproduction of at least one
of these bird-pollinated plant species, A. conostephioides, while pollen-limited in vegetation
fragments of the Mount Lofty Ranges, is not pollen-limited on Kangaroo Island, South
Australia, where a number of habitat types remain protected within a large conservation
reserve (i.e., Flinders Chase National Park (32 660 ha); Paton 2000). This supports the

interpretation of negative impact(s) of vegetation removal and subsequent habitat loss of bird

Chpt. 1
14



pollinators on the fruit-set of bird-pollinated plants in the SMLR. However, it is not clear
whether the reproduction of any bird-pollinated plant species is more pollen-limited within
smaller and/or more isolated vegetation fragments versus larger and/or less isolated

vegetation fragments in the SMLR.

It should be noted that the fruit-set of plant species may also be limited by pollen quality, rather
than, or in combination with, the quantity of pollen delivered. For example, floral visitation may
be adequate to transport sufficient amounts of pollen to the stigmas of flowers to enable
fertilisation. However, fruit-set may not be maximized due to the high levels of self-pollen
and/or pollen of closely related individuals being delivered to stigmas. This could occur via the
altered foraging behaviour of nectarivorous birds (e.g., greater within-plant foraging by
pollinators; Yates et al. 2007a), and/or a smaller number of compatible mates (i.e., via mate-
limitation; Young and Pickup 2010). Indeed, low fruit-set in small populations of the
endangered, bird-pollinated Grevillea repens (Proteaceae) in Victoria, Australia, was at least
partly attributed to mate-limitation (Holmes et al. 2008). Reproduction may also be limited by
a combination of abiotic (e.g., available nutrients, soil moisture, etc.) and biotic factors
(Campbell and Halama 1993).

Nevertheless, the evidence is strong that the reproduction of a number bird-pollinated plants
is at least partly limited by efficient pollination (whether quantity and/or quality) in the SMLR.
Likewise, it was found that the fruit-set and number of seeds per fruit of plants of the bird-
pollinated eucalypt, Eucalyptus leucoxylon, within a revegetated woodland located in a semi-

arid region to the east of the Adelaide Hills were also pollen-limited (McCallum et al. 2019a).

o Insect-pollination

There have been limited studies on the reproduction of insect-pollinated plants in the SMLR
in relation to landscape disturbance, and relatively few studies on insect pollination more

generally.

Faast (2009) and colleagues (Faast and Facelli 2009; Faast et al. 2009; Faast et al. 2011),
examined spatio-temporal variability of the generalist insect-pollinated, nectar producing
orchid, Caladenia rigida, and the specialized sexual-deceptive congener, C. tentaculata, the
flowers of which are pollinated by males of a single species of thynnine wasp within the SMLR.
In support of the view that pollinator specialization results in a greater likelihood of reproductive
failure (Bond 1994; Wolowski et al. 2014; Bennett et al. 2020), fruit-set of the specialist orchid

C. tentaculata was consistently lower than that of the generalist C. rigida across the three
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consecutive years of the study (2005-2007). However, no statistically significant difference
was found between populations, or across years, in the fruit-set of the specialist C. tentaculata
(Faast 2009). In contrast, significant differences in fruit-set were evident between populations
of the generalist C. rigida (Faast 2009). Nevertheless, variation in fruit-set between
populations was not consistent across years, suggesting that characteristics of the populations
per se (e.g., population size, area of vegetation fragments containing populations, etc.), were

not a consistent explanatory factor across years (Faast 2009).

However, in the drought year of 2006 the two smallest populations of C. rigida failed to set
any fruit, suggesting negative impacts of small population size (i.e., Allee effects) may only
manifest themselves under stressful conditions (Faast 2009). Populations of C. rigida also
showed significant spatio-temporal variability in the browsing of flowers by florivores (e.g., by
the native bird, Corcorax melanorhamphos (white-winged chough)), with browsing of flowers
typically being lower for populations nearer to the edges of roads and fire tracks (i.e., a positive
edge effect; Faast and Facelli 2009), demonstrating the importance of considering biotic
interactions other than animal pollination when examining factors determining plant

reproduction.

It should be noted that the sizes of the orchid populations studied by Faast (2009) were not
directly proportional to the areas of their vegetation fragments. For example, two of the
smallest populations of C. rigida studied, which fluctuated between 15 to 60 flowering
individuals depending on year, were both located in the same large vegetation fragment (~350
ha), versus, for example, a much larger population of between 800 to > 1500 flowering plants
within a smaller vegetation fragment of only 4.5 ha (Faast 2009). Indeed, population size can
be a better predictor of reproductive output than fragment area for some plant species (Ward
and Johnson 2004). However, for those plant species with a generally extensive distribution
across their vegetation fragment area, population size and fragment area will be positively
correlated to a greater degree. Nevertheless, for rare or patchily distributed plants, impacts of
fragment area and population size may not be equivalent (e.g., also see Donaldson et al.
2002). Indeed, Paton (2000) suggested insect-plant pollination systems may typically operate

at spatial scales smaller than individual fragments of vegetation within southern Australia.

Another relevant study in the SMLR is that of Ottewell et al. (2009) who examined the effect
of distance to the nearest conspecific on seed production of scattered paddock trees of
Eucalyptus camaldulensis, a generalist insect-pollinated eucalypt, and E. leucoxylon, which is
predominantly pollinated by nectarivorous birds. It was predicted that an increased isolation

of individual trees from their nearest conspecific would negatively correlate with seed
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production, due to reduced outcross pollen received and greater within-plant movement of
pollen by pollinators in more isolated individuals. Moreover, this effect was expected to be
greater for plants of the insect-pollinated E. camaldulensis, given the more mobile bird
pollinators of E. leucoxylon should in theory be better able to maintain outcross pollination
between ever more distant trees (Ottewell et al. 2009). Indeed, as already mentioned,
pollinator mobility significantly determines the magnitude of selfing and correlated paternity of
plants within fragmented populations (see meta-analysis by Breed et al. 2015). Nevertheless,
neither species of eucalypt showed the predicted relationship between seed production and

distance to their nearest conspecific (Ottewell et al. 2009).

The results of Ottewell et al. (2009) contrast with a similar study by McCallum et al. (2019b),
who found that the number of seeds per fruit of six species of eucalypt, including E. leucoxylon
and a mixture of other insect- and bird-pollinated species, was higher for individuals when a
reproductive conspecific was within 20 m of the sampled plant within a revegetated woodland
located in a semi-arid region to the east of the Adelaide Hills. Thus, significant relationships
between plant isolation and levels of plant reproduction may be quite contextual (i.e., vary with

location, year, etc.).

While the results of Ottewell et al. (2009) and McCallum et al. (2019b) are informative, the
reproduction of scattered paddock trees may not be equivalent to comparisons of populations
of trees within smaller and/or more isolated fragments of vegetation, versus larger and/or less
isolated fragments of vegetation. For example, Krauss et al. (2007) found seed production of
Eucalyptus salubris, the flowers of which are visited by nectarivorous birds, significantly
declined in smaller, fragmented populations (i.e., < 10 individuals) versus larger,
unfragmented populations (e.g., > 1000 individuals) in southern Western Australia. However,
in contrast, seed production of another studied eucalypt, E. salmonophloia, again visited by
nectarivorous birds, was unrelated to population size in the same study region (Krauss et al.
2007). Thus, seed production of Eucalyptus species, whether measured for individual paddock
trees or small fragmented populations, seems inconsistently impacted under landscape

disturbance.

A mediating factor which may need to be considered in studies of pollination and plant
reproduction in the SMLR is the prevalence of the introduced honeybee, Apis mellifera.
Ottewell et al. (2009) hypothesized that the introduced honeybee, a now prevalent visitor to
the insect-pollinated flowers of E. camaldulensis, facilitated longer distance pollen dispersal
versus native insects (i.e., native bees, wasps, flies, etc.). This is because honeybees are able

to forage over several kilometres from their nests (Visscher and Seeley 1982), versus a flight
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range of a few hundred meters for most native bees in Australia (Schwarz and Hurst 1997).
Thus, high rates of floral visitation by A. mellifera to this generalist insect-pollinated eucalypt
may have increased pollen dispersal distances and helped to buffer seed production against
the negative impacts of increasing isolation (Ottewell et al. 2009). However, it should be noted
that the efficiency of A. mellifera as a pollinator varies considerably among plant species
(Paton 1993, 1997; Gross and Mackay 1998; Gross 2001; Celebrezze and Paton 2004), and
floral visitation by A. mellifera may also exacerbate the negative impact(s) of landscape

disturbance for particular plants (e.g., see Paton 2000).

e Genetics

Finally, although not a direct study of pollination and plant reproduction per se, Starr and
Carthew (1998) examined the genetics of the progeny of populations of the mixed-mating,
insect-pollinated shrub Hakea carinata (Proteaceae) a plant species with a naturally patchy
distribution throughout the SMLR. Populations of this species occur across a range of varying
fragment types (e.g., roadside verges and conservation parks) and range in size from small
(< 300 individuals) to large (> 1000 individuals) (Starr and Carthew 1998). However, although
inbreeding was high across the sampled populations, and there was little evidence of gene
flow among populations, this was due to populations being historically isolated rather than an
impact of recent vegetation clearance (Starr and Carthew 1998). Thus, H. carinata proved to
be relatively genetically robust to the impacts of landscape disturbance (Starr and Carthew
1998). Indeed, the genetic consequences of habitat loss and fragmentation, at least in the
short-term, may not be particularly detrimental for plant species which already naturally exist
as isolated populations with limited inter-population gene-flow via pollen or seed dispersal,
and also regularly reproduce via self-pollination (Llorens et al. 2018b). Nevertheless, changes
to processes which impact demography (e.g., frequency of fire) under landscape disturbance
may still threaten plant populations within fragmented landscapes (Yates and Ladd 2005).
More recently, Ottewell et al. (2016) also found that despite a patchy, localised, and highly
fragmented distribution, there was limited detectable genetic differentiation among
populations of the endangered, wind-pollinated shrub Allocasuarina robusta (Casuarinaceae)
in the SMLR, suggesting the maintenance of genetic connectivity among fragmented
populations of this plant species. Nevertheless, populations remain threatened due to a lack

of recruitment (Ottewell et al. 2016).
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e Summary

In summary, although limited, studies of pollination and plant reproduction in the SMLR
suggest that responses of plant species to landscape disturbance are species specific.
Indeed, the results agree with the conclusion of Hobbs and Yates (2003), who highlight the
idiosyncratic nature of plant species responses to landscape disturbance. The combined
results of Faast (2009) particularly emphasise the importance of measuring temporal
variability in reproduction among multiple plant populations, and the study of biotic interactions
other than pollination (e.g., florivory, seed predation, etc.). Ultimately, more empirical studies
are required to better understand how landscape disturbance has impacted the reproduction

of current plant populations in the fragmented landscape of the SMLR.

1.5 Study Species

Three common plant species with contrasting pollination systems were chosen to examine the
possible impacts of landscape disturbance on pollination and plant reproduction in the
Adelaide Hills, allow informative comparisons between plant species in the current study, and
further help to address gaps and biases (see section 1.3 Gaps and Biases in Landscape
Disturbance Studies above) by continuing to add to the literature on the impact(s) of
landscape disturbance on common widespread plants with understudied traits (e.g., insect

pre-dispersal seed predation and nocturnal moth pollination).

1.) Pultenaea daphnoides J.C.Wend|. (Fabaceae):

This species is a common perennial sclerophyllous shrub that grows within dry sclerophyll
forests and woodlands of the SMLR. Armstrong et al. (2003) in their biodiversity survey of the
SMLR found P. daphnoides in 30.00 % of quadrats (out of 1177) across the whole of the
region, making P. daphnoides the nineteenth most commonly recorded perennial plant
species. Pultenaea daphnoides is also a dominant understorey plant within sclerophyll forests
and woodlands of the eastern states of Australia (de Kok and West 2002). Within the Adelaide
Hills, P. daphnoides flowers profusely during spring and forms a dominant floral display (Pers.
Obs.). The papilionaceous flowers are regularly visited by both generalist native bees (e.g.,
various species of Lasioglossum) and the invasive honeybee, A. mellifera, which possibly
buffers plant reproduction against any declines in native pollinator abundance and diversity
(e.g., see Gross 2001). Thus, reproduction of P. daphnoides may be relatively robust to

landscape disturbance in the Adelaide Hills. Overall, Pultenaea is a diverse genus of the
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largest group of endemic Australian bush peas (Mirbelieae and Bossiaeeae), commonly
termed “egg and bacon” peas (Barrett et al. 2021). Members of this group frequently form a
dominant understorey component within sclerophyll forests and woodlands of southern
Australia. However, there appears to be no published research examining the reproductive

consequences of landscape disturbance to this group of plants.

2.) Hibbertia exutiacies N.A.Wakef. (Dilleniaceae):

This species is a common perennial sclerophyllous shrub that grows within dry sclerophyll
forests and woodlands of the SMLR. Armstrong et al. (2003) found H. exutiacies in 31.00 %
of quadrats (out of 1177) across the whole of the region, making H. exutiacies the eighteenth
most commonly recorded perennial plant species in the SMLR. As for P. daphnoides, H.
exutiacies flowers profusely during spring and forms a dominant floral display within the
Adelaide Hills (Pers. Obs.). However, flowers seem to be visited rather sporadically by native
bees (Pers. Obs.), as also observed for comparable species of Hibbertia (Schatral 1996). The
flowers of H. exutiacies also do not provide nectar (Pers. Obs.), and the floral morphology
matches that of other Hibbertia species whereby pollination is performed by native bees
collecting pollen via thoracic vibrations (i.e., buzz-pollination; Buchmann 1983; Tucker and
Bernhardt 2000). Apis mellifera, which is unable to perform buzz-pollination (Buchmann 1983),
is not observed visiting flowers of H. exutiacies in the Adelaide Hills (Pers. Obs.). Thus, unlike
for P. daphnoides, A. mellifera is unlikely to buffer plant reproduction against possible declines
in native bee pollinators. Moreover, buzz-pollination represents a form of pollinator
specialization by the plant as it restricts native bee pollinators to only those able to perform
the behaviour. Thus, H. exutiacies may be more vulnerable to landscape disturbance due to
this pollinator specialization. Seeds of H. exutiacies also suffer heavy attack by the insect
larvae of pre-dispersal seed predators (Pers. Obs.), as do a number of Hibbertia species
(Sweedman and Brand 2006 p. 187). Thus, landscape disturbance may alter reproductive
output of H. exutiacies by also impacting levels of pre-dispersal seed predation, an
understudied biotic interaction relative to pollination (Hobbs and Yates 2003). Currently, there
appears to be no published research examining the reproductive consequences of landscape

disturbance to any species of Hibbertia.

3.) Stackhousia aspericocca Schuch. ssp. Cylindrical inflorescence (W.R.Barker 1418)

W.R.Barker (Celastraceae):

This taxon is a relatively common herbaceous perennial that grows within dry sclerophyll

forests and woodlands of the Adelaide Hills (Barker 1977). Again, when in abundance, S.
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aspericocca ssp. Cylindrical inflorescence can form a dominant floral display during spring
(Pers. Obs.). Species of Stackhousia are often assumed to be pollinated by night-flying moths
(e.g., Clarke and Lee 2019 p. 186). However, there appears to be no published research
providing direct evidence of moth pollination in any species of Stackhousia. Nevertheless,
nocturnal visitation by moths to flowers has been irregularly observed to some Stackhousia
species (W.R. Barker Pers. Comms.), and their floral morphology is strongly suggestive of
pollination by night-flying settling moths (i.e., a so-called phalenophilous pollination syndrome;
Faegri and van der Pijl 1979; Willmer 2011). Nevertheless, nocturnal moth pollination in
Stackhousia remains a working hypothesis. There also appears to be no published studies
regarding levels of fruit and seed production in any species of Stackhousia, and no previous
study appears to have examined the impact of variation in landscape characteristics on a

nocturnally moth-pollinated plant in Australia.

1.6 Research Aim

The overarching aim of this research is to examine spatio-temporal variability in pollination
and reproduction of three common plant species across a range of reserve areas protecting
plant populations within a typically fragmented landscape and to test whether reserve area is
a significant predictor of reproductive success. To achieve this, a mixture of pollen-limitation
experiments and mensurative censuses of natural levels of plant reproduction (i.e., fruit and
seed production) among conservation reserves of increasing area (~1.40 ha up to 1027.47
ha) were conducted between 2017-2019. Thus, the two main variables measured in this thesis
are plant focused, with pollen-limitation assessing if there is a deficiency in the pollination
process, either by changes in pollen quantity (e.g., as may occur via reduced pollinator
visitation) and/or pollen quality (e.g., via greater receival of genetically incompatible pollen),
and measures of natural plant reproduction assessing final reproductive output as moderated

by a number of abiotic and biotic factors.

Specifically, and comparable to related studies (e.g., Aizen and Feinsinger 1994a;
Cunningham 2000a, b; Donaldson et al. 2002; Gonzalez-Varo et al. 2009; Hadley et al. 2014;
Matesanz et al. 2015; Lazaro et al. 2020), the degree of pollen-limitation and reproduction of
a similar number of plants were measured within sample sites located across a number of
fragments, here defined by the boundary of conservation reserves. Thus, although the chosen
methodology allowed for a more balanced experimental design, given that sampling is not
proportional to the size of the sampled plant populations, measures of pollen-limitation and

plant reproduction in larger populations may less accurately reflect population-level estimates
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because a smaller proportion of the population is sampled. Nevertheless, given the large
areas of many of the chosen reserves, and the widespread distribution of the three common,
abundant plant species throughout the reserves, sampling in proportion to population size was
not always feasible. Moreover, the true population size(s) of the three common, widespread
plant species may not be limited to the reserves themselves and could include individuals
outside of reserve boundaries (e.g., growing along roadside corridors, adjacent private
heritage agreements, etc.). Ultimately, given these constraints, the chosen experimental
design allowed for a good assessment of spatial variation in the degree of pollen-limitation
and reproductive output of the sampled plants across the landscape in relation to reserve
area. Importantly, given conservation reserves represent spatially defined areas purposefully
implemented to protect natural ecosystems, a negative effect of small reserve area on

pollination and plant reproduction would be of conservation concern.

The following hypotheses were tested:-

1.) That the likelihood of successful pollination increased in reserves of greater area.
2.) That the relationship between reserve area and successful pollination was temporally

consistent across years.

These hypotheses were tested for P. daphnoides (Chapter Two) and H. exutiacies (Chapter
Three).

3.) That the level of plant reproduction was higher in reserves of greater area.
4.) That the relationship between reserve area and plant reproduction was temporally

consistent across years.

The latter two hypotheses were tested for P. daphnoides (Chapter Two), H. exutiacies
(Chapter Three), and S. aspericocca ssp. Cylindrical inflorescence (Chapter Five). In
particular, for H. exutiacies, which suffers both high levels of pre-dispersal seed predation and
seed abortion (as discovered in this study), studying the spatio-temporal dynamics of
pollination and plant reproduction in this species included measuring both the spatio-temporal
variability of pre-dispersal seed predation (Chapter Three and Four) and temporal variability

in the abiotic resource of water availability (Chapter Four).

Ultimately, the findings of this research will help to address gaps and biases in our
understanding of the impacts of landscape disturbance on pollination and plant reproduction

by adding detailed studies to the relevant literature, and contribute to our knowledge on the
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current and possible future impacts of landscape disturbance on plant populations within the

Adelaide Hills and in other fragmented habitats.
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CHAPTER TWO

2. REPRODUCTIVE OUTPUT OF A COMMON SCLEROPHYLLOUS
SHRUB, PULTENAEA DAPHNOIDES J.C.WENDL. (FABACEAE)
ACROSS A RANGE OF RESERVE SIZES.

Alex G. Blackall', Duncan A. Mackay', Molly A. Whalen'

'College of Science and Engineering, Flinders University, GPO Box 2100, Adelaide, South
Australia 5001, Australia

2.1 ABSTRACT

Premise: Studies of landscape disturbance on plant reproduction have focused on rare and
threatened plant species that are generally studied over one season. However, negative
impact(s) on common species will have more wide-ranging implications, and responses may

show temporal variability.

Methods: We used the common bee-pollinated sclerophyllous shrub, Pultenaea daphnoides,
to examine if plant reproduction is positively related to reserve area within the fragmented
landscape of the Adelaide Hills, a peri-urbanised area of southern Australia. This was
achieved through a mix of pollen-limitation experiments (2017, 2019) and measures of natural
reproduction (2017, 2018).

Results: We found no relationship between reserve area and the probability that a flower
would produce a pod (either unfilled or filled). However, developing seeds in numerous pods
per plant may be aborted. Thus, in 2017 and 2018, ~150-300 mature pods from 5-10 plants
per sample site were opened to check for viable seeds. While no relationship between reserve
area and the proportion of pods with viable seeds was evident in 2017, a significant negative
relationship was apparent in 2018 when viable seed production was mostly limited to plants
in the two smallest reserves studied (< 2 ha), versus an almost complete abortion of
developing seeds for plants in larger reserves (> 80 ha). There was no strong evidence this
result was due to pollen-limitation, and no measure of plant reproduction was significantly
pollen-limited in 2017 or 2019. However, this striking result occurred in a year of historically

low early spring rainfall throughout the Adelaide Hills.
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Conclusion: The relationship between reserve area and plant reproduction was temporally
variable between-years, highlighting the need for multi-year studies in understanding the
spatio-temporal dynamics of plant reproduction within fragmented landscapes under variable
rainfall. However there was no evidence that small reserve area alone negatively impacts the

reproduction of P. daphnoides in the Adelaide Hills.

KEYWORDS: Fabaceae; Mirbelieae; Pultenaea; habitat loss; fragmentation; rainfall

2.2 INTRODUCTION

Habitat loss typically results in the subdivision of remnant native habitat into ever smaller and
more isolated fragments, and both abiotic and biotic processes are often altered within smaller
fragments relative to larger continuous areas of habitat (Saunders et al. 1991; Mclintyre and
Hobbs 1999; Fischer and Lindenmayer 2007). These changes can result in both positive and
negative impacts to animals and plants (Haddad et al. 2015; see Fletcher et al. 2018 versus
Fahrig et al. 2019). Nevertheless, both qualitative and quantitative reviews of pollination and
plant reproduction generally find negative impacts of habitat loss and fragmentation (e.g.,
reviewed by Aizen et al. 2002; Hobbs and Yates 2003; Harris and Johnson 2004; Aguilar et
al. 2006; Hadley and Betts 2012). However, our understanding of the impact(s) of landscape
disturbance (here used to describe the combined effects of habitat loss and fragmentation and
other interrelated processes (e.g., edge effects)) on pollination and plant reproduction are
biased by the plant species typically chosen and the limited duration of their study. In
particular, studies of rare and threatened plants, particularly of perennial herbs and self-
incompatible trees, have been over-represented in the literature (as recognised by Hobbs and
Yates 2003 and Aguilar et al. 2006; see Chapter One). However, negative impact(s) on
common plant species, which generally participate in a greater number of plant animal-
interactions (e.g., herbivory, pollination, etc.) and ecosystem functions, will have more wide-
ranging implications (Broadhurst and Young 2007). Studies are also usually conducted over
a single flowering season (Aguilar et al. 2006; see Chapter One), although the impact(s) of
landscape disturbance on plant reproduction may fluctuate between years (Hobbs and Yates
2003). For example, Morgan (1999) found seed production of the endangered Australian
grassland plant, Rutidosis leptorrhynchoides (Compositae), was positively related to
population size in two of three years studied. However, low rainfall in one of the studied years
masked the relationship between seed production and population size by reducing seed
output in a larger population (Morgan 1999). Considering many regions globally are
experiencing drier conditions, relative to historical records, and drier conditions are predicted

to increase into the future (Dai 2013), the way in which reduced rainfall may interact with the
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current impact(s) of landscape disturbance on plant reproduction is of conservation concern
(Matesanz et al. 2009). Lastly, many studies measure pollination and plant reproduction at the
most severe scale(s) of disturbance (e.g., small vegetation patches under 5 ha in area
(Donaldson et al. 2002); roadside verges of native vegetation (Lamont et al. 1993)). However,
the impact of landscape disturbance on plant reproduction within larger fragments, with areas
typical of many conservation reserves, is less studied (e.g., see Cunningham 2000a and Pauw
2007).

Here, we use the common sclerophyllous shrub, Pultenaea daphnoides, to observe the impact
of landscape disturbance on pollination and plant reproduction within the fragmented
landscape of the Adelaide Hills, a peri-urbanised section of the Southern Mount Lofty Ranges,
Australia. This study was conducted over three consecutive years across a range of reserve
areas (1.40-713.95 ha) currently conserving populations of P. daphnoides within the study
region. Specifically, we tested the hypothesis that both successful pollination (measured via
pollen-limitation experiments) and natural levels of plant reproduction would be lower in
smaller conservation reserves than in larger reserves. Pollen-limitation studies were
performed in the alternating years of 2017 and 2019, while a larger dataset on natural levels

of reproduction was collected in 2018.

2.3 METHODS

2.3.1 Study species

Pultenaea daphnoides J.C.WendI. (Fabaceae) is a common sclerophyllous shrub that grows
within the dry sclerophyll forests and woodlands of the Adelaide Hills (Armstrong et al. 2003).
Adult plants typically grow to a height of 1-3 m (Weber 1986; supplementary material (SM)
Fig. 2-1a). Plants produce large floral displays over time of a few hundred to potentially over
7000 flowers (estimated from the number of flower buds: 3887.71 + 1832.47 flower buds per
plant; n = 5). In terms of floral morphology, P. daphnoides produces typical pea-flowers (i.e.,
papilionaceous), grouped in terminal heads of 5-11 flowers (Weber 1986; SM Fig. 2-1b).
Flowers within each inflorescence differ in their timing of anthesis. Thus, although an individual
plant may produce a large number of flowers, only a subset is available for pollination at any
one time (SM Fig. 2-1b). The flowers themselves are predominantly yellow, with a scarlet keel
and red nectar guides on the standard petal (Weber 1986; SM Fig. 2-1b). Whether flowers of
P. daphnoides produce nectar is unknown. The level of nectar production is not constant
across the genus, with undetectable quantities of nectar in flowers of P. densifolia (Gross

1992), versus measurable nectar production in flowers of P. villosa (Ogilvie et al. 2009). Using
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a hand-held refractometer (Atago Co. Ltd. (Type 500, 0-90 %)) and methods adapted from
Gross (1992), no measurable quantities of nectar were detected in flowers of P. daphnoides.
However, more sensitive methods (e.g., those used by Scaccabarozzi et al. 2020) may be
required to detect more minute quantities. Observations of diurnal Lepidoptera foraging on the
flowers of P. daphnoides suggest some nectar production occurs (Pers. Obs.). Nevertheless,
native bees (e.g., species of the widespread speciose bee genus Lasioglossum Curtis (Fam.
Halictidae) (Houston 2018)) likely function as the most effective native pollinators of P.
daphnoides, being capable of parting the wings and depressing the keel petals of flowers upon
visitation and contacting the exposed reproductive structures (Pers. Obs.; SM Fig. 2-1c).
Although not native, the now invasive honeybee, Apis mellifera Linnaeus (Fam. Apidae), is
also a frequent visitor to flowers of P. daphnoides, and also contacts the reproductive

structures of flowers when foraging (Pers. Obs.; Paton 1993; SM Fig. 2-1d).

2.3.2 Sample sites

The Adelaide Hills is a peri-urbanised section of the Southern Mount Lofty Ranges (Fig. 2-1),
a region representative of a typically fragmented landscape (a landscape where remaining
native vegetation cover is between 10-60 %, as defined by Mcintyre and Hobbs (1999)). Here,
sample sites were located in conservation reserves of varying areas (Table 2-1), and all
chosen reserves were managed by the Department for Environment and Water (DEW),
excluding one private reserve (Nurrutti) managed by the National Trust of South Australia (Fig.
2-1). The chosen reserves ranged in area from 1.40 ha up to 713.95 ha (Table 2-1), and P.
daphnoides was abundant within each reserve and distributed across most of their area (Pers.
Obs.). However, the location(s) of sample sites within reserves was based not only on the
presence of P. daphnoides but also accessibility, which was restricted due to terrain, and the
avoidance of areas designated for prescribed burns. Thus, it was not possible to hold constant
the distance from each sample site to the edge of their respective reserve (Fig. 2-1). Moreover,
native vegetation also occurred outside reserve boundaries (Fig. 2-1). Nevertheless, reserve
area is positively correlated with the amount of native vegetation surrounding sample sites.
For example, at 1000 m from the approximate centre of each sample site, a distance used
previously to define local landscapes in studies of bee diversity within both agricultural (Brown
et al. 2020) and urban landscapes in Australia (Threlfall et al. 2015), there was a clear positive
relationship between reserve area and the percentage area of native vegetation surrounding
sample sites within each reserve (Spearman's rho (rs) = 0.966, p = 1.429 x 10, n=11). Thus,
sample sites within smaller reserves are surrounded by less native vegetation in the
neighbouring landscape (i.e., at a scale of 1000 m), versus sample sites within larger reserves
(Fig. 2-1).
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Fig. 2-1 Location of sample sites used to study the plant, Pultenaea daphnoides. All reserves

managed by the Department for Environment and Water (DEW) and a private reserve (Nurrutti)

managed by the National Trust of South Australia are outlined. Adelaide, the capital city of South

Australia, and Mount Lofty, the highest point within the study region (720 m), are both marked by

an asterisk. Triangles represent second sample sites located within the reserves of Mylor CP,

Wottons Scrub CP, and Mark Oliphant CP, respectively. The scale bar represents a total distance

of 8 km. Native vegetation layer assembled by DEW (Native Vegetation Floristic Areas - NVIS -

Statewide (Incomplete Version); Dataset Number: 898).
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Table 2-1 Location of sample sites within reserves, reserve area, data collected in each sample site across the years of 2017, 2018, and 2019,

and the mean annual rainfall of the closest weather station to each sample site for this century. CP stands for Conservation Park.

Reserve Sample sites Latitude Longitude Reserve area (ha) Data collected (year)? Mean annual rainfall (mm)®

Nurrutti Reserve - 35°1.90'S 138°44.53' E 1.40 NR (18), SC(17,18) 1107.7 + 253.2

The Knoll CP - 35°0.45'S 138°41.96'E 1.74 PL(17,19), NR (18), SC(17,18) 922.7 +185.7

Mylor CP 1 35°2.32'S 138°46.04' E 45.10 SC(17) 753.2 £ 193.3
2 35°2.11'S 138°46.15'E - SC(17) 1107.7 £ 253.2

Wottons Scrub CP 1 34°59.21'S 138°46.59' E 82.50 PL(17,19), NR (18), SC (17,18) 1026.3 + 104.1
2 34°59.48'S 138°46.58' E - SC(17) -

Giles CP - 34°56.09'S 138°43.74' E 108.92 PL (17), SC (17) 1038.2 +249.1

Filsell Hill CP - 34°57.70'S 138°47.80' E 128.67 PL(17,19), NR (18), SC(17,18) 998.7 + 237.6

Mark Oliphant CP 1 35°1.53'S 138°41.93'E 189.96 PL (17), NR (18), SC (17) 1082.1 £+ 214.3
2 35°2.03'S 138°41.97'E - PL(17,19), NR (18), SC(17,18) -

Scott Creek CP - 35°5.31'S 138°41.07'E 713.95 PL (17), NR (18), SC (17,18) 774.6 + 304.2

2 NR = Data on natural levels of reproduction via tagged flowers in 2018, PL = Pollen-limitation data via tagged flowers in 2017 and 2019, SC = Seed collection
from mature pods in 2017 and 2018.

® Mean annual rainfall was calculated from the closest weather station to each sample site with available data for the years of 2000 to 2016. However, due to
missing monthly total rainfall for some months within years, which is common across weather stations in the study area, not all years from 2000 to 2016 could
be included for each weather station. Weather stations may also have missed rainfall events localised to sample sites and, alternatively, also captured rainfall
events which did not occur at sample sites. The closest weather station to each sample site varied in distance (mean of 1.88 + 0.75 km, range: 0.85 - 2.89
km), and some sample sites are closer to each other than their respective closest weather stations (e.g., Mylor sample sites 1 and 2). Thus, there are inherent
limitations in using weather station data as accurate rainfall records of the sample sites themselves, and these mean annual rainfall values should be viewed
as coarse estimates. Weather station numbers followed by years of available data in parentheses: Nurrutti: 23817 (2000 - 2004, 2007, 2012 - 2013, 2015 -
2016), Knoll: 23873 (2002 - 2009, 2011 - 2016), Mylor - 1: 23911 (2007 - 2013, 2015 - 2016), Mylor - 2: 23817 (2000 - 2004, 2007, 2012 - 2013, 2015 - 2016),
Wottons 1 and 2: 23707 (2000, 2007 - 2014), Giles: 23803 (2000 - 2003, 2007 - 2009, 2012, 2015 - 2016), Filsell: 23801 (2000 - 2002, 2004 - 2010, 2012 -
2016), Mark Oliphant 1 and 2: 23843 (2000, 2002 - 2005, 2010 - 2013, 2016), Scott Creek: 23921 (2014 - 2016).
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2.3.3 Plant community

The Adelaide Hills possesses a temperate climate (hot, dry summers and cool, wet winters)
with @ mean annual rainfall of ~700-1000 mm (Bureau of Meteorology), suitable for
Eucalyptus L'Hér. (Myrtaceae) forests and woodlands (Armstrong et al. 2003). The dominant
vegetation type(s) at the chosen sample sites were dry sclerophyll forests and woodlands of
messmate stringybark (Eucalyptus obliqua L'Hér.) and brown stringybark (E. baxteri (Benth.)
Maiden & Blakely ex J.M.Black), a plant community characteristic of areas with nutrient-poor
soils and higher rainfall throughout the Adelaide Hills (Specht and Perry 1948). Indeed, due
to patterns of past vegetation clearance, most native vegetation in the study region is now
composed of dry sclerophyll forest and woodlands (Armstrong et al. 2003). Thus, much of the
remaining native vegetation within the landscape is of a type suitable for P. daphnoides (Fig.
2-1). The understorey of sample sites was predominantly composed of sclerophyllous
legumes (mainly Pultenaea daphnoides and Daviesia leptophylla A.Cunn. ex G.Don), and
species of Hibbertia Andrews (Dilleniaceae) (Pers. Obs.). In particular, the main native plant
species that flower concurrently with P. daphnoides (September to early October) within the
chosen sample sites were a combination of the legumes, D. leptophylla and Platylobium
obtusangulum Hook., the large spreading shrub, Hakea rostrata F.Muell. ex Meisn.
(Proteaceae), the small buzz-pollinated shrubs, Hibbertia exutiacies N.A.Wakef. and
Tetratheca pilosa Labill. (Elaeocarpaceae), and the herbaceous moth-pollinated perennial,
Stackhousia aspericocca Schuch. (Celastraceae) (Chapter Five; see Table 2-5 in Results).
The herbaceous perennial, Caesia calliantha R.J.F.Hend. (Asphodelaceae), was particularly

abundant in the sample site located in Scott Creek CP (Table 2-5).

2.3.4 Bee floral visitors - 2017 and 2018

Both video (~1 hour per plant) and personal observations (15-minute observations per plant)
were used to measure visitation rates by bee visitors to the flowers of P. daphnoides. We
recorded bee visitation because bees were the only floral visitors seen to successfully
manipulate the flower of P. daphnoides (e.g., SM Fig. 2-1c-d). Due to the size of the floral
display of individual plants, video recordings focused on only a subsection of each plants floral
display. For playback, the number of bee visitors to flowers, which successfully manipulated
the flower to expose the reproductive structures (i.e., anthers and stigma), were counted within
1-minute intervals every 5 minutes. We simply summed the number of recorded visits to each
plant and did not use video data for statistical analysis. This was due to the inability to account
for bee visitors moving in and out of the video frame but not leaving the plant itself. Videos
were taken on sunny days between 09:00-15:00, from 20/09/2017 to 27/09/2017 (Mark
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Oliphant CP - S1 (3 plants), Wottons Scrub CP - S2 (3 plants), and Filsell Hill CP (7 plants)).
The mean =+ standard deviation (SD) of the maximum temperature at Mount Lofty (Weather
station number: 23842) on the four days of filming was 19.25 + 3.42 °C.

Personal observations were taken in temperatures above 15°C (mean of 20.39 + 2.83°C.). For
personal observations, either the whole plant was observed, or again, only a subsection of the
floral display of the plant was watched. All personal observations of floral visitors occurred in
2018, with observations of plants within each sample site occurring within a week of plants
being tagged for measures of natural levels of reproduction (excluding Mark Oliphant CP - S2
where no observations were undertaken; see section Natural levels of reproduction - 2017
and 2018 below). Here, floral visitation was measured as the number of bees visiting at least
one flower (i.e., at least contacting part of the flower) over the 15-minute observation period
per plant, divided by the number of inflorescences with at least one flower opened watched
per plant. Whether or not each bee successfully manipulated at least one flower prior to

departing the plant was also recorded. Sample sizes are given in Table 2-2 of the Results.

2.3.5 Measures of reproduction

Following successful fertilization, flowers of P. daphnoides produce a flat dehiscent ovoid pod
containing either a single large seed, or less commonly, two smaller seeds (Fig. 2-2d; the
flowers of P. daphnoides being 2-ovulate (Weber 1986)). Mature viable seeds are black in
colouration, possessing a prominent white coloured elaiosome (Fig. 2-2h; mean seed mass +
SD: 5.61 £ 0.77 mg and elaiosome mass: 0.11 + 0.02, n = 20). However, although flowers
may produce a “pod”, seeds within these pods may not fully develop (Fig. 2-2a-c, f-g).
Moreover, a gradient is evident regarding the size at which the development of seeds within
pods terminates (Fig. 2-2a-c, f-g). Thus, we assessed reproduction using four measures. 1.)
Pod-set: this was measured as the proportion of flowers per plant which formed pods,
regardless of seed viability within each pod. Thus, here, we consider the fruiting structure itself
the pod, which includes both filled pods (i.e., visually swollen pods indicating pods contained
either viable seeds or seeds which terminated later in their development; Fig. 2-2¢c-d, g-h) and
unfilled pods (i.e., pods in which seeds terminated their development relatively early and little
pod swelling is evident; Fig. 2-2a-b, f). 2.) Filled pod-set: this was measured as the proportion
of flowers per plant which formed pods which were visually swollen, indicating pods contained
either viable seeds (Fig. 2-2d, h) or seeds which terminated relatively later in their
development (Fig. 2-2c, g). These two measures were able to be recorded on plants in the
field without pod dissection. 3.) Proportion of flowers producing pods with viable seeds:

this was measured as the proportion of flowers per plant which produced pods with viable
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seeds (i.e., the most typical measure of pod- or fruit-set; Fig. 2-2d, h). 4.) Proportion of pods
with viable seeds: this was measured as the proportion of pods (unfilled and filled) per plant
which contained viable seeds (Fig. 2-2d, h). These two measure required pods to be collected
and opened under a dissecting microscope.

Ultimately, the production of mature viable seeds (Fig. 2-2h) represents a successful outcome
of flower fertilisation. However, considering plants can produce large numbers of pods in which
seeds never fully develop (Fig. 2-2a-c, f-g), the production of these “incomplete” pods may
represent a considerable resource drain. Thus, the four measures of pod-set, filled pod-set,
the proportion of flowers producing pods with viable seeds, and the proportion of pods (unfilled
and filled) with viable seeds, allowed us to study the extent to which flowers produced pods
which resulted in the successful production of offspring (Fig. 2-2d, h), versus pods with seeds
which were otherwise terminated (Fig. 2-2a-c, f-g). In particular, this combination of
reproductive variables allows for a better understanding of possible factors restricting
reproductive output. For example, high pod-set is unlikely if pollen quantity (i.e., low receival
of conspecific pollen) limits reproduction. Similarly, high filled pod-set is unlikely if resources,
whether abiotic or biotic, severely limit initial seed development. In contrast, if natural filled
pod-set is high but the proportion of pods with viable seeds is low, this indicates that a process
acting relatively later in seed development is restricting viable seed output (e.g., as may occur

via pre-dispersal seed predation or a constraint on abiotic resources available for seed

development later in the season).




Fig. 2-2 (above) Pods and seeds of Pultenaea daphnoides. (a) Developing pod with minimal seed
development prior to seed termination. (b) Developing pod containing a seed which has terminated at a
relatively earlier stage of development. Pods in both (a) and (b) would be graded as unfilled. (c¢) Developing
pod containing a seed which has terminated at a relatively later stage of development. (d) Developing pod
containing a viable, still developing seed. Pods in both (¢) and (d) would be graded as filled. Note that the
developing pods shown in (a-d) are of the approximately the same age. (e) Developing embryo within prior
viable seed. (f) Seeds within mature pods (i.e., collected during the period in which pods had begun to naturally
dehisce and disperse their seeds) which terminated relatively early in their development. (g) Seeds within
mature pods which terminated relatively later in their development. Note that the terminated seeds in (f) and
(g) are all flat with thin brittle seed coats and poorly formed elaiosomes. (h) Enlarged viable seeds from mature
pods, both bearing prominent white elaiosomes. (i-I) Range of pods and seeds exhibiting signs of pre-

dispersal seed predation. Arrow in (j) indicates posterior end of larvae within a predated seed.

2.3.6 Autonomous self-pollination - 2017

To test whether P. daphnoides can produce pods and seeds via autonomous self-pollination
white chiffon bags were used to prevent visitation by pollinators to a subset of flowers on
individual plants in 2017. All treatments were conducted in the field. Following the end of
flowering, bags were removed, and any subsequent pod and seed formation was recorded
over the coming months. In total, for six plants across three sample sites (Mark Oliphant CP -
S1, Wottons Scrub CP - S1, and Filsell Hill CP), pollinators were prevented from visiting 778
flowers. All experimental plants produced mature pods with viable seeds (Fig. 2-2h) on

unbagged branches.

2.3.7 Self-pollination via geitonogamy - 2019

To test whether reproduction can occur via facilitated self-pollination through geitonogamy,
three treatments were applied to individual plants in the field in 2019 (early October). Firstly,
bagged virgin flowers were hand-pollinated with outcross pollen taken from three conspecifics
a minimum of 10 m from the recipient plant. Secondly, bagged virgin flowers were hand-
pollinated with self-pollen taken from the anthers of other flowers within the same bag (i.e.,
measures of geitonogamy). Thirdly, unbagged flowers were left open to pollinators to measure
levels of reproduction resulting from open-pollination. Pollen was applied by depressing the
keel of each flower to expose its reproductive structures (i.e., anthers and stigma), followed
by pressing dehisced anthers onto the exposed stigma. For outcross pollination, a minimum
of three anthers (one each from a separate donor plant) were used until ample pollen could
be observed on the stigma (confirmed with 10-40 x jewellery loupe). Bags were removed

following the abscission of flowers. To reduce the risk of mature pods from tagged flowers
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rapidly dehiscing and dispersing seeds before being censused, all pods were collected in late
November when developing pods were close to maturity, and seeds had developed to the
point that viable seeds could be recognised (Fig. 2-2d-e). Seed maturity and natural pod
dehiscence occur from mid-December onwards. All pods collected close to maturity in late

November to early December are hereafter termed developing pods.

Seeds within developing pods were examined and graded as either 1.) Viable: enlarged
seed(s) containing a healthy-looking embryo (Fig. 2-2d-e). 2.) Terminated: discoloured small
to large seeds, flatter than viable seeds, and unfilled with a poorly formed or non-existent
embryo (Fig. 2-2a-c); or seeds which had suffered pre-dispersal seed predation, as
recognized by a combination of the presence of insect larvae (or their remains), frass
(excrement of insect larvae), and entry or exit holes in the pod wall or seed coat (Fig. 2-2i-I).
Typically, in late November to early December, pods with seeds which had suffered complete
predation were dry and brown in colouration (Fig. 2-2i), while other developing pods were still

green and fleshy (Fig.2a-d).

In total, six plants were treated at Mark Oliphant CP - S2 in 2019, with 26 flowers outcrossed,
15 flowers self-pollinated, and 36 flowers left open to pollinators. Both outcross- and self-
pollination treatments of flowers occurred on separate inflorescences contained within the
same bag. A small number of pods (4/36) suffered attack from pre-dispersal seed predators.
Since we were only interested in measuring the effect of outcross- versus self-pollen on viable
seed production, flowers and developing pods with predated seeds were not included in
calculations of the proportion of flowers producing pods with viable seeds and the proportion

of pods (unfilled and filled) with viable seeds.

2.3.8 Pollen-limitation of reproduction - 2017 and 2019

Pollen-limitation of reproduction was measured by artificially pollinating flowers with outcross
pollen taken from conspecific donors, following the methods used to pollinate flowers with
outcross pollen in the section Self-pollination via geitonogamy - 2019. However, here, pollen
supplemented flowers were left open to additional pollination via pollinator visitation. Two
controls were used to account for the possibility of resource reallocation between flowers on
the same plant confounding the effects of pollen addition (Knight et al. 2006). First, an internal
control was allocated by tagging an equal number of flowers on the same plant that received
the artificial pollination treatments. Second, an equal number of flowers were tagged on a
similar sized conspecific, growing within the local vicinity (< 10 m) of the treatment plant. This

additional control represented the external control. Thus, each treatment plant (i.e., a tagged
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plant receiving pollen additions) was paired with an external control plant. A statistically lower
level of reproduction in the internal versus the external control is considered to indicate the
presence of resource reallocation among the flowers of treatment plants (Knight et al. 2006).
In both 2017 and 2019, flowers were tagged for pollen-limitation experiments in mid-

September to early October.

In 2017, both the internal control and treatment flowers (i.e., pollen additions) were tagged on
the same inflorescence, with 1-2 flowers of each treatment per tagged inflorescence.
Treatments within inflorescences were separated by different coloured cotton thread tied at
the base of the calyx, a standard technique used to tag flowers inconspicuously (Kearns and
Inouye 1993 p. 35). Moreover, both native bees and the introduced A. mellifera were seen to
visit tagged flowers and even visited flowers on inflorescences when being manipulated (e.qg.,
tags being applied, pollen addition treatments occurring), suggesting tagging had no adverse
effect on floral visitation. Overall, in 2017, across seven sample sites in six reserves (Table 2-
1), a total of 164 flowers over 27 plants (mean + SD: 6.07 + 1.50 flowers per treatment per
plant; 3-5 plants per treatment per sample site) were supplemented with pollen, with replicates
for both the internal and external control. Thus, the number of experimental plant pairings
used, both within and pooled across sample sites, was comparable to other studies assessing
the pollen-limitation of similar legumes in Australia (Gross 1996 and 2001; Eakin-Busher et al.
2020), and also comparable to other studies testing for an effect of fragment area
(Cunningham 2000b) or population size (Delnevo et al. 2020) on the pollen-limitation of plant
reproduction. A further statistical analysis of sampling power was not undertaken. In 2017,
filled pod-set was the response variable measured because the majority of pods were swollen,
indicating pods contained either viable seeds (Fig. 2-2d, h) or seeds which terminated later in
their development (Fig. 2-2c, g), and this reproductive measure was able to be quickly
assessed in the field across the seven sample sites used (Table 2-1). Filled pod-set was

recorded for developing pods in late November to early December.

In 2019, following the results of 2017, which suggested no resource reallocation between
flowers on the same inflorescence, internal control flowers were marked on a close but
separate inflorescence. Because of the difficulty tagging individual flowers with cotton twine
due to their tightly packed inflorescences, flowers were instead marked with black permanent
ink on the base of the calyx, a standard technique used when flowers are difficult to tag with
cotton twine, jewellers tags, etc. (Kearns and Inouye 1993 p. 35). A small pilot study of a single
plant in 2017 suggested no adverse impact on filled pod-set (filled pod-set = 3/4 for tagged
flowers and 9/10 for ink marked flowers). Treatments were separated by different coloured

cotton threads tied at the base of the inflorescences. Overall, in 2019, across four sample sites
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in four reserves (Table 2-1), a total of 64 flowers over 13 plants (mean + SD: 4.95 + 0.32
flowers per treatment per plant; 3-4 plants per treatment per sample site) were supplemented
with pollen, with replicates for both the internal and external control. Note that only four
reserves were used in 2019 (versus six in 2017) due to time limitations, and the reserves used
were a subset of the six sampled in 2017 and ranged from the smallest sampled (The Knoll)
to the second largest (Mark Oliphant) in area (Table 2-1). Moreover, because of the
widespread abortion of developing seeds in 2018 (see Results), we also opened developing
pods to grade seeds as viable or terminated in 2019. Thus, we measured pod-set, the
proportion of flowers producing pods with viable seeds, and the proportion of pods (unfilled
and filled) with viable seeds in 2019, which allowed for a more detailed study of pollen-
limitation. Pod-set was recorded in late November to early December. Developing pods were
then collected, opened, and developing seeds within graded as viable (Fig. 2-2d-e) or
terminated (Fig. 2-2a-c, i-l) following methods described above under Self-pollination via
geitonogamy - 2019. Again, a small number of pods (8/118) suffered attack from pre-dispersal
seed predators. Since we were only interested in measuring the effect of pollen addition on
viable seed production, flowers and developing pods with predated seeds were not included
in calculations of the proportion of flowers producing pods with viable seeds and the proportion

of pods (unfilled and filled) with viable seeds.

2.3.9 Natural levels of reproduction - 2017 and 2018

The relationship between natural levels of reproduction and reserve area was measured
across two years (2017 and 2018), with the largest dataset coming from 2018. This was due
to the time required to conduct pollen-limitation experiments on plants in 2017. Note that
because of only four reserves being sampled in 2019 (versus six in 2017 and 2018,
respectively) the relationship between reserve area and natural levels of reproduction was not
assessed (although see SM Fig. 2-3, 2-4, and 2-5 for plots of external-control plants in each

reserve in 2019).

In 2017, estimates of filled pod-set were made from the external controls of pollen-limitation
experiments (see section Pollen-limitation of reproduction - 2017 and 2019 above). Note that
in contrast to the breeding system and pollen-limitation experiments both flowers and pods
with predated seeds were included in the calculation of these reproductive variables, given we
were interested in measuring natural levels of reproduction. Additional haphazard sampling of
mature pods (i.e., collected during the period in which pods had begun to naturally dehisce
and disperse their seeds) was also undertaken from plants across sample sites in mid-

December in 2017 (Table 2-1). However, not all sample sites used for pollen-limitation
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experiments in 2017 were able to be sampled for mature pods because plants in some sample
sites (e.g., Scott Creek) had already mostly dispersed their seeds. Due to this, we added
additional samples sites both within and across reserves (Table 2-1). This later sample of
mature pods was used to measure the proportion of pods with viable seeds only, since flowers
were not tagged prior to the pod collection. For mature pods, seeds were graded as viable
when enlarged (i.e., not flat) and with a hard seed coat and prominent elaiosome (Fig. 2-2h).
Terminated seeds were graded as per the methods described above under Self-pollination via
geitonogamy - 2019 (Fig. 2-2f-g, i-I). Mature pods were sampled by haphazardly selecting
five fruiting inflorescences, bearing a minimum of five mature but non-dehisced pods (i.e.,
pods on the plant had dried and turned brown but not yet dispersed their seeds), from each

plant.

In 2018, due to lengthy pollen-limitation experiments not being undertaken, a larger sample
size was obtained for measures of natural reproduction by tagging the flowers of ten plants
per sample site (except for Mark Oliphant - S2, where only 5 plants were tagged due to time
constraints) across seven sample sites in six reserves (Table 2-1), comparable to other similar
studies of legumes in Australia (Cunningham 2000a; Broadhurst and Young 2006). Five
inflorescences were tagged per plant, with the calyxes of at least two flowers per inflorescence
marked with black permanent ink. In total, 719 flowers on 350 inflorescences were tagged.
Flowers were marked from late September to early October. In comparison to 2017, most
pods on plants appeared to be unfilled, indicating seed development had terminated relatively
early. Thus, both pod-set and filled pod-set were recorded in early December for developing
pods. As for 2017, mature pods were also collected in the following weeks of December, this
time from tagged plants when possible, and from additional haphazardly chosen plants when
not enough mature pods were available on tagged plants within sample sites. Five
inflorescences were haphazardly sampled from each plant, regardless of the number of pods
per inflorescence, due to the overall lower number of mature pods produced by plants
compared to 2017, when a cut-off of at least five mature pods per inflorescence was used.

Seeds within mature pods were graded as viable (Fig. 2-2h) or terminated (Fig. 2-2f-g, i-I).

Additional variables measured on tagged plants in 2018 included the height and width of the
floral display, the number of open flowers per plant at the time of tagging, the number of
conspecifics within 2 m of tagged plants, the number of flowering conspecifics within 2 m, and
the number of open flowers on conspecifics within 2 m (see Table 2-5 in Results). These
variables were statistically compared between sample sites and related to differences in pod
and seed production. We also counted the number of plants other than P. daphnoides

flowering within 2 m, excluding wind-pollinated species, and the number of open flowers on
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plants other than P. daphnoides within 2 m. Transects were also used to estimate these two
variables (Table 2-5). We present the three most numerically abundant plant species in flower
(i.e., number of individuals), and the three species with the largest floral displays (i.e., number
of flowers), to assess both the floral dominance of P. daphnoides, and qualitatively examine

differences between sample sites in their dominant flowering species.

2.3.10 Statistical analysis

All statistical models were run within the program R (R Core Team 2020). Generalised linear
mixed-effect models (GLMM) were constructed within the package ‘ime4’ (Bates et al. 2015).
In some instances, the variance of specified random effects within models was singular (i.e.,
~ 0). When this occurred, a partially Bayesian method was used to help prevent singular fits
via the ‘b(g)imer’ function in the package ‘blme’ (Chung et al. 2013). Diagnostic checks of
mixed-effect models were performed within the package ‘DHARMa’ (Hartig 2021). Statistical
significance of predictors in GLMM'’s were tested via an Analysis of Deviance, using a Type Il
Wald Chi-square test (implemented in package ‘car’; Fox and Weisberg 2019). Multiple
comparisons were performed via the package ‘multcomp’ (Hothorn et al. 2008), with a
Bonferroni correction used to account for inflated Type | error. Figures were constructed via

the packages ‘ggplot2’ (Wickham 2016) and ‘tmap’ (Tennekes 2018).

2.3.11 Bee floral visitors - 2017

A one-way ANOVA was used to analyse whether the mean number of bee visits per
inflorescence per plant during 15-min observations differed among sample sites in 2018.
Assumptions of normality and equality of variance were checked via plots of model residuals
(i.e., Q-Q plots, S-L plots). Following this, a square root transformation was applied to the

response variable to improve equality of variance.

2.3.12 Pollen-limitation of reproduction - 2017 and 2019

A Binomial GLMM was used to examine whether the pollen-addition treatment interacted with
reserve area (e.g., if pollen-limitation declined with increasing reserve area) for the response
variable of filled pod-set in 2017. Treatment and reserve area, which was log transformed prior
to analysis to reduce right skewness, were considered fixed effects. Reserve and plant pair
nested within reserve were treated as random effects. Plant pair was explicitly accounted for
in the model as it is equivalent to a blocking factor within the experimental design. Note that

the main effect of reserve area was not of particular interest and was considered separately
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for models including only external controls used to measure levels of natural reproduction (see

statistical models in section Natural levels of reproduction - 2017 and 2018 below).

Only four reserves were used in 2019 (versus six in 2017) and this smaller sample size,
combined with the confounding effect of an autumnal prescribed burn (06/05/2019) across
approximately half of the smallest reserve sampled in 2019 (The Knoll), precluded an analysis
of the interaction between reserve area and pollen-limitation (although see SM Fig. 2-3, 2-4,
2-5 for plots of the external- and internal-control and pollen-addition plants in each reserve in
2019). Thus, Binomial GLMMs of pod-set, the proportion of flowers producing pods with viable
seeds, and the proportion of pods (unfilled and filled) with viable seeds in 2019 included the
fixed effect of treatment only. Reserve and plant pair nested within reserve were treated as

random effects.

2.3.13 Natural levels of reproduction - 2017 and 2018

Binomial GLMM’s were used to analyse the relationship between the response variables of
pod-set (2018), filled pod-set (2017 and 2018), and the proportion of pods (unfilled and filled)
with viable seeds (2017 and 2018), and the predictor of reserve area. Reserve was treated as
a random effect to account for the inherent pseudo-replication between individual plants within
sample sites in reserves. An observation-level random intercept term was also included to
account for over-dispersion when present (Warton and Hui 2011). Where more than one
sample site was present within a reserve (e.g., Mark Oliphant in 2017), data were pooled
across the respective sample sites for analysis. The independent predictor of reserve area
was again log transformed prior to analysis to reduce right skewness. Note that flowers and

pods which suffered seed predation were not excluded from analysis.

We also statistically tested whether sample sites differed in the additional variables measured
for tagged plants in 2018 (i.e., width of the floral display, number of conspecifics within 2 m of
tagged plants, etc. See Table 2-5 in Results). This was done by a one-way ANOVA. However,
following checks of normality and equality of variance (i.e., Q-Q plots, S-L plots) some data
transformations were required. This included a square root transformation on both the number
of conspecifics within 2 m of tagged plants and the number of flowering conspecifics within 2
m, and a cube root transformation on both the width of the floral display and the number of
open flowers on conspecifics within 2 m. For the number of open flowers per plant a fourth
root transformation improved normality. However, heterogeneity of variance remained, so a
James Second Order test (Quinn and Keough 2002 p. 195) was conducted via the R package
‘onewaytests’ (Dag et al. 2018).
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2.4 RESULTS

2.4.1 Bee floral visitors - 2017 and 2018

In 2017, across 13 plants, and a total of 2 hours and 36 minutes of video footage, 20
observations of native bees visiting and successfully manipulating the flowers of P.
daphnoides were recorded, as well as 86 observations of A. mellifera. Due to difficulties in
keeping the camera in focus, and clearly seeing bees among the inflorescences of P.
daphnoides, identification of native bees was difficult, but included a number of white-banded
bees most likely species of Lasioglossum (e.g., L. (Chilalictus) lanarium (Smith)). No
individuals of the genus Trichocolletes Cockerell, species of which are mostly legume
specialists (Houston 2018), were recorded visiting flowers of P. daphnoides, although they
were seen visiting flowers of Daviesia leptophylla in Mark Oliphant and Wottons Scrub

throughout filming.

In comparison, fifteen-minute observations of 31 plants in 2018 resulted in a total of 86 floral
visits by native bees observed to plants of P. daphnoides, and 29 visits by A. mellifera. Of the
native bees observed in 2018, 73 out of 84 depressed the keel and contacted the reproductive
structures (i.e., anthers and stigma) of at least one flower before leaving the plant (note that
bee behaviour on the flower was unobserved for two individuals). Native bees caught foraging
on flowers of P. daphnoides were predominantly species of Lasioglossum including
Lasioglossum (Chilalictus) lanarium and L. (Chilalictus) erythrurum (Cockerell), both
widespread across Australia (Atlas of Living Australia). Lasioglossum (Chilalictus) lanarium in
particular is common throughout anthropogenically modified landscapes in southern Australia
(Brown et al. 2020; Neave et al. 2020), and forages on a wide range of flowering plants
(Howard et al. 2021). Unidentified species of Lasioglossum (Parasphecodes) Smith and
Leioproctus Smith (Fam. Colletidae) were also seen visiting flowers. Again, no individuals of
Trichocolletes were seen during observations, although they were haphazardly seen
occasionally visiting flowers of P. daphnoides during fieldwork. All individuals of A. mellifera
contacted the reproductive structures of at least one flower prior to departing. There was no
statistically significant difference between sample sites in the mean number of bee visits per
inflorescence per plant during 15-min observations (Fs2s5= 1.487, p = 0.230; Table 2-2). This
was also true when excluding visitation by native bees which did not successfully manipulate

at least one flower prior to departing the plant (Fs2s= 1.395, p = 0.260).
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Table 2-2 The mean + standard deviation of the number of bee visits per inflorescence of Pultenaea daphnoides plants during 15-min

observations in 2018. S1 stands for sample site 1.

Visits per inflorescence® - native bees

Visits per inflorescence® -

Visits per inflorescence® -

Sample site Date of observation No. plants observed and Apis mellifera native bees A mellifera

Nurrutti Reserve 26/9/2018 5 0.22+0.21 0.16 + 0.21 0.06 + 0.07
The Knoll CP 12/10/2018 5 0.12+0.10 0.09 +0.09 0.03+0.03
Wottons Scrub CP-S1 | 7/10/2018, 11/10/2018° 5 0.09 + 0.08 0.06 + 0.07 0.02 +0.03
Filsell Hill CP 13/10/2018 5 0.05 + 0.04 0.05 + 0.04 0.00+ 0.00
Mark Oliphant CP - S1 8/10/2018 6 0.08 £0.10 0.08 +0.10 0.00 +0.00
Scott Creek CP 6/10/2018 5 0.06 + 0.02 0.00 + 0.00 0.06 + 0.02

@ Three plants observed on 07/10/2018 and two on 11/10/2018. The two plants observed on 11/10/2018 had no floral visitation.

® Inflorescences with min. one open flower.
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2.4.2 Autonomous self-pollination - 2017

Tests of autonomous self-pollination demonstrated that floral visitation is required to initiate
high levels of pod production. Of 778 flowers bagged, only 19 developed into pods (2.44 %),

and of these, none ultimately developed mature viable seeds.

2.4.3 Self-pollination via geitonogamy - 2019

Pod-set (i.e., formation of a pod (either unfilled or filled) and regardless of seed viability within
each pod) was similar between outcross- (12 pods/26 flowers - 46.15 %), self- (7/15 - 46.67
%), and open-pollinated flowers (17/36 - 47.22 %; Pearson's Chi-squared tests: y5 = 0.007, p
= 0.997). However, when these developing pods were opened and seeds within examined,
pods derived from self-pollinated flowers were less likely to contain viable seeds. Thus, the
proportion of self-pollinated flowers producing pods with viable seeds (2 pods with viable
seeds/15 flowers - 13.33 %) was approximately half that of outcrossed flowers (6/25 - 24.00
%), and a third that of open-pollinated flowers (13/33 - 39.39 %). Nevertheless, statistically
significant differences were not evident between treatments (Fisher's Exact Test: p = 0.152).
The proportion of pods (unfilled and filled) with viable seeds was also lower for self-pollinated
flowers (2 pods with viable seeds/7 pods - 28.57 %) versus outcrossed (6/11 - 54.54 %) and
open-pollinated flowers (13/14 - 92.86 %), and there was a statistically significant association
between the proportion of pods with viable seeds and treatment (Fisher's Exact Test: p =
0.008). However, only open-pollinated (92.86 %) versus self-pollinated (28.57 %) flowers were
significantly different from one another (Fisher's Exact Test: p = 0.017; p-value Bonferroni
corrected). The difference between outcross-pollinated (54.54 %) and self-pollinated (28.57
%) flowers approached significance (Fisher's Exact Test: p = 0.056) prior to a Bonferroni

correction (p = 0.168).

2.4.4 Pollen limitation of reproduction - 2017 and 2019

There was no statistically significant interaction effect between reserve area and treatment on
filled pod-set (i.e., proportion of flowers producing visually swollen pods indicating pods
contained either viable seeds or seeds which terminated later in their development) in 2017
(Table 2-3; SM Fig. 2-2), and there was no statistically significant main effect of treatment
(Table 2-3). Thus, the effect of the pollen addition treatment was not significantly dependent
on reserve area and, overall, the probability of a flower becoming a filled pod was not limited

by pollen receipt (Fig. 2-3a).
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In 2019, due to four reserves (versus six in 2017) being sampled, the main effect of treatment
was examined only. There was no statistically significant effect of treatment on pod-set (Table
2-3), and thus the probability of a flower becoming a pod (unfilled and filled) was not limited
by pollen receipt (Fig. 2-3b). In 2019, developing pods were also opened and their seeds
examined. There was no statistically significant effect of treatment on the proportion of flowers
producing pods with viable seeds (Table 2-3). However, the probability that a flower produced
a pod with a viable seed was still overall higher for the pollen addition treatment versus both
controls in 2019 (Fig. 2-3c), and the treatment effect approached statistical significance (p =
0.072) suggesting some possible pollen-limitation (also see SM Fig. 2-4). There was no
statistically significant effect of treatment on the proportion of pods (unfilled and filled) with
viable seeds (Table 2-3), and thus the probability that a pod contained a viable seed was not
significantly limited by pollen receipt (Fig. 2-3d). However, like the proportion of flowers
producing pods with viable seeds (Fig. 2-3c), the probability that a pod contained a viable

seed was still overall higher for the pollen addition treatment versus both controls (Fig. 2-3d).

Table 2-3 Models of the effect of pollen-limitation treatment (2017 and 2019) and their interaction with

reserve area (2017 only) on the reproduction of Pultenaea daphnoides.

Year Model Response Predictors Test Statistic p-value
Log(reserve area (ha))? X2 =2.025 0.155
2017 Binomial' Filled pod-set 5
Treatment x5 =1.857 0.395
Log(reserve area (ha)) X Treatment X% =3.600 0.165
2019 Binomial! Pod-set Treatment X%=2534 0.282
Prop. flowers
2019 Binomial®  producing pods Treatment X% =5.260 0.072
viable seeds?
2019 Binomialt 0P POUSWIth o ent %2 =4.054 0.132

viable seeds?

' Partially Bayesian method used to prevent singular fits via the ‘bgimer’ function in the package ‘bime’
(Chung et al. 2013).

2 Developing pods were collected, opened, and developing seeds graded close to maturity. Flowers and

pods with predated seeds were excluded.

3 Six reserves of varying area were sampled.
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Count

Count

a 27 plants tagged per treatment (445 flowers in total)
1.70 (63 %) 1.23 (55 %) 1.48 (60 %)
150
100
50
External Internal Pollen
control control addition
Treatment
[ Flowers [] Filled pods
C 13 plants tagged per treatment (184 flowers in total)
25 0.90 (47 %) 0.54 (35 %) 1.21 (55 %)
50
25
0
External Internal Pollen
control control addition
Treatment

[] Flowers [[] Pods with viable seeds

Count

Count
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45

30
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b 13 plants tagged per treatment (192 flowers in total)
1.91(66 %) 117 (54 %) 1.86 (65 %)
External Internal Pollen
control control addition
Treatment
[] Flowers [] Pods
d 13 plants tagged per treatment (110 pods in total)

3.11(76 %)  2.00 (67 %)  5.67 (85 %)

External Internal Pollen
control control addition
Treatment

[] Pods [[] Pods with viable seeds

Fig. 2-3 Effects of pollen addition treatment on the production of (a) filled pods relative to tagged
flowers in 2017, (b) pods (unfilled and filled) relative to tagged flowers in 2019, (¢) pods with viable
seeds relative to tagged flowers in 2019, and (d) pods with viable seeds relative to the number of
pods (unfilled and filled) produced by tagged flowers in 2019. The odds of (a) a filled pod, (b) a pod
(unfilled and filled), and (c, d) pods with viable seeds per treatment are given above each of the
respective group of columns in each plot. The associated percentages (rounded to the nearest whole

number) are provided in parentheses. Note that for (¢) and (d) developing pods were collected,

opened, and developing seeds graded close to maturity, and flowers and pods with predated seeds

were excluded. The sample size of tagged flowers in (a-c) is also less than the original number of

flowers tagged. This is because some tags were lost between the tagging of flowers and developing

pods being censused.
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2.4.5 Natural levels of reproduction - 2017 and 2018

In 2017, filled pod-set of external controls ranged from 54.70 % in Mark Oliphant (S1 and S2
combined) to 93.80 % in Filsell Hill. However, across the six reserves sampled no significant
relationship was evident between the filled pod-set of external controls and reserve area
(Table 2-4; SM Fig. 2-2).

A much larger sample size was obtained in 2018. Pod-set ranged from 45.40 % in Mark
Oliphant (S1 and S2 combined) to 64.20 % in The Knoll. Similarly, filled pod-set ranged from
17.00 % in Mark Oliphant (S1 and S2 combined) to 45.30 % in The Knoll. Nevertheless, there
was no statistically significant relationship between reserve area and pod-set or reserve area
and filled pod-set in 2018 across the six sampled reserves (Table 2-4; SM Fig. 2-6 and 2-7).
Taken together, these results suggest the probability of a flower forming a pod (either filled or

unfilled) is unrelated to reserve area.

In 2017 and 2018 mature pods were sampled from plants and opened to check for the
successful development of mature viable seeds (Fig. 2-2h). In 2017, a total of 1157 mature
fruits, from 45 plants (mean + SD: 34.60 + 9.28 pods per plant), were collected and opened.
Of these, 751 pods (48.23 %) contained viable seeds, and of the 1582 seeds examined, 759
seeds were viable, while 823 were terminated. Of the terminated seeds, only 97 showed signs
of predation. There was no statistically significant relationship between the proportion of pods
with viable seeds per plant and reserve area across the six sampled reserves in 2017 (Table
2-4). Given we sampled two separate sample sites within three of the six reserves for mature
pods (Table 2-1), we also analysed whether there were differences in the proportion of pods
with viable seeds per plant between sample sites. There were significant differences between
sample sites in the odds of a pod containing a viable seed (Quasibinomial GLM: Fg3s = 4.885,
p = 3.906 x 10*). Pairwise comparisons showed fewer pods contained viable seeds in Filsell
Hill versus Nurrutti, Mylor - S1, Giles, and Mark Oliphant - S2 (Fig. 2-4a). However, each of
the separate sample sites within the reserves of Mylor, Wottons Scrub, and Mark Oliphant did

not differ from one another (Fig. 2-4a).

In contrast to 2017, few of the mature pods sampled in 2018 produced viable seeds (Fig. 2-
4b). From a total of 1706 mature pods, sampled from 60 plants (mean + SD: 28.43 + 8.88
pods per plant), only 230 pods (13.48 %) contained viable seeds. Moreover, of the 1761 seeds
examined, 241 seeds were viable, while 1520 were terminated. Of the terminated seeds, 361
showed signs of predation. The production of viable seeds was also mostly limited to plants

within the two smallest reserves of Nurrutti and The Knoll, and the proportion of pods with
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viable seeds was highest in the smallest reserve of Nurrutti (Fig. 2-4b). Thus, in 2018 there
was a statistically significant negative relationship between the proportion of pods with viable

seeds per plant and reserve area across the six sampled reserves (Table 2-4).

The additional variables measured for tagged plants in 2018 did not obviously explain why
viable seed production was mostly limited to Nurrutti and The Knoll. For example, although
there were statistically clear differences between sample sites in some variables (Table 2-5),
both Nurrutti and The Knoll were not similarly higher or lower in any of these variables
compared to sample sites in larger reserves. Pultenaea daphnoides was also florally dominant
within all sample sites in 2018, at least within the vicinity of tagged plants (Table 2-5),
suggesting that reproduction was not limited by a relative lack of flowering by P. daphnoides
in larger reserves. However, Nurrutti and The Knoll were the only sample sites where weed
species were also florally dominant (Table 2-5). Weeds included introduced species of the
genus Erica (Ericaceae), in both Nurrutti and The Knoll, and the introduced species,
Pittosporum undulatum Vent. (Pittosporaceae), in The Knoll only. Clearly, the presence of

these introduced species did not negatively impact reproduction of P. daphnoides in 2018.
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Table 2-4 Models of the effect of reserve area on pod-set (2018 only), filled pod-set, and the proportion of pods (unfilled and filled) with viable

seeds for open-pollinated plants of Pultenaea daphnoides in 2017 and 2018. The random intercept terms (nested from top to bottom) for each

model are presented along with their standard deviations. The intercept and slope on the scale of the link function for each model are provided

along with their 95 % confidence intervals (Wald) in brackets. Significant results highlighted in bold.

Year Response Predictor? Random Effect(s) Intercept Slope Model Test Statistic  p-value

5017 Filled pod-set thZ;esrff)er;reej)('og Reserve: 0.234 (_0.2541%56) (_02300?22) Binomial ¥2=0.005  0.943
[P s ey e lomei Ml im0 o

T S S L e
o etase ity osees | Pma  xfezse o
e e e ot ot uspsy | Smome xi=1a0 de47x10%

' Pods were collected, opened, and seeds graded at maturity.
2 For each reproductive variable six reserves of varying area were sampled. However, the reserves used differed between 2017 and 2018 and
between filled pod-set and the proportion of pods (unfilled and filled) with viable seeds in 2017 (Table 2-1).

% Partially Bayesian method used to prevent singular fits via the ‘bglmer’ function in the package ‘bime’ (Chung et al. 2013).
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Fig. 2-4 Boxplots of the proportion of mature pods with viable seeds per plant of Pultenaea daphnoides collected within sample sites in (a) 2017 and (b)
2018. Pods were collected from open-pollinated plants. Individual data points (grey circles) are values for each plant within a sample site. The total number
of plants and mature pods (in parenthesis) collected per sample site are provided above their respective boxplots. Sample sites are plotted in ascending
order of their reserve area (ha), provided below sample site names. My = Mylor, WS = Wottons Scrub, FH = Filsell Hill, MO = Mark Oliphant, SC = Scott
Creek. S1 and S2 stand for sample site 1 and 2, respectively. Boxplots connected above by square brackets in (a) are statistically significantly different
from one another. * p < 0.05 > 0.01, ** p < 0.01 > 0.001.
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Table 2-5 Attributes of plants of P. daphnoides tagged in 2018, and floral abundance measures of flowering plants within sample sites in 2018. Values given as

mean + standard deviation. Mean values within columns that share different lowercase letters are statistically significantly different from one another. S1 and S2

stand for sample site 1 and 2, respectively. Note, NA refers to the fact no transects were done in Mark Oliphant CP - S2.

Flowerin No. oben flowers ZEL?ZZ:EH Three most Three most Three most
. Height floral Width floral Conspecifics ) .g P . . abundant abundant abundant open
Sample site Open flowers?t > : _ conspecifics on conspecifics flowering . )
display display within 2 m L . ) - open flowers flowering species | flowers along
within 2 m within 2m species within e
om within 2m along transects? transects?
Pultenaea
?:52?;;25’ P. daphnoides, | T. pilosa, Erica sp.3,
Nurrutti Reserve 440.6 +488.9(a,b) | 1.94+0.43(a) | 1.27+0.71(a) 2.0+ 2.45(a) 1.2+1.32(a) 60.6 +121.16(a) losa Erica sp.3, P. daphnoides, P. daphnoides,
o , . T. pilosa H. rostrata H. rostrata
Stackhousia
aspericocca
'l;' d;g::o:des, 'l; d;g::o:des, P. daphnoides, P. daphnoides,
The Knoll CP 244.8 + 68.9(b) 1.66+0.18(a) | 1.11+0.39(a) | 5.0+459(a) | 4.4+4.45@ab) | 192.9+288.10(a) | PO - priosg, T. pilosa, Erica sp.3,
Hibbertia Pittosporum . .
o Erica sp.3 T. pilosa
exutiacies undulatum*
H. exutiacies, P. daphnoides, | H. exutiacies, P. daphnoides,
Wottons Scrub CP - S1 325.4 +300.4(a,b) | 1.73+0.16(a) | 0.97 +0.24(a) 2.2+1.62(a) 1.5+0.97(a,b) | 184.6+275.62(a) | P.daphnoides, | H. exutiacies, T. pilosa, T. pilosa,
T. pilosa T. pilosa P. daphnoides, H. exutiacies
P. daphnoides, :.ac/ic;ﬁhnmdes, ': iiﬁggggses’ P. daphnoides,
Filsell Hill CP 219.1 + 65.9(b) 1.88+0.27(a) | 0.89+0.28(a) | 14.0+6.27(b) | 5.9+2.81(b) | 153.4+155.89(a) | H. exutiacies, ' . H. exutiacies,
. rostrata, Platylobium
T. pilosa o H. rostrata
H. exutiacies obtusangulum
H. exutiacies, . S. aspericocca,
Drosera sp., P. daphnoides H. exutiacies, Daviesia
Mark Oliphant CP - S1 3742 +£211.7(b) | 1.96+0.25(a) | 1.42+0.41(a) | 4.0+2.83(a) | 2.9+2.51(ab) | 83.9+82.19(a) | H. exutiacies, - 4ap " | T. pilosa,
P. daphnoides I S. aspericocca P,
- aap linifolia - asp T. pilosa
H. exutiacies, P. daphnoides,
Mark Oliphant CP - 52 93.6 +22.8(a) 2.14+0.34(a) | 1.14+0.18(a) | 6.0+£3.87(a,b) | 4.4+2.88(a,b) | 90.8+81.07(a) | P.daphnoides, | P. linifolia, NA NA
Drosera sp. H. exutiacies
fs;;lzt o P. daphnoides, | C. calliantha, C. calliantha,
Scott Creek CP 196.6 + 146.3(a,b) | 2.06 +0.63(a) | 1.31+0.51(a) | 6.2 +4.10(a,b) | 4.6+3.17(a,b) | 98.6 +83.22(a) ¢ T. pilosa, H. exutiacies, P. daphnoides,
P. daphnoides, )
T il C. calliantha P. obtusangulum P. obtusangulum

' Estimated by calculating the mean number of open flowers on five haphazardly chosen inflorescences with at least one open flower and multiplying this value by the total number

of inflorescences with at least one open flower for each plant.

2 The number of plants in flower (excluding wind-pollinated species) on either side of two haphazardly placed 20 m long 1.5 m transects was counted, along with numbers of open

flowers. Open flowers were directly counted per plant or estimated by counting open flowers on a portion of the plant and extrapolating across the remainder.

3 Non-native (to Australia) introduced species.

4 Non-native (to South Australia) introduced species.
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2.5 DISCUSSION

Pultenaea daphnoides is a prominent member of the largest group of endemic Australian bush
peas (~750 species), commonly termed “egg and bacon” peas, consisting of the tribes
Mirbelieae and Bossiaeeae (Barrett et al. 2021). Members of this group frequently form a
dominant understorey component within sclerophyll forests and woodlands of southern
Australia (e.g., see Table 2-5). Despite their abundance, there have been a limited number of
studies on the pollination biology, breeding system(s), and the degree to which reproduction
is constrained by abiotic and biotic resources for members of this widespread group of plants.
In particular, no study has analysed spatial variability in plant reproduction in relation to
reserve area. Here, we discuss the results of this study across these broad contexts,
highlighting the importance of studies across multiple years in systems with large temporal

variability in abiotic resources (e.g., precipitation).

2.5.1 Floral visitation

Pultenaea daphnoides forms a conspicuous and abundant floral display from September-
October within the Adelaide Hills (e.g., see Table 2-5). Flowers of P. daphnoides are mostly
visited by native bees of the widespread, speciose genus Lasioglossum. Bees of the genus
Lasioglossum are also frequent visitors to flowers of other similar “egg and bacon” peas within
Australia (Armstrong 1979; Gross 2001; Ogilvie et al. 2009; Lomov et al. 2010). The introduced
honeybee, A. mellifera, was likewise a frequent floral visitor (Table 2-2). A greater number of
foraging individuals of A. mellifera, relative to native bees, were observed via video
observations in 2017 versus personal observations in 2018. However, it is difficult to compare
the two methods of visitor observation to ascertain if such a result reflects true differences
between years. In addition, observations in 2018 occurred later in the flowering period of P.
daphnoides, versus 2017. Nevertheless, floral visitation by A. mellifera was not always
observed upon the day of bee visitor observations in 2018 (Table 2-2). Thus, pollination of P.
daphnoides may be performed exclusively by native bees at particular times throughout the

flowering period.

Larger bees effectively parted the wings and depressed the keel petals of flowers upon
visitation (Pers. Obs.). However, smaller bees of the genus Lasioglossum (Chilalictus), such
as L. (Chilalictus) erythrurum, appeared unable to expose the reproductive structures of
flowers via obviously depressing the keel petal and were otherwise observed to pry the tips of
the keel petals open to access anthers (Pers. Obs.). Similar observations of smaller bee

visitors have been observed for the congeneric P. villosa visited by small bees of Trigona
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(Heterotrigona) carbonaria (Ogilvie et al. 2009). Given a relative lack of spatial separation
between the anthers and stigma within flowers of P. daphnoides, as also observed for the
congeners P. densifolia (Gross 1996) and P. villosa (Ogilvie et al. 2009), such manipulation
may still facilitate pollination. Nevertheless, smaller sized bees may act more as pollen thieves
if the stigma is not readily contacted during foraging on anthers, as suggested for other “egg

and bacon” peas (Scaccabarozzi et al. 2020).

Similar to the results of Gross (2001), who studied the “egg and bacon” pea, Dillwynia
juniperina, within a fragmented landscape dominated by A. mellifera in New South Wales
(NSW); bees of the genus Trichocolletes, species of which were present within sample sites
(Pers. Obs.), visited the flowers of P. daphnoides infrequently (Pers. Obs.). In comparison, a
species of Trichocolletes was the predominant pollinator within populations of the congeneric
P. densifolia, located in a semi-arid region to the east of the Adelaide Hills, within the rain
shadow of the Southern Mount Lofty Ranges (Gross 1996). Here, within the Adelaide Hills,
Trichocolletes was frequently observed visiting flowers of both early and co-flowering Daviesia
species (i.e., Daviesia brevifolia, D. leptophylla, and D. ulicifolia; Pers. Obs.). This is similar to
the results of Scaccabarozzi et al. (2020), who found Trichocolletes to be the predominant

native pollinator(s) of Daviesia species in Western Australia.

Overall, pollination of P. daphnoides flowers is specialised in the sense that only floral visitors
able to part the wing petals and depress the keel petals upon visitation may act as pollinators
(Pers. Obs.). However, a relatively wide range of native bees, including common species such
as L. (Chilalictus) lanarium, and the pervasive introduced bee, A. mellifera, seem to be
effective pollinators. Although further experimental tests are required to directly confirm the
pollinating abilities of different bee species, this diversity of visitors may help to reduce the
chances that P. daphnoides will experience reproductive limitation due to a scarcity of
pollinators. In addition, given honeybees are able to forage over several kilometres from their
nests (Visscher and Seeley 1982), versus a flight range of a few hundred meters for most
native bees in Australia (Schwarz and Hurst 1997), A. mellifera may also effectively disperse
pollen among fragmented populations of P. daphnoides, thus helping to maintain pollination

and plant reproduction across the landscape, although this requires further study.
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2.5.2 Breeding system

Regarding the breeding system of P. daphnoides, negligible (2.44 %) pod-set (i.e., formation
of a pod (either unfilled or filled) and regardless of seed viability within each pod) via
autonomous self-pollination was observed, suggesting successful fertilization is highly reliant
on floral visitation, whether reproduction occurs via self- or cross-pollination. Moreover, no
apparent difference was evident between pod-set resulting from geitonogamous self- (46.68
%), outcross- (46.15 %), and open-pollination (47.22 %). Thus, pollen quality does not
obviously limit the initial production of pods (unfiled and filled) from pollinated flowers.
However, the proportion of self-pollinated flowers producing pods with viable seeds was
approximately half that of outcrossed flowers (13.33 % versus 24.00 %), and a third that of
open-pollinated flowers (13.33 % versus 39.39 %). Similarly, pods resulting from self-
pollination were also less likely to contain viable seeds (28.57 % via self-pollination versus
54.54 % and 92.86 % via outcross- and open-pollination, respectively), suggesting some self-
sterility of reproduction, although the precise cause(s) remain ambiguous (e.g., inbreeding

depression, late-acting self-incompatibility; Gibbs 2014).

Gross (1990) observed low levels of fruit-set, defined as the proportion of flowers producing
pods with viable seeds, from self-pollinations in the congeneric P. densifolia (6.06 % fruit-set
via facilitated autogamy and 7.54 % fruit-set via geitonogamy). Similar results were also found
for Pultenaea villosa, with fruit-set below 5.00 % via autonomous and facilitated autogamy,
and geitonogamy, versus ~20.00 % fruit-set via out-crossing (Ogilvie et al. 2009). In contrast,
it was noted that greenhouse grown plants of the vulnerable, Pultenaea parrisiae, produced
seeds in the absence of pollinators, although no quantitative measures were provided (Briggs
and Crisp 1994). Thus, it appears at least some limited seed production via self-pollination is

possible across tested species of Pultenaea.

Of other “egg and bacon” peas tested, Gross (1990) found lower fruit-set via facilitated
autogamy and geitonogamy for Dillwynia hispida (1.35 % and 3.51 %) and D. uncinata (0.54
% and 0.00 %). Young and Brown (1998) found fruit-set via facilitated autogamy was less than
1.00 % for Daviesia mimosoides and D. suaveolens, respectively. No fruits with seeds were
formed via facilitated autogamy and geitonogamy for Dillwynia juniperina (Gross 2001), via
autonomous self-pollination in the congeneric D. sieberi (Lomov et al. 2010), or for Jacksonia
sericea via geitonogamy (Eakin-Busher et al. 2020). However, Rymer et al. (2002) observed
~30-40 % fruit-set via autonomous and facilitated autogamy across plants of Dillwynia
tenuifolia. Nevertheless, this was still roughly less than half the fruit-set of outcrossed and

open-pollinated flowers (Rymer et al. 2002). Clearly, given the low number of species
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examined relative to the diversity of such bush-peas (~750 species), the extent to which high

self-sterility is typical of such legumes is unclear and requires further study.

2.5.3 Pod production and seed viability

In the breeding systems and pollen limitation experiments and in the observations of natural
reproduction, most terminated seeds appeared to be a result of abortion rather than pre-
dispersal seed predation. Moreover, there was a clear range of sizes at which seeds
terminated their development within pods of P. daphnoides (Fig. 2-2a-d, f-h), possibly
suggesting early acting inbreeding depression, although this requires further study (Husband
and Schemske 1996; Hao et al. 2012). Excess flower production and abortion of developing
seeds is also consistent with conditions required for selective embryo abortion (Janzen 1977;
Melser and Klinkhamer 2001; Korbecka et al. 2002). Burd (2004) observed abortion of
developing pods, which had noticeably begun to swell, in plants of Pultenaea gunnii ssp.
gunnii. Moreover, Burd (2004) found some evidence of selective embryo abortion in naturally
pollinated plants. However, fitness returns, as measured via seed mass and seedling height,
were minimal compared with increasing excess flower production by the parental plant. Thus,
the results of Burd (2004) suggest a limited role of selective embryo abortion in selecting for
larger floral displays in P. gunnii ssp. gunnii. Nevertheless, it is evident P. daphnoides
produces a floral display in excess of the number of seeds which are able to be produced.
Similar observations are common for many plant species (Stephenson 1981), including other
Australian “egg and bacon” peas (Hansen et al. 1991, 1992). Future studies would benefit
from examining the trade-off(s) between the number of flowers produced by plants of P.

daphnoides versus viable seeds produced and fathered.

2.5.4 Spatial variability in plant reproduction - 2017 and 2018

No significant positive relationship was evident between our measures of plant reproduction
and reserve area across 2017 and 2018 (Table 2-4). Thus, there was no support for the
hypothesis that natural levels of plant reproduction would be lower in smaller conservation
reserves than in larger reserves. In contrast, viable seed production was almost limited to the
two smallest reserves in 2018, resulting in a significant negative relationship between reserve
area and the proportion of mature pods with viable seeds per plant (Table 2-4). Indeed, plants
within the smallest reserve of Nurrutti, the most successful at producing viable seeds in 2018
(Fig. 2-4b), were also highly successful at producing viable seeds in 2017 (Fig. 2-4a).
Nevertheless, reserve area was not a consistent predictor of reproductive success across

years, and plants within both small and large reserves were both successful at producing
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viable seeds in 2017, when there was no significant relationship between reserve area and

the proportion of mature pods with viable seeds per plant (Table 2-4).

There are no other studies of “egg and bacon” peas which measure reproduction in relation
to reserve or fragment area. However, Lomov et al. (2010) compared reproduction of Dillwynia
sieberi in sites of remnant and revegetated native woodland in NSW. Although plants in
remnant and revegetated woodland differed in their rates of pollinator visitation, number of
flowers, and seeds per inflorescence, overall seed production per plant showed no difference
between remnant and revegetated sites (Lomov et al. 2010). Thus, pollination and
reproduction were quickly re-established for D. sieberi plants within abandoned pastureland
revegetated less than 20 years prior (Lomov et al. 2010). Moreover, the pollinator assemblage
of D. sieberi was dominated by A. mellifera, and the pervasiveness of this introduced floral
visitor may have helped re-establish and maintain pollination of this plant within revegetated
and remnant areas, respectively (Lomov et al. 2010). Similarly, honeybees are now a regular
visitor to flowers of P. daphnoides throughout the Adelaide Hills and may buffer reproduction
against possible declines in native pollinators, although this remains to be tested. While we
measured plant reproductive output only, altered mating patterns under landscape
disturbance may also negatively impact population persistence. For example, increased
production of full-sibling progeny in smaller populations has the potential to increase
inbreeding between relatives within a population, reducing genetic diversity over time (Young
et al. 1996; Aguilar et al. 2019). As such, Young and Brown (1998) found offspring within
smaller populations of the common widespread bush pea, Daviesia mimosoides, had higher
measures of correlated paternity. A similar relationship may occur across differently sized P.

daphnoides populations in the Adelaide Hills.

In contrast to “egg and bacon” peas, there have been studies of other Australian legumes (i.e.,
not from the tribes of Mirbelieae and Bossiaeeae) in relation to landscape disturbance. For
example, Buza et al. (2000) observed that smaller populations of the endangered legume,
Swainsona recta, had reduced genetic diversity via a loss of rare alleles and increased
inbreeding across fragmented grasslands of NSW. Moreover, percentage seed germination
declined under high inbreeding, demonstrating negative impacts to plant fitness (Buza et al.
2000). Regarding plant reproduction, for the common, self-compatible (breeding system given
in Aguilar et al. 2006), buzz-pollinated legume, Senna artemisioides, plant fecundity (i.e., total
seed output) showed a marginally significant increase in linear strips (e.g., road verges) of
mallee woodland relative to larger reserves (26-800 ha) in central NSW (Cunningham 2000a).
However, in comparison, fecundity of the common, self-incompatible (Aguilar et al. 2006),

generalist insect-pollinated plant, Acacia brachybotrya, declined within the same linear strips
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versus larger reserves (Cunningham 2000a). A follow-up study demonstrated a lack of pollen
receipt within these linear strips limited fruit production of A. brachybotrya, suggesting a
possible lack of pollinators restricted reproduction (Cunningham 2000b). Similarly, small,
fragmented populations of the self-incompatible Acacia dealbata in the southern tablelands of
NSW suffered poor seed production relative to larger populations (Broadhurst and Young
2006). However, this was largely due to limited mate availability within smaller populations
(Broadhurst et al. 2008). Thus, although plant responses are variable, for two common
Australian legumes with relatively un-specialised pollination systems, plants within smaller

fragments and populations exhibited decreased reproduction.

In comparison, there was limited evidence that reproduction of P. daphnoides was negatively
impacted by smaller reserve area, and the combined findings of 2017 and 2018 suggest that
the seed production of this common understorey plant is not overall negatively affected by
small reserve area. Furthermore, the smallest reserves of Nurrutti and The Knoll were the only
sample sites where weed species were florally dominant along with P. daphnoides (Table 2-
5). In particular, there are a number of abundant weeds in The Knoll (e.g., weeds listed in
Table 2-5, Ulex europaeus L. (Fabaceae), Asphodelus fistulosus L. (Asphodelaceae)), which
is a relatively disturbed reserve (Pers. Obs.). Nevertheless, this did not evidently negatively
impact plant reproduction (Fig. 2-4). This compares to the findings of Broadhurst and Young
(2006), the authors of which found plants of A. dealbata in populations with fewer exotic
species had a greater probability of producing fruits from their inflorescences than plants in
populations with more exotic species. Thus, for this common legume, both small population
size and the presence of weeds negatively impacted plant reproduction (Broadhurst and
Young 2006). In contrast, there is no strong evidence that small reserve area combined with
the presence of florally dominant weed species negatively impacts reproduction of P.
daphnoides in the Adelaide Hills. Ultimately, given the small number of studies which have
examined the reproduction of Australian legumes in relation to aspects of landscape
disturbance, a greater number of studies are required to better allow for generalisations to be

made about the possible impact(s) of landscape disturbance on this important group of plants.

2.5.5 Pollen-limitation

The termination of many pods and their developing seeds is inconsistent with widespread
pollen-limitation of reproduction, at least from a pollen quantity perspective (Burd 2004). Thus,
we found no evidence that the production of filled pods and pods (unfilled and filled) was
limited by pollen receipt in 2017 and 2019, respectively (Table 2-3). In comparison, the

probability of flowers producing pods with viable seeds was overall higher for the pollen-
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addition treatment versus both controls in 2019 (Fig. 2-3c), and the effect of treatment
approached statistical significance (Table 2-3). Thus, the proportion of flowers producing pods
with viable seeds may have been limited to some extent by pollen receipt in 2019, and a more
intensive examination and larger sample size may reveal pollen quality as an important factor

limiting viable seed output.

Statistically significant evidence of pollen-limitation has been found in only a single species of
‘egg and bacon” pea. Gross (1996) observed pollen-limitation of reproduction within
populations of Dillwynia hispida in a semi-arid area to the east of Adelaide Hills, although it
was not consistent across sample sites or years. Neither pollinator density nor low visitation
rates to flowers explained pollen-limitation, rather Gross (1996) considered intraspecific
competition between plants for outcross pollen as important in contributing to pollen-limitation.
In this system, reproduction of D. hispida was obligately reliant, predominantly, on a single
species of Trichocolletes bee (Gross 1992, 1996). Similarly, an overall positive effect of pollen
supplementation on fruit-set, as based on the pollen-limitation index of Larson and Barrett
(2000), was observed for the “egg and bacon” pea, Jacksonia sericea, within an urban
fragment of vegetation in Western Australia (WA), although a separate Binomial GLMM failed
to find a statistically significant effect (Eakin-Busher et al. 2020). Flowers of J. sericea were
visited by a sole species of native bee from the bee family Megachilidae (Eakin-Busher et al.
2020). Although data are available for only two studies, the results are at least partly consistent
with the general notion that the degree of pollen-limitation increases with increasing reliance
on a smaller subset of pollinators (Bond 1994; Wolowski et al. 2014; Bennett et al. 2020).
Nevertheless, a greater number of studies are required before any definitive conclusion can

be drawn as to the role of pollinator specialisation in this group of plants.

In comparison to the preceding studies, no evidence of pollen-limitation was found for two
populations of Dillwynia juniperina located in highly fragmented woodlands on the Northern
Tablelands of NSW (Gross 2001). Here, A. mellifera was a prominent pollinator of D.
juniperina, effectively supplementing pollination by native bees (Gross 2001). The invasive A.
mellifera is also a common visitor to flowers of P. daphnoides in the Adelaide Hills and may
likewise substitute for native pollinators and buffer plant reproduction. Nevertheless, the
quality of pollen delivered, and subsequent fitness of offspring, may differ between flowers
pollinated by native bees versus A. mellifera. For example, compared to native bees, Gross
(2001) observed honeybees at one study site foraged at significantly more flowers per visit to
D. juniperina, and Lomov et al. (2010) observed that honeybees spend longer foraging at
individuals of D. sieberi. Similar behaviour by A. mellifera toward P. daphnoides may lead to

greater rates of self-pollination, although this remains to be tested.
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2.5.6 Temporal variability in plant reproduction - 2017 versus 2018

Temporal variability between years was a clear factor influencing natural reproductive output,
with almost total loss of successful viable seed production in 2018, excluding the two smallest
reserves (Fig. 2-4b). Large temporal variability in reproductive output has also been observed
across years for the Australian “egg and bacon” peas Bossiaea aquifolium (Hansen et al.
1991) and Gompholobium marginatum (Hansen et al. 1992) within sclerophyll forests of WA.
In particular, for B. aquifolium, relatively poorer seasons of reproduction occurred in years of
lower rainfall during the principal seed filling months of September-November (Hansen et al.
1991), while reproduction of G. marginatum responded positively to spring rainfall (Hansen et
al. 1992).

The beginning of spring 2018 (i.e., September) saw historically low rainfall throughout the
Adelaide Hills (e.g., September rainfall Mount Lofty weather station (Station number: 23842):
31.4 mm versus a mean of 113.5 mm from 2010-2018; see SM Fig. 2-8), with South Australia
experiencing its third driest September on record (Bureau of Meteorology). Moreover, total
spring rainfall (September-November) was generally below average throughout the Adelaide
Hills in 2018 (Bureau of Meteorology). In comparison, rainfall was generally average to above-
average in the Adelaide Hills during September 2017 (e.g., 140.0 mm at Mount Lofty; SM Fig.
2-8), and about average for the period September-November 2017 (Bureau of Meteorology).
Thus, low rainfall across spring, particularly the month of September, is a strong candidate for
the almost complete absence of viable seed produced by pods across sample sites in 2018.
Seed abortion was also high for the co-flowering common shrub, Hibbertia exutiacies, further
suggesting a negative impact of low spring rainfall on plant reproduction across the Adelaide
Hills in 2018 (Chapter Three). However, low rainfall does not explain why viable seed
production was mostly limited to the two smallest reserves of Nurrutti and The Knoll in 2018
(Fig. 2-4b).

In 2017, when rainfall was average to above-average throughout spring (e.g., see SM Fig. 2-
8), the overall percentage of pods with viable seeds in Nurrutti was 69.63 % (133/191), similar
to the percentage of pods with viable seeds in the larger reserves of Giles (63.13 % (125/198))
and Mark Oliphant (57.39 % (163/284)). In comparison, the overall percentage of pods with
viable seeds in Nurrutti in 2018 was considerably lower at 43.84 % (128/292), suggesting a
possible decline in viable seed production in Nurrutti relative to the same reserve in 2017 (also
compare Fig. 2-4a-b). However, given almost no sampled plants produced viable seeds in the
four larger reserves of Wottons Scrub (82.50 ha), Filsell Hill (128.67 ha), Mark Oliphant - S2
(189.96 ha), and Scott Creek (713.95 ha) in 2018, the production of viable seeds mostly
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restricted to plants in the smallest reserves of Nurrutti (1.40 ha) and The Knoll (1.74 ha) is
striking (Fig. 2-4b). Potentially, localised rainfall events occurred at these two small reserves
and helped to maintain viable seed production. However, when examining the rainfall recorded
at the three nearest weather stations to each sample site, rainfall was not evidently greater for
Nurrutti or The Knoll, respectively, although rainfall events localised to either sample site may
not have been recorded (Unpublished Data). Thus, the reason(s) as to why viable seed

production was maintained in these two small reserves remains ambiguous.

2.5.7 Summary

Overall, reproduction of P. daphnoides does not appear to be pollen-limited, at least by pollen
quantity. However, pollen quality may limit viable seed production and deserves further
investigation, particularly considering the widespread abortion of developing seeds across
years (including in the wetter spring of 2017). Regarding landscape disturbance, larger
reserve area was not a significant predictor of reproductive success, and plants within both
small and large reserves were both successful at producing viable seeds in 2017. However,
viable seed production was almost limited to the two smallest reserves in 2018, resulting in a
negative relationship between reserve area and the proportion of pods with viable seeds per
plant. This occurred in a year of historically low early spring rainfall (September), and low
spring rainfall (September-November) more generally. Importantly, from a conservation
perspective, average spring rainfall in the Adelaide Hills is modelled to decline by 17.0-25.2
% by the year 2070 (Charles and Fu 2015). Such declines in rainfall may lead to decreased
reproductive output relative to historical levels, irrespective of any current impact(s) of
landscape disturbance on P. daphnoides. Thus, it would seem prudent to determine why
viable seed production was at least partially maintained in two of the smallest reserves within
the study region (< 2 ha), versus the almost complete absence of viable seed production in

larger reserves (> 80 ha), possibly in response to lower spring rainfall.
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2.7 SUPPLEMENTARY MATERIAL

SM Fig. 2-1 (a) Adult flowering plant of Pultenaea daphnoides. (b) Open flowers and flower

buds of P. daphnoides. (c¢) Native bee of the genus Lasioglossum (Fam. Halictidae),
visiting and successfully manipulating a flower of P. daphnoides (arrow). (d) Introduced
honeybee, Apis mellifera (Fam. Apidae), visiting and successfully manipulating a flower of
P. daphnoides.
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101

The Knoll CP (1.74 ha)

Wottons Scrub CP (82.50 ha)

Giles CP (108.92 ha)

5 plants per treatment (71 flowers in total)
1.55 (61 %) 3.80(79 %) 2.43 (71 %)

3 (43)

1.60 (61 %) 1.50 (60 %) 2.00 (67 %)

3 (44)

1.80 (64 %) 1.50 (60 %) 1.14 (53 %)

Filsell Hill CP (128.67 ha)

Mark Oliphant CP - S1 (189.96 ha)

Mark Oliphant CP - S2 (189.96 ha)

3 (44)

15.00 (94 %) 0.86 (46 %) 2.75 (73 %)

—

4 (80)

1.90 (65 %) 0.47 (32 %) 1.36 (58 %)

4 (69)

0.71 (42 %) 1.44 (59 %) 1.87 (65 %)

Scott Creek CP (713.95 ha)

5 (94)

1.67 (62 %) 1.07 (52 %) 0.72 (42 %)

Pollen
addition

Internal
control

External
control

External Internal Pollen
control control addition
Treatment

D Flowers |:| Filled pods

Pollen
addition

Internal
control

External
control

SM Fig. 2-2 Effect of the pollen addition treatment on the production of filled pods per sample site in 2017.

Plotted are the number of flowers tagged per treatment relative to the number of filled pods (i.e., visually

swollen pods indicating pods contained either viable seeds or seeds which terminated later in their

development) which were subsequently produced, pooled across individual plants per sample site, for the

study species, Pultenaea daphnoides. The number of plants tagged per treatment per sample site, followed

by the total number of flowers tagged across the three treatments per sample site in parentheses, is provided

within each plot. The odds of a filled pod being produced per treatment are given above each of the

respective groups of columns per sample site. Percentage filled pod-set (rounded to the nearest whole

number) is provided in parenthesis. S1 and S2 stand for sample site 1 and 2, respectively. Note that the

sample size of tagged flowers is less than the original number of flowers tagged. This is because some tags

were lost between the tagging of flowers and developing pods being censused.
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The Knoll CP (1.74 ha) Wottons Scrub CP - S1 (82.50 ha)
3 plants per treatment (45 flowers in total) 3 (41)
0.88 (47 %) 0.88 (47 %) 1.50 (60 %) 1.33 (57 %) 1.00 (50 %) 1.60 (62 %)
Filsell Hill CP (128.67 ha) Mark Oliphant CP - S2 (189.96 ha)
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1.50 (60 %) 1.00 (50 %) 2.00 (67 %) 9.00 (90 %) 1.86 (65 %) 2.33 (70 %)
External Internal Pollen External Internal Pollen
control control addition control control addition
Treatment

|:| Flowers D Pods

SM Fig. 2-3 Effect of the pollen addition treatment on the production of pods per sample site
in 2019. Plotted are the number of flowers tagged per treatment relative to the number of pods
(unfilled and filled) which were subsequently produced, pooled across individual plants per
sample site, for the study species, Pultenaea daphnoides. The number of plants tagged per
treatment per sample site, followed by the total number of flowers tagged across the three
treatments per sample site in parentheses, is provided within each plot. The odds of a pod
being produced per treatment are given above each of the respective groups of columns per
sample site. Percentage pod-set (rounded to the nearest whole number) is provided in
parenthesis. S1 and S2 stand for sample site 1 and 2, respectively. Note that the sample size
of tagged flowers is less than the original number of flowers tagged. This is because some

tags were lost between the tagging of flowers and developing pods being censused.
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301

201

10

301

20+

10+

The Knoll CP (1.74 ha) Wottons Scrub CP - S1 (82.50 ha)
3 plants per treatment (41 flowers in total) 3 (40)
0.18 (15 %) 0.27 (21 %) 0.75 (43 %) 0.86 (46 %) 0.56 (36 %) 1.17 (54 %)
== [T
Filsell Hill CP (128.67 ha) Mark Oliphant CP - S2 (189.96 ha)
3 (45) 4 (58)
1.00 (50 %) 0.33 (25 %) 1.50 (60 %) 2.17 (68 %) 1.11 (53 %) 1.50 (60 %)
External Internal Pollen External Internal Pollen
control control addition control control addition
Treatment

D Flowers |:| Pods with viable seeds

SM Fig. 2-4 Effect of the pollen addition treatment on the production of pods with viable seeds
(relative to flowers) per sample site in 2019. Plotted are the number of flowers tagged per
treatment relative to the number of pods with viable seeds which were subsequently produced,
pooled across individual plants per sample site, for the study species, Pultenaea daphnoides.
The number of plants tagged per treatment per sample site, followed by the total number of
flowers tagged across the three treatments per sample site in parentheses, is provided within
each plot. The odds of a pod containing a viable seed per treatment are given above each of
the respective groups of columns per sample site. The percentage of pods with viable seeds
(rounded to the nearest whole number) is provided in parenthesis. S1 and S2 stand for sample
site 1 and 2, respectively. Note that developing pods were collected, opened, and developing
seeds graded close to maturity. Flowers and pods with predated seeds were excluded. Also
note that the sample size of tagged flowers is less than the original number of flowers tagged.
This is because some tags were lost between the tagging of flowers and developing pods

being censused.
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30
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30

20+

10+

The Knoll CP (1.74 ha) Wottons Scrub CP - S1 (82.50 ha)

3 plants per treatment (19 pods in total) 3 (22)

0.67 (40 %)  1.00 (50 %)  3.00 (75 %) 6.00 (86 %) 2.50 (71 %)  7.00 (88 %)

= [

Filsell Hill CP (128.67 ha) Mark Oliphant CP - S2 (189.96 ha)
3 (26) 4 (43)
7.00 (88 %) 1.00 (50 %) 9.00 (90 %) 3.25 (76 %) 5.00 (83 %) 6.00 (86 %)
External Internal Pollen External Internal Pollen
control control addition control control addition
Treatment

D Pods D Pods with viable seeds

SM Fig. 2-5 Effect of the pollen addition treatment on the production of pods with viable seeds
(relative to pods (unfilled and filled)) per sample site in 2019. Plotted are the number of pods
(unfilled and filled) produced from tagged flowers per treatment relative to the number of these
pods with viable seeds, pooled across individual plants per sample site, for the study species,
Pultenaea daphnoides. The number of plants tagged per treatment per sample site, followed
by the total number of pods (unfilled and filled) produced across the three treatments per
sample site in parentheses, is provided within each plot. The odds of a pod containing a viable
seed per treatment are given above each of the respective groups of columns per sample site.
The percentage of pods with viable seeds (rounded to the nearest whole number) is provided
in parenthesis. S1 and S2 stand for sample site 1 and 2, respectively. Note that developing
pods were collected, opened, and developing seeds graded close to maturity. Pods with

predated seeds were excluded.
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Nurrutti Reserve (1.40 ha)

The Knoll CP (1.74 ha)

Wottons Scrub CP - S1 (82.50 ha)

200
(89 flowers
10 plant 6 (53 9 (81
1504 plan's in total) (53) (&1)
1.23 (55 %) 1.79 (64 %) 1.53 (60 %)
1004
50
0
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SM Fig. 2-6 Pod-set of open-pollinated plants in 2018. Plotted are the number of flowers tagged relative to

the number of pods (unfilled and filled) which were subsequently produced, pooled across individual plants

per sample site, for the study species, Pultenaea daphnoides. The number of plants tagged per sample site,

followed by the total number of flowers tagged across plants per sample site in parentheses, is provided

within each plot. Below, the odds of a pod (unfilled and filled) being produced are given, and the percentage

pod-set (rounded to the nearest whole number) is provided in parenthesis. S1 and S2 stand for sample site

1 and 2, respectively. Note that the sample size of tagged plants and flowers is less than the original number

of plants and flowers tagged. This is because some tagged plants and flowers were lost between the tagging

of plants and flowers and developing pods being censused.
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200 Nurrutti Reserve (1.40 ha) The Knoll CP (1.74 ha) Wottons Scrub CP - S1 (82.50 ha)
(89 flowers
10 plant 6 (53 9 (81
1504 Plan's in total) (53) (&1)
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504
| | 1 —
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SM Fig. 2-7 Filled pod-set of open-pollinated plants in 2018. Plotted are the number of flowers tagged
relative to the number of filled pods (i.e., visually swollen pods indicating pods contained either viable seeds
or seeds which terminated later in their development) which were subsequently produced, pooled across
individual plants per sample site, for the study species, Pultenaea daphnoides. The number of plants tagged
per sample site, followed by the total number of flowers tagged across plants per sample site in parentheses,
is provided within each plot. Below, the odds of a filled pod being produced are given, and the percentage
filled pod-set (rounded to the nearest whole number) is provided in parenthesis. S1 and S2 stand for sample
site 1 and 2, respectively. Note that the sample size of tagged plants and flowers is less than the original
number of plants and flowers tagged. This is because some tagged plants and flowers were lost between

the tagging of plants and flowers and developing pods being censused.
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CHAPTER THREE

3. SPATIAL AND TEMPORAL VARIABILITY IN POLLEN-LIMITATION
AND PRE-DISPERSAL SEED PREDATION OF A COMMON
SCLEROPHYLLOUS SHRUB WITHIN A FRAGMENTED LANDSCAPE.

Alex G. Blackall', Duncan A. Mackay', Molly A. Whalen'

'College of Science and Engineering, Flinders University, GPO Box 2100, Adelaide, South
Australia 5001, Australia

3.1 ABSTRACT

Premise: Studies of the impact(s) of landscape disturbance on pollination and plant
reproduction are biased toward rare and threatened plants and single reproductive episodes.
Thus, additional studies of common plant species across multiple years are still required to

allow for a greater understanding of the possible effect(s) of landscape disturbance.

Methods: We used the common bee-pollinated shrub, Hibbertia exutiacies, to examine the
impact(s) of landscape disturbance on pollination and reproduction across two consecutive
years (2017 and 2018). To do this we conducted pollen-limitation experiments and measured
natural levels of reproduction across conservation reserves of increasing area, while also
considering native vegetation within the landscape more generally, via a scale-of-effect

analysis.

Results: We observed an impact of landscape disturbance on reproduction in 2017.
Specifically, pre-dispersal seed predation declined, and viable seed production increased for
fruits of plants within sample sites surrounded by a greater amount of native vegetation (within
a distance of ~2400 up to 4000 m). We also observed temporal variability in the efficiency of
the pollination process, with pollen-limitation of fruit-set in 2017 but not 2018. However, in
contrast to 2017, the maijority of developing seeds within fruits were aborted in 2018 and,
ultimately, no viable seeds were produced. Thus, there was no spatial variability in viable seed
production. This was likely due to exceptionally low rainfall in the early spring of 2018

constraining reproduction equally across the fragmented plant populations.
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Conclusion: Ultimately, although fruit-set was pollen-limited in 2017, spatial variability of
viable seed production in 2017 appeared to be largely due to pre-dispersal seed predation,
emphasising the need to study biotic interactions other than animal-pollination in relation to
the impacts of landscape disturbance. However, between-year variability was significant, and
almost all developing seeds were aborted in the dry spring 2018. Thus, multi-year studies are
essential in understanding the different roles of abiotic and biotic factors in limiting plant

reproduction in fragmented landscapes.

KEYWORDS: buzz-pollination; Hibbertia; landscape disturbance; reserve area; scale-of-

effect; pollen-limitation.

3.2 INTRODUCTION

Given the majority of the world’s flowering plants are pollinated by animals (Ollerton et al.
2011), recent declines in important groups of pollinators, potentially in conjunction with the
plants they pollinate, are of conservation and economic concern (Biesmeijer et al. 2006;
Anderson et al. 2011; Regan et al. 2015). Landscape disturbance (here used to describe the
combined effects of habitat loss and fragmentation and other interrelated processes (e.g.,
edge effects)) is considered one of the major drivers of this decline (e.g., reviewed by Hobbs
and Yates 2003; Harris and Johnson 2004; Aguilar et al. 2006). Although many patch-level
studies (those studies predominantly focused on measures of patch area and isolation) have
not explicitly partitioned the independent effects of habitat loss and fragmentation (i.e.,
fragmentation per se; Fahrig 2017), studies at the scale of individual fragments have clearly
demonstrated the detrimental effects of landscape disturbance on pollination and plant
reproduction. Moreover, studies that have examined fragmentation per se also suggest
negative consequences to plants and their pollinators via fragmentation alone (reviewed by
Hadley and Betts 2012).

Conservation reserves form an important network of remaining native vegetation within
fragmented landscapes (Margules and Pressey 2000), although they are not a conservation
panacea (e.g., see Pressey and Tully 1994). It is frequently hypothesized that the negative
consequences of landscape disturbance for pollination and plant reproduction are greater in
smaller vegetation fragments, and as isolation of fragments from other such habitat increases
(an extrapolation of the theory of island biogeography; see Fahrig 2019). This interpretation
initially led to an early belief that larger reserves are necessarily of greater conservation
importance than smaller reserves (Diamond 1975), an overly simplistic view of reserve values

(Volenec and Dobson 2020; Wintle et al. 2019). More recently, it has been argued that the
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amount of habitat in the surrounding local landscape, as determined by the characteristics of
the species studied (see Jackson and Fahrig 2012, 2015) can better explain the ecological
response(s) of species within a sample site, independently of the combined variables of patch
area and isolation (i.e., the habitat amount hypothesis; see Fahrig 2013). These alternative
hypotheses relate to the relative influences of habitat composition versus configuration on
biodiversity, and support has been found for both habitat amount (Melo et al. 2017; Watling et
al. 2020) and independent effects of habitat configuration, such as patch size and connectivity
(Hadley et al. 2018; Horvath et al. 2019), on various biodiversity measures (e.g., species
richness). Thus, debate continues over how to appropriately measure ecological responses
at the patch scale and upward to that of the landscape, particularly in regard to the effects of
fragmentation (e.g., Fletcher et al. 2018 versus Fahrig et al. 2019). Nevertheless, at the patch-
scale, conservation reserves represent spatially defined areas purposefully implemented to
protect natural ecosystems and a negative effect of small reserve areas on ecological

processes would be of conservation concern.

Currently, gaps and biases remain in our understanding of the impact(s) of landscape
disturbance on pollination and plant reproduction. First, studies of rare and threatened plants,
which may be more vulnerable to landscape disturbance to begin with, are over-represented
in the literature (as recognised by Hobbs and Yates 2003 and Aguilar et al. 2006; see Chapter
One). Common species, abundant across both small and large fragments, may be less
impacted by landscape disturbance. Second, studies are typically conducted over a single
flowering season (Aguilar et al. 2006; see Chapter One), essentially ignoring the role of
temporal variability in pollination and plant reproduction in mediating the impact(s) of
landscape disturbance (Hobbs and Yates 2003). This is true, even though the detrimental
effects of landscape disturbance may be masked in certain years, due to temporal variation in
overriding factors, such as rainfall (e.g., see Morgan 1999). Thus, there is still a need to study
the impact(s) of landscape disturbance on the pollination and reproduction of common plants,

preferably over more than a single reproductive episode.

The Southern Mount Lofty Ranges (SMLR), South Australia, is an often-overlooked region of
floristic diversity within Australia (Crisp et al. 2001). With 13 % of the original native vegetation
remaining, the present plant communities occur in fragments of various sizes, isolation, and
levels of degradation (Armstrong et al. 2003). Thus, the SMLR is representative of a typically
fragmented landscape (a landscape where remaining native vegetation cover is between 10-
60 %, as defined by Mcintyre and Hobbs (1999)). Accordingly, it may be expected that
pollination and plant reproduction have declined in response to habitat loss and fragmentation

and, as a result, both pollination and plant reproduction are lower in smaller vegetation
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fragments than larger ones. Here, we use the common sclerophyllous bee-pollinated shrub,
Hibbertia exutiacies, to examine the impact(s) of landscape disturbance on pollination and
plant reproduction within the fragmented landscape of the Adelaide Hills, a peri-urbanised
section of the SMLR. The hypotheses tested was that both successful pollination (measured
via pollen-limitation experiments) and plant reproduction (measured via fruit and seed
production) would increase in reserves of greater area. The importance of native vegetation
surrounding sample sites more generally (i.e., the local landscape) was also considered via a

scale-of-effect analysis (e.g., see Holland et al. 2004).

3.3 METHODS

3.3.1 Study species

Hibbertia exutiacies N.A.Wakef. (Dilleniaceae) is a common sclerophyllous shrub growing to
a height of 30-50 cm within the dry sclerophyll forests and woodlands of the Adelaide Hills
(Armstrong et al. 2003). Solitary sessile to subsessile nectarless, odourless, yellow flowers
(~10-15 mm diameter) are produced along the length of branches in spring (Jessop 1986;
supplementary materiel (SM) Fig. 3-1a-b). Each flower contains typically 4-8 stamens with
anthers opening by terminal pores and lateral slits (Jessop 1986; SM Fig. 3-1c-d). Anthers are
functionally poricidal in comparable species of Hibbertia (Tucker and Bernhardt 2000). The
two lateral carpels typically each contain four ovules (SM Fig. 3-1e), with the style of each
recurving to flank opposite sides of the androecium (Jessop 1986). The calyx is persistent
(SM Fig. 3-1g). Each carpel may form a follicle after fertilisation and when both carpels
produce seeds, the fruit may be considered to consist of a pair of follicles (Clarke and Lee
2019; SM Fig. 3-1f). Mature seeds of H. exutiacies (mean + SD of 2.87 + 0.56 mg, n = 10)
range in colour from black to brownish-red and are enclosed by a white-coloured elaiosomes
(SM Fig. 3-1h). Seeds contain abundant endosperm, while the embryo is minute (Horn 2007;
SM Fig. 3-1i-j). However, production of viable seed is low for many Hibbertia species (Fox et
al. 1987 p. 86; Schatral and Fox 1994; Cochrane 2002). Likewise, many seeds contain
malformed or no endosperm (Schatral and Fox 1994; Schatral et al. 1994; Cochrane 2002;
Erickson et al. 2016 p. 85; SM Fig. 3-1n).

3.3.2 Sample sites

All chosen reserves were managed by the Department for Environment and Water (DEW),

excluding one private reserve (Malcolm Wicks) owned by the National Trust of South Australia
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(Fig. 3-1). Reserve area ranged from 1.74 ha up to 1027.47 ha (Table 3-1). The chosen
reserves represented the range of reserve areas currently conserving populations of H.
exutiacies within the study region. Due to their suitability for field work, two sample sites were
used in Mark Oliphant, while all other reserves contained a single sample site (Fig. 3-1).
Sample sites within each of the reserves were located based on the presence of the required
plant species, as well as accessibility. In all but the smallest reserve (The Knoll), plants within
sample sites were located a minimum of 40 m from the edge of the reserve (a delimitation
used by Cunningham 2000). However, it should be noted that the closest edge of the reserve,
with respect to a sample site within the reserve itself, was not necessarily the closest edge to
the surrounding matrix, defined as all other landscape types excluding native vegetation. This
was due to the presence of native vegetation outside of reserve boundaries (Fig. 3-1).
However, site suitability was given priority over holding distance to edge constant, which was
not possible across all reserves due to factors such as terrain and frequent prescribed burning
around reserve boundaries. Thus, if edge effects exist, they may be operating more in some
sample sites but not others. Nevertheless, at 1000 m from the approximate centre of each
sample site, a distance used previously to define local landscapes in studies of bee diversity
within both agricultural (Brown et al. 2020) and urban landscapes in Australia (Threlfall et al.
2015), there was a clear positive relationship between reserve area and the percentage area
of native vegetation surrounding individual sample sites (Spearman's rho (rs) = 0.954, p =
1.788 x 10°, n = 10). Thus, reserve area is reflective of the amount of native vegetation
present in the “local landscape” (here defined within a distance of 1000 m) surrounding sample
sites. Given the strong association between measures of isolation and habitat amount within
the surrounding landscape (Bender et al. 2003; Fahrig 2003), sample sites within reserves of
smaller area are more isolated than sample sites within larger reserves (i.e., within a distance
of 1000 m).

3.3.3 Plant community

Due to the relatively high rainfall (~700-1000 mm (Bureau of Meteorology)) and temperate
climate of the Adelaide Hills, Eucalyptus L'Hér. (Myrtaceae) forests and woodlands dominate
(Armstrong et al. 2003). Specifically, the vegetation type(s) at the chosen sample sites were
dry sclerophyll forests and woodlands of messmate stringybark (Eucalyptus obliqua L'Hér.)
and brown stringybark (E. baxteri (Benth.) Maiden & Blakely ex J.M.Black), an association
typical of vegetation occupying areas of nutrient-poor soils and higher rainfall (Specht and
Perry 1948). The understorey of sample sites was predominantly composed of sclerophyllous
legumes (mainly Pultenaea daphnoides J.C.Wendl. and Daviesia leptophylla A.Cunn. ex

G.Don) and the study species H. exutiacies. Notably, given savanna-type woodlands were
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preferentially cleared throughout the Adelaide Hills, the majority of remnant vegetation is
composed of dry sclerophyll forest and woodlands (Armstrong et al. 2003). Thus, remaining
native vegetation within the landscape is predominantly of a type suitable for H. exutiacies
(Fig. 3-1).

Fig. 3-1 Location of sample sites used to study the plant, Hibbertia exutiacies. All reserves
managed by the Department for Environment and Water (DEW) and a private reserve (Malcolm
Wicks) owned by the National Trust of South Australia are outlined. Adelaide, the capital city of
South Australia, and Mount Lofty (720 m), the highest point within the study region, are both
marked by an asterisk. Sample sites marked with squares had pollen-limitation experiments
undertaken in 2017. Natural reproduction (open-pollination) of additional unmanipulated plants
was also measured in these sample sites in 2017. Filled in squares represent sample sites where
pollen-limitation experiments were replicated in 2018. Sample sites marked by triangles
represent additional samples sites used for pollen-limitation experiments in 2018. Sample sites
marked by circles had measures of natural reproduction (open-pollination) of unmanipulated
plants undertaken in 2017, but no measures of pollen-limitation. S1 and S2 stand for sample site
1 and 2, respectively. The scale bar represents a total distance of 8 km. Native vegetation layer
assembled by DEW (Native Vegetation Floristic Areas - NVIS - Statewide (Incomplete Version);
Dataset Number: 898).
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Table 3-1 Location of sample sites within reserves, reserve area, and data collected in each sample
site across the years of 2017 and 2018. S1 and S2 stand for sample site 1 and 2, respectively. CP

stands for Conservation Park.

Reserve Latitude Longitude Reserve area (ha) Data collected (year)®
The Knoll CP 35°0.45'S  138°41.96'E 1.74 PL(17,18), NR (17,18)
Malcolm Wicks Reserve 34°55.92'S 138°48.89'E 7.90 PL (18), NR (18)
Wottons Scrub CP 34°59.21'S  138°46.59'F 82.50 PL(17,18), NR (17,18)
Mount George CP 34°59.72'S 138°45.34'E 84.89 PL (18), NR (18)
Giles CP 34°56.09'S 138°43.74'E 108.92 NR (17)

Filsell Hill CP 34°57.70'S 138°47.80'E 128.67 PL(17), NR (17)
Mark Oliphant CP - S1 35°1.53'S  138°41.93'F 189.96 PL(17), NR (17)
Mark Oliphant CP - S2 35°2.03'S  138°41.97'F 189.96 PL(17,18), NR (17,18)
Belair NP 35°1.46'S  138°40.33'E 837.54 NR (17)
Cleland CP 34°59.21'S 138°41.75'E 1027.47 PL(17,18), NR (17,18)

@ NR = Data on natural levels of reproduction (note that measures of natural reproduction (open-
pollination) in 2018 came from the external controls of pollen-limitation experiments only), PL = Pollen-

limitation data.

3.3.4 Pollinators

There are no published reports on the pollinators of H. exutiacies, however, the floral
morphology matches that of Hibbertia species whereby pollination is performed by native bees
collecting pollen via thoracic vibrations (i.e., buzz-pollination (Buchmann 1983); see Tucker
and Bernhardt (2000) for a discussion of putative pollination syndromes in Hibbertia). Other
floral visitors to species of Hibbertia with bee-pollinated pollination syndromes are considered,
at best, incidental pollinators. For example, Bernhardt (1986) observed a Tapeigaster
(Heleomyzidae) fly foraging on spilled pollen left by visiting bees on the flowers of H.
fasciculata, but no contact with the stigma(s) was observed. Here, similar behaviour has been
seen for hoverflies (Syrphidae) visiting flowers of H. exutiacies (SM Fig. 3-1v). Pollen feeding
beetles (e.g., Diphucephala) may affect minor pollination in some bee-pollinated Hibbertia
species (Keighery 1975) but typically decrease reproduction due to floral damage (see
Hawkeswood 1989 and Schatral 1996). Floral visitation also appears infrequent to H.
exutiacies within the study region (Pers. Obs.), as is true of Hibbertia species elsewhere (e.g.,
see Schatral 1996 and Hingston 1999).

Video cameras (Panasonic HC-VX980M) were initially used to film floral visitation in the spring

of 2017. Cameras were placed 1-2 m from individual plants and several flowers were filmed
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per plant (mean + SD of 35.10 + 33.35 flowers per video; 351 flowers in total). Filming lasted
an average of 1 hour and 23 minutes per plant (13 hours and 51 minutes in total; n = 10
plants). In 2018, 15-minute personal observations of flowering H. exutiacies were undertaken
(n = 11 plants). Filming and observations (2017-2018) were undertaken during field work
(September-October) on relatively warm sunny days (temp. = 15°C). Given surveys were
conducted to simply confirm the behaviour of native bees on flowers of H. exutiacies (i.e.,
buzzing of anthers by bees to transmit pollen); results are presented without regard to sample

site and date of observation (details in SM Table 3-1).

The following year (November 2019) six native bees were opportunistically caught visiting H.
exutiacies flowers during unrelated fieldwork. These bees were killed in kill jars containing
ethyl acetate and placed in individual specimen tubes before being frozen. Sampled bees
were subsequently swabbed for pollen with a small cube of fuchsin jelly (Beattie 1971) to
confirm presence of pollen grains of H. exutiacies. Pollen grains were extracted from the
anthers of H. exutiacies flowers prior to anthesis for comparison (SM Fig. 3-1A-B). Bees were
identified using Houston (2018) and Smith (2018).

3.3.5 Pollination and reproduction

Two manipulative experiments and one mensurative census were performed regarding the
pollination and reproduction of H. exutiacies. Details for these experiments are provided
below. However, beforehand, we outline definitions and general methodology used to
measure fruit and seed production. We used proportional fruit-set per plant as a measure of
fruit production, hereafter simply termed fruit-set. Fruit-set was measured by tagging a subset
of flowers per plant, which were subsequently monitored for fruit development following
flowering. Fruits were separable from persistent calyxes (SM Fig. 3-1f-g). Here, the term fruit
is used whether one or both carpels per flower contained developing or developed seeds (i.e.,
a fruit may consist of one or two follicles). Specifically, we considered a flower to have
developed into a fruit based on the presence of swollen carpel(s) containing developing
seed(s), which demonstrated initial seed development, without regard to the viability of seeds
within fruits, which was considered separately. Thus, although carpels may noticeably swell
due to seed development, fruits may produce only inviable seeds due to pre-dispersal seed
predation or abortion of developing seeds (SM Fig. 3-1k-n). Fruits of Hibbertia are known to
mature, dehisce, and drop their seeds quickly in response to hot weather, making timing of
collection for mature seeds difficult to estimate (Fox et al. 1987 p. 86; Cochrane 2002; Pers.
Obs.). Thus, fruits were retrieved prior to the seeds within reaching full maturity (SM Fig. 3-1f,

i), with fruits collected approximately ~1-1.5 months after initially being tagged as flowers.
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Fruits were kept under refrigeration in paper envelopes until examination of their developing
seeds (~4°C).

Although fruits were retrieved prior to full maturity (occurring from mid-December onwards),
developing seeds within could be graded into three categories. First, seeds were considered
as viable if they contained firm white endosperm filling most of the seed (SM Fig. 3-1i-j).
Second, seeds containing insect larvae (or their remains), frass (excrement of insect larvae),
showing entry or exit holes within the seed coat, and the majority of endosperm consumed or
not present were recognised as predated (SM Fig. 3-1k-m, p). Seed predation was wholly due
to the larvae of insect seed predators. Third, seeds were classed as unfilled if they were empty
or contained a small amount of poorly formed often shrivelled endosperm not filling the seed
(SM Fig. 3-1n). Unfilled seeds were considered to have aborted during maturation. The
number of inviable seeds per fruit was the combination of predated seeds and unfilled seeds.
For estimates of total seed production per fruit, viable, predated, and unfilled seeds were
combined into a single category, termed developing seeds. The number of developing seeds
within a fruit is considered to represent the number of viable seeds a fruit would have produced

(out of the number of seeds initiated) in the absence of seed predation and abortion.

3.3.6 Breeding system

To confirm whether H. exutiacies can produce fruits via autonomous self-pollination, white
chiffon bags were used to prevent visitation by pollinators to a subset of flowers on individual
plants in the field in 2017. A total of 200 flower buds across 7 plants were excluded from
pollinator visitation (SM Table 3-2). Following the end of flowering, bags were removed, and

subsequent fruit formation was recorded. All plants produced fruits on unbagged branches.

To confirm whether reproduction can occur via self-fertilization, experimental treatments were
applied to individual plants in 2017 and 2019. First, bagged virgin flowers were hand-pollinated
with outcross pollen taken from three conspecifics a minimum of 10 m from the recipient plant.
Second, bagged virgin flowers were hand-pollinated with self-pollen taken from the anthers of
additional flowers within the same bag (geitonogamy). Third, unbagged flowers were left open
to pollinators to measure natural levels of reproduction resulting from open-pollination. For
both the outcross- and self-pollination treatments, pollen was applied by pressing anthers,
which had been manually opened with forceps to allow the pollen held within to become
exposed, onto the stigmas of the recipient flower. A minimum of three anthers were used until
ample pollen could be observed on both stigmas (confirmed with 10-40 x jewellery loupe). A

total of 15 flowers across 6 plants were outcrossed, 16 flowers across seven plants were self-
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pollinated, and 35 flowers across the seven plants served as open-pollinated controls (SM

Table 3-2). Bags remained on each plant until the collection of fruits with developing seeds.

3.3.7 Pollen-limitation of fruit-set and seed production

Pollen-limitation of fruit-set and seed production in H. exutiacies was measured by artificially
pollinating flowers with outcross pollen taken from three conspecific donors, following the
methods used in the breeding system experiment above. Flowers receiving pollen addition
were then left open to further pollination via natural pollinator visitation. Two controls were
required to account for the possibility of resource reallocation between flowers on the
treatment plant confounding the result (Knight et al. 2006). First, an internal control was
allocated by tagging an equal number of flowers on the same plant that received the artificial
pollination treatment. Second, an external control was allocated by tagging an equal number
of flowers on a similar sized conspecific plant growing within the local vicinity of the treatment
plant (< 10 m). Lower fruit-set or seed production in the internal control versus the external
control is thought to indicate the presence of resource reallocation among flowers or fruits of
the treatment plant (Knight et al. 2006). In such cases, the pollen addition treatment should
be compared to the external rather than internal control. In 2017, across six sample sites, a
total of 112 flowers, over 23 plants, were supplemented with pollen from mid-October to early
November (SM Table 3-3). In 2018, across six sample sites, a total of 120 flowers, over 24

plants, were supplemented with pollen from mid to late October (SM Table 3-3).

3.3.8 Natural levels of fruit-set and seed production

Across eight sample sites, a total of 401 flowers, over 72 plants, were tagged from mid-
October to early November 2017 to measure natural levels of fruit-set and seed production
(SM Table 3-3). This total included those plants used as external controls in the pollen-
limitation experiments. Flowering of H. exutiacies was noticeably reduced in 2018 compared
to 2017 (Pers. Obs.), and natural levels of reproduction were estimated from the external
controls of pollen-limitation experiments only, as a larger sample size could not readily be

obtained.
3.3.9 Statistical analysis
Here, models used to analyse fruit-set and seed production for pollen-limitation experiments

and natural reproduction are detailed. All statistical models were run within the program R (R

Core Team 2020). Linear and generalised linear mixed-effect models (LMM and GLMM,
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respectively) were constructed within the packages ‘ime4’ (Bates et al. 2015) and ‘gimmTMB’
(Brooks et al. 2017). However, in some instances, the variance of specified random effects
within models was singular (i.e., ~ 0). In these cases, the model was either further simplified
(i.e., averaging the response to reduce nested levels of random effects), or a partially Bayesian
method was used to help prevent singular fits via the ‘b(g)imer’ function in the package ‘bime’
(Chung et al. 2013). Diagnostic checks of mixed-effect models were performed within the
package ‘DHARMa’ (Hartig 2021). Statistical significance of predictors in GLMM’s were tested
via an Analysis of Deviance, using a Type Il Wald Chi-square test (implemented in package
‘car’; Fox and Weisberg 2019). Statistical significance of predictors in LMM'’s were tested via
an Analysis of Deviance, using a Type Il Wald F tests with Kenward-Roger corrected degrees
of freedom (implemented in package ‘car’). Multiple comparisons were performed via the
package ‘multcomp’ (Hothorn et al. 2008a), with a Bonferroni correction used to account for
inflated Type | error. Bonferroni-corrected p-values are presented (p-value X no. of
comparisons). The package ‘MuMIn’ was used to calculate small-sample-size corrected
Akaike information criterion (AICc) values (Barton 2020). Figures were constructed via the
packages ‘ggplot2’ (Wickham 2016), ‘tmap’ (Tennekes 2018), and ‘sjPlot’ (Lidecke 2021).

3.3.10 Pollen-limitation of fruit-set - 2017 and 2018

To examine whether the pollen addition treatment interacted with reserve area (e.g., if pollen-
limitation declined with increasing reserve area), a Binomial GLMM was constructed to test
for an interaction between treatment and reserve area on the response variable fruit-set.
Treatment and reserve area were considered fixed effects, while reserve and plant pair nested
within reserve were treated as random effects. Plant pair was explicitly accounted for in the
model as it is equivalent to a blocking factor within the experimental design. The independent
predictor of reserve area was log transformed prior to analysis to reduce right skewness. When
the treatment effect was significant, but not reserve area or its interaction with treatment, a
reduced model with treatment as the only predictor was used for post-hoc comparisons
between treatment levels (i.e., pollen addition versus internal control, etc.). The main effect of
reserve area was not of particular interest and was considered separately for models including
only the external controls and additional tagged plants (2017) used to measure levels of
natural reproduction (see statistical models in section Natural reproduction - 2017 and 2018
below). Note that for Mark Oliphant reserve, which contained two sample sites in 2017 (Fig.
3-1), data were pooled across the respective sample sites for analysis, therefore, data for both
sample sites were used as a measure of pollen-limitation for the reserve overall. This was
appropriate given the two sample sites within Mark Oliphant never statistically differed from

one another in any measure of natural reproduction (see Results) and, for measures of pollen-
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limitation, only two plant parings were available in Mark Oliphant - Sample Site 1 (see SM
Table 3-3).

To visualize an effect of reserve area on the magnitude of pollen-limitation of fruit-set, the
pollen-limitation index (pl-index) of Larson and Barrett (2000) was calculated for each
treatment plant. The pl-index was calculated as 1 - (FSci + FSpa), where FScy is the fruit-set
of the control treatment, and FSpa is the fruit set of the pollen addition treatment, per plant.
The pl-index is constrained to be lower bounded by 0, when no pollen-limitation of reproduction
occurs, and reaches a maximum value of 1, when all flowers produce fruit for the pollen
addition treatment plant and no flowers produce fruit on the respective control (100 % pollen-
limitation). The results of the GLMM, discussed above, determined which of the two controls
to use (e.g., resource reallocation would mean the use of the external rather than internal
controls). Thus, resource reallocation, if present, was considered to occur across all
combinations of sample sites and plants. The pl-index for each plant was subsequently plotted
against reserve, in order of ascending reserve area. Kendall’s correlation was used to analyse
if a relationship existed between the mean pl-index per plant for each reserve and reserve

area.

3.3.11 Pollen-limitation of seed production - 2017 and 2018

Since seeds within fruits were categorised into viable, predated, and unfilled classes, several
separate models were constructed. To avoid confusion, we use the term “seed-set” when
referring to models using seeds per fruit as the response, with random effects to account for
multiple fruits per plant, and “mean seed-set” when the number of seeds per fruit were
averaged for each individual plant prior to analysis (i.e., the response variable is already

averaged at the plant-level).

In 2017, developing seed-set (viable + predated + unfilled seeds per fruit) was modelled by a
truncated Conway-Maxwell-Poisson (CMP) distribution. The CMP distribution effectively
handles both over- and under-dispersion in count models (Brooks et al. 2019). The distribution
was zero truncated as fruits were defined as possessing at least one developing seed. For
this model, the parameters of reserve, plant pair nested within reserve, and treatment nested
within each plant pair were included as random effects. The hierarchical nature of the random
effects in the model was required to account for the inherent pseudo-replication among
multiple fruits examined for each treatment by plant combination. Due to a singular fit for the

lowest level of the random effect structure in 2018, developing seed-set was averaged per

Chpt. 3
88



plant (mean developing seed-set) and modelled with a linear mixed-effect model (LMM).

Reserve and plant pair nested within reserve were included as random effects.

Inviable seed-set and its components predated and unfilled seed-set were analysed by a non-
truncated CMP distribution (i.e., zero values are possible). For these models, reserve, plant
pair nested within reserve, and treatment nested within plant pair were included as random
effects. There were very few unfilled seeds in 2017 and GLMM'’s were difficult to construct
(e.g., false convergences, large standard errors, poor estimates, etc.). Instead, a Fisher-
Pitman permutation test (10 000 permutations) was used to examine if a significant difference
existed between mean unfilled seed-set for plants across treatments, with data pooled across
reserves (implemented in R package ‘coin’; Hothorn et al. 2008b). In 2018, all seeds were
inviable and, therefore, inviable seed number was already modelled by mean developing
seed-set (see above). In 2018, there were too few predated seeds to reliably model, and a
Fisher-Pitman permutation test was implemented on mean predated seed-set for plants

across treatments.

As no viable seeds were produced in 2018, models of viable seed-set were only constructed
for 2017. However, in 2017, most seeds were graded as inviable and, at the level of individual
fruits, the presence of viable seeds was largely dichotomous (i.e., majority of fruits contained
either no viable seeds or only viable seeds). Moreover, the number of viable seeds per fruit
was low (overall mean 0.59), and for those fruits with viable seeds, 96.92 % of them contained
only 1-2 seeds. Due to this low mean and range, viable seed-set was instead modelled as the
presence versus absence of viable seeds per fruit (i.e., a binary variable). Thus, a Binomial
GLMM was used for analysis. This model returns estimates of the probability of a fruit having
viable seeds, conditional on the random effects. Thus, we refer to this variable as “the
probability of fruits having viable seeds”. Reserve, plant pair nested within reserve, and

treatment nested within plant pair were included as random effects.

The proportion of viable seeds per fruit was modelled by a Binomial GLMM. This model returns
estimates of the probability of seeds being viable per fruit, conditional on the random effects.
However, to avoid confusion with the model above, we refer to this variable as “the proportion
of viable seeds per fruit’. Reserve, plant pair nested within reserve, and treatment nested

within plant pair were included as random effects.

Lastly, for 2017, a model also considered the number of viable plus predated seeds per fruit
(i.e., viable + predated seed-set). The number of viable plus predated seeds per fruit is an

alternative measure of the production of viable seeds, assuming that predated seeds would
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have otherwise been viable if not predated. However, because so few unfilled seeds were
produced in 2017, this response variable is effectively equivalent to developing seed-set.
Nonetheless, we present results for viable + predated seed-set in 2017, as modelled via a
CMP GLMM. Reserve, plant pair nested within reserve, and treatment nested within plant pair

were included as random effects.

In 2017, data were also only available for 19 of 23 plant pairs due to the initial mislabelling of
seeds for four plant pairs (see SM Table 3-4). Consequently, data for the two plant pairs in

Mark Oliphant - Sample Site 1 were not used.

3.3.12 Natural reproduction - 2017 and 2018

We first define models used on the larger dataset obtained in 2017, before discussing issues
with the smaller dataset obtained in 2018. In particular, although the number of response
variables assessed in 2017 is large, the various models of fruit-set and seed production, which
included models of the three categories of viable, predated, and unfilled seeds and their
derivations, allowed for the detailed study of the various possible factors limiting natural levels
of reproduction (e.g., conversion of flowers to fruits, pre-dispersal seed predation, etc.). Across
these models, each response variable was regressed against the predictor of reserve area to
test the hypothesis that reproduction would increase with reserve area. The independent
predictor of reserve area was log transformed prior to analysis to reduce the right skewness

of this predictor for all models.

Fruit-set was analysed via a Beta-Binomial GLMM. The Beta-Binomial distribution was used
to account for over-dispersion (Harrison et al. 2015). Reserve was included as a random
effect. Developing seed-set was averaged per plant (mean developing seed-set) and then
analysed by a LMM with reserve as the random effect. A fourth root transformation was used
on the response variable to improve normality of residuals. Inviable seed-set, predated seed-
set, and viable + predated seed-set were also averaged per plant and analysed by separate
LMM’s. Viable seed-set was again analysed as a binary response (Binomial GLMM). For this
model, reserve and individual plants nested within reserve, were included as random effects.
Individual plants were treated as a random effect to account for multiple fruits opened per
plant. Similarly, a Binomial GLMM was used to analyse the proportion of viable seeds per fruit

against reserve area with the same random effect structure.

In addition, to examine whether plant reproduction differed between the sample sites chosen

(i.e., treating the effect of sample site within each reserve as fixed and independent, and

Chpt. 3
90



irrespective of reserve area), models were constructed to test whether the measured
reproductive variables differed between sample sites. In the case of fruit-set, no random
effects were required, and the effect of sample site was tested via a quasibinomial GLM using
a Type |l F-test. In contrast, a truncated CMP GLMM was used for developing seed-set, a
Binomial GLMM for the probability of fruits having viable seeds, a CMP GLMM for inviable and
predated seed-set, and a Binomial GLMM for the proportion of viable seeds per fruit. For these
models, individual plants (nested implicitly within sample sites) were treated as random

effects.

Due to the striking results obtained in 2018 (i.e., zero viable seed production which precluded
models analysing viable seed-set), subsets of the above models were used on external control
plants to examine trends in relation to reserve area. However, sample sizes per sample site
were smaller relative to 2017 (e.g., 2-5 plants versus 5-11 plants per sample site for seed-set
models). Additionally, most fruits in 2018 contained only one seed versus two or more seeds
per fruit in 2017. Thus, the range of seeds per fruit was low. Moreover, there was no or little
variability between plants within sample sites which resulted in poor coefficient estimates.
When this occurred, data for these sample sites were removed from the analysis (noted in the

Results). Nonetheless, model results should be treated with caution.

We also compared fruit-set (Binomial GLMM) and developing seed-set (Truncated CMP
GLMM) between years, with year as the predictor and sample site (fruit- and developing seed-
set models), and individual plants nested within sample site (developing seed-set model only)
treated as random effects. Note that a nested sample site by year random factor was not

included due to not all sample sites being used in both 2017 and 2018.

3.3.13 Scale-of-effect - 2017

When there was evidence of reserve area being a significant predictor of any measure of
natural reproduction in 2017, the influence of native vegetation surrounding sample sites more
generally (i.e., both within and outside reserve boundaries) was explored via a scale-of-effect
analysis, as described in Fig. 3-2. In particular, the scale-of-effect analysis allows for the
further assessment of the possible influence of native vegetation in the landscape surrounding
sample sites within each of the reserves. Here, the two sample sites of Mark Oliphant were
treated as individual datapoints, given the percentage area of surrounding native vegetation
was calculated independently for each sample site. Model comparisons and resulting plots
were constructed via the ‘multifit’ function of Huais (2018). Percentage area of native

vegetation was calculated by using the R package ‘sf (Pebesma 2018). Calculations utilised

Chpt. 3
91



the native vegetation layer assembled by DEW (Native Vegetation Floristic Areas - NVIS -
Statewide (Incomplete Version); Dataset Number: 898). Although of potential concern in such
analyses (Zuckerberg et al. 2020), there was little evidence of spatial autocorrelation of model
residuals across the compared models (as assessed via residual plots and DHARMa Moran's
| (although the ability to detect statistically significant spatial autocorrelation with eight sample
sites may be somewhat limited)). For model comparisons via AlCc, LMM'’s were first fitted by
maximum likelihood, then restricted maximum likelihood was used to estimate parameters of
the final model selected. For LMM'’s, transformations of the response variable were used when
required. Scale-of-effect analyses were not considered for the reproductive data collected in

2018 due to the lower number of plants and sample sites available for analysis.

Fig. 3-2 Method and interpretation of the scale-of-effect analysis in 2017. (a) The percentage area of native vegetation
within concentric circles, starting at an initial radius of 200 m, and increasing by 200 m to a maximum radius of 4000 m
(20 measurements in total), was calculated from the centre of each sample site, respectively (here presented for the
sample site located within Wottons Scrub CP). The percentage area of native vegetation surrounding sample sites within
each radius (200-4000 m) was then included as the predictor variable of a response (e.g., viable seed-set) in separate
models (20 models per response variable). (b) Following this, the small-sample-size corrected Akaike information criterion
(AICc) values of each model was plotted against the respective distance category of the model’s predictor (i.e., 200 m,
400 m, etc.). A scale-of-effect was identified where a distinct peak in model adequacy was present, suggesting the
response variable responded most strongly to native vegetation within the distance category of the best supported model,
identified as the model with the lowest AICc value (central (red) arrow). Models within a A AICc < 2 from the model with
the greatest support are also considered to exhibit substantial support for their estimated scale-of-effect (models within
lateral (green) arrows). The horizontal reference line represents a A AlCc < 2 from the best supported model. When all
models occur within A AlCc < 2 from the best supported model, no scale-of-effect is considered to exist within the range
evaluated.
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3.4 RESULTS

3.4.1 Pollinators

Seventeen visits by native bees to the flowers of H. exutiacies were filmed in 2017. In 14 of
these visits the bees interacted with the anthers of at least one flower prior to departing (i.e.,
either moving outside of the video frame or leaving the plant itself), while in the remaining
visits bees simply landed on the petals of one or more flowers before departing. Nine of these
visitors were small-medium sized bees (~5-9 mm (estimated from video recordings)) able to
contact the stigmatic tips of the two lateral styles and the central anthers simultaneously.
These bees were likely species of Lasioglossum (Chilalictus) Michener (SM Fig. 3-1qg-r, w),
considered an important group of pollinators within southern Australia (Dorey 2018 p. 69).
Bees grasped the central anthers, removing pollen via a mixture of thoracic vibration and
scraping and milking of the anthers. Bees would buzz anthers in spurts followed by either
grooming of the released pollen or rotating their position on the flower before buzzing the
anthers once more. Either of the stigmatic tips of the two lateral styles contacted the ventral
surface of the bee during this process (SM Fig. 3-1r). Although audible buzzes could not be
heard via the video recordings, field observations confirmed thoracic vibration of anthers by
these bees (Pers. Obs.). Similar foraging behaviour has been observed for species of

Lasioglossum (Chilalictus) foraging on flowers of H. stricta (Bernhardt 1984).

Unidentified species of smaller bees (~3-4 mm) appeared to extract pollen via thoracic
vibrations, but often spent longer scraping the anthers, and did not always contact the
stigmatic tips of the two lateral styles (SM Fig. 3-1u). For this reason, larger bees are likely
more effective pollinators (SM Fig. 3-1g-r versus SM Fig. 3-1u). This conclusion was also
reached by Bernhardt (1984) for bee visitors to H. stricta. Size constraints to the pollination
efficiency of visiting bees is probably a general feature of buzz-pollinated flowers with spatially

separated anthers and stigma(s) (i.e., herkogamy; Mesquita-Neto et al. 2021).

In 2018, five native bees were seen visiting H. exutiacies flowers, however, only two of these
buzzed the anthers of visited flowers. Opportunistically, six native bees visiting flowers of H.
exutiacies were caught in 2019. These bees belonged to the genera Exoneura Smith (n = 4),
and Lasioglossum (Chilalictus) (n = 2; SM Fig. 3-1x-z). Species in each genus visit and buzz
the flowers of other Hibbertia species throughout Australia, such as H. stricta in eastern
Australia (Bernhardt 1984) and H. hypericoides in southwest Western Australia (Schatral

1996). All sampled bees carried pollen of H. exutiacies (SM Fig. 3-1s-t). As for other species
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of Hibbertia (see Bernhardt 1984 and Schatral 1996), the pollen of H. exutiacies is sticky and
covered in oil droplets (i.e., pollenkitt; SM Fig. 3-1B). Notably, this differs from the typically dry
pollen grains of other buzz-pollinated plants (Buchmann 1983), including the co-flowering
buzz-pollinated species, Tetratheca pilosa ssp. pilosa Labill. (Elaeocarpaceae), within the

same sample sites (SM Fig. 3-1C-D).

Though a more systematic study of pollinators was not undertaken, it is clear floral visitation
to H. exutiacies is infrequent (SM Table 3-1) and pollinators likely vary in their effectiveness
(SM Fig. 3-1g-r versus SM Fig. 3-1u). Thus, both pollen quantity and quality may limit

reproduction.

3.4.2 Breeding system

Tests of autonomous self-pollination demonstrated floral visitation is at least required to initiate
fruit and seed production (0 fruits/200 flowers). The breeding system was highly outcrossing,
with self-pollination producing 6.25 % fruit-set (1/16), outcrossing producing 66.67 % fruit-set
(10/15), and open-pollination producing 42.86 % fruit-set (15/35). The single fruit produced via
self-pollination contained both a viable and a predated seed. For seeds produced via
outcrossing, 61.90 % (13/21) were graded as viable, the remainder suffering from pre-
dispersal seed predation. For fruits resulting from open-pollination, the percentage of seeds
graded as viable was lower at 17.65 % (6/34). Of the remaining seeds produced via open-
pollination, 73.53 % (25/34) were predated while 8.82 % (3/34) were unfilled. However, in
terms of developing seed-set there was no statistically clear difference between the overall
mean number of developing seeds per fruit of outcrossed and open-pollinated flowers (2.10
+ 0.88 versus 2.27 + 1.22 developing seeds per fruit (pooled across plants); Wilcoxon test:
W =715, p = 0.863). Thus, there was no evidence that outcross-pollinated flowers initiated
the development of more or less seeds per fruit than flowers receiving open-pollination. The
higher percentage of viable seeds produced by outcrossed flowers is a possible artifact of the
experimental design, whereby bagging of outcross-pollinated flowers and fruits restricted
access to seed predators, particularly considering bags remained in place from prior to

flowering to fruit collection.
3.4.3 Pollen-limitation of fruit-set in 2017
There was no statistically significant interaction between treatment and reserve area for plants

of H. exutiacies in 2017 (SM Fig. 3-2), indicating that the effect of the pollen addition treatment

on fruit-set did not vary with reserve area, and the main effect of reserve area was not
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significant. Thus, results are presented for models with treatment as the only predictor (Table
3-2). There was a significant treatment effect on fruit-set (Fig. 3-3a; Table 3-2) and post-hoc
analysis showed the odds of a flower producing fruit were lower for the internal control
compared to the external control (z = -2.809, p = 0.015; Fig. 3-3b), suggesting resource
reallocation was occurring between flowers on plants containing the internal control and pollen
addition treatment. However the odds of a flower producing fruit within the pollen addition
treatment was also greater compared to the external control (z = 3.678, p = 7.065 x 10*; Fig.
3-3b), suggesting pollen-limitation of fruit-set was also present. There was no relationship
between the mean pl-index per plant for each reserve and reserve area (t =-0.2,n=5,p =
0.817; Fig. 3-3c), further corroborating the absence of an interaction between pollen-limitation

and reserve area.

3.4.4 Pollen-limitation of seed production in 2017

From a total of 36 plants, 148 fruits were opened yielding 88 viable seeds (33.33 %) and 176
inviable (predated and unfilled) seeds (66.67 %). Most inviable seeds examined had suffered
predation (159/176), with few graded as unfilled (Table 3-3). Overall, 62.16 % (92/148) of fruits
contained two or more developing seeds. Nevertheless, in terms of the viability of seeds within
fruits, the data was quite binary, with 56.08 % (83/148) of fruits containing no viable seeds,
30.41 % (45/148) of fruits containing only viable seeds, and 13.51 % (20/148) of fruits
containing a mixture of viable and inviable seeds. Only 5.41 % (8/148) fruits contained just
unfilled seeds, and 9.46 % (14/148) of fruits contained one or more unfilled seeds. Thus,
abortion of seeds within fruits was uncommon across those plants used in pollen-limitation

experiments in 2017.

There was no statistically significant interaction between treatment and reserve area, or a
significant main effect of reserve area, for any of the six remaining response variables that
measured various aspects of seed-set. Thus, results are presented for models with treatment
as the only predictor (Table 3-2). When broken down by treatment, and pooled across sample
sites, the mean number of developing seeds per fruit per plant was generally lower in the
internal control versus both the external control and pollen addition treatment (Table 3-4).
However, there was no significant effect of treatment on developing seed-set (Table 3-2; SM
Fig. 3-3a). Thus, pollen addition did not increase the overall number of seeds which at least
initiated development per fruit for plants of H. exutiacies. There was also no significant
treatment effect on the probability of fruits having viable seeds, the proportion of viable seeds
per fruit, or viable + predated seed-set for plants of H. exutiacies (Table 3-2; SM Fig. 3-3b-d).

Thus, there was no support for pollen-limitation restricting the number of viable seeds
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produced within fruits. Likewise, there was no significant treatment effect on inviable and
predated seed-set (Table 3-2; SM Fig. 3-3e-f), or the mean unfilled seed-set for plants across

treatments (Fisher-Pitman permutation test: y5 = 1.190, p = 0.576; SM Fig. 3-39).

Nevertheless, although the number of viable seeds per fruit was unrelated to treatment, the
addition of pollen to the flowers of H. exutiacies did result in an overall greater number of
viable seeds produced (Fig. 3-4a), due to the increased number of fruits produced by plants
across the pollen addition treatments. Ultimately, due to the greater number of fruits produced,
the pollen addition treatment produced the greatest numbers of predated and unfilled seeds,

respectively (Fig. 3-4a).

3.4.5 Natural levels of fruit-set and reserve area in 2017

In 2017, overall fruit-set was 46.13 % (185/401) pooled across plants and sample sites with
fruit-set ranging from 31.48 to 65.11 % between sample sites (SM Fig. 3-4). In two of eight
sample sites fruit-set was greater than 50 %. This occurred in the smallest reserve (The Knoll)
and the second to largest reserve (Belair), respectively, so unsurprisingly there was no
significant relationship between fruit-set and reserve area in 2017 (Table 3-5). Thus, fruit-set
was not greater for plants within reserves of larger area. There was also no significant
difference between sample sites in fruit-set irrespective of reserve area (Quasibinomial GLM:
Frea = 1.464, p = 0.196). Thus, mean fruit-set of H. exutiacies showed no clear spatial

variability among sample sites in 2017.

3.4.6 Natural levels of seed production in 2017

From a total of 60 plants, 176 fruits were opened yielding 108 viable seeds (34.39 %) and 206
inviable (predated and unfilled) seeds (65.61 %). Most inviable seeds examined had suffered
predation (190/206), with few graded as unfilled (Table 3-3). Overall, 52.84 % (93/176) of fruits
contained two or more developing seeds and the data were quite binary, with 58.52 %
(103/176) of fruits containing no viable seeds, 28.41 % (50/176) of fruits containing only viable
seeds, and 13.07 % (23/176) of fruits containing a mixture of viable and inviable seeds. Only
3.98 % (7/176) of fruits contained just unfilled seeds, and 6.82 % (12/176) fruits contained one
or more unfilled seeds. Thus, abortion of seeds within fruits was uncommon across open-

pollinated plants used in the mensurative census in 2017.
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Fig. 3-3 Effect of the pollen addition treatment on the fruit-set of Hibbertia exutiacies in 2017. (a) The number of flowers tagged per treatment relative to
the number of fruits which were subsequently produced, pooled across plants and sample sites. The odds of a fruit being produced per treatment are
given above each of the respective group of columns. Percentage fruit-set (rounded to one decimal place) is provided in parentheses. (b) Exponentiated
odds ratios (OR), + 95 % confidence interval, of the fruit-set of the internal and external control and the pollen addition treatment and external control as
estimated from a Binomial GLMM testing for an effect of treatment (see Methods for further statistical detail). (¢) The pollen-limitation index per plant
(open circles) plotted against reserve, in ascending order of reserve area. The mean pollen-limitation index per plant for each reserve is also plotted (solid
diamonds). Provided below are the number of plants used per treatment (i.e., pollen addition and external control) and the total number of flowers tagged

across treatments. * p < 0.05 > 0.01, *** p < 0.001.
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Table 3-2 Models of the effect of pollen-limitation treatment on the reproduction of Hibbertia exutiacies in

2017 and 2018. The random intercept terms (nested from top to bottom) for each model are presented along

with their standard deviations. For the fixed model parameters (on the scale of the link function), the intercept

(Int) represents the estimated response of the external control, with IC the estimated difference (i.e., slope)

between the internal and external control and PA the difference between the pollen addition treatment and

external control. 95 % confidence intervals (Wald) are provided in brackets. Significant results highlighted in
bold. * p < 0.05 > 0.01, *** p < 0.001, denote differences between IC or PA and the intercept (Int).

Year Response Predictor :?fr;(it(:)(rsn) Fixed parameters Model gte:ttistic p-value
Int: 0.047 (-0.50, 0.59)
2017 Fruit-set Treatment  ReSeE 0297 10 (8161139, -0.05)%  Binomiall y2=3752 122X
Plant Pair: 0.674 10
PA: 1.107 (0.52, 1.70)***
Developing seed- Reserve: 0.115 Int: 0.567 (0.39, 0.74)
= Treatment  Plant Pair: 0.150 IC:-0.102 (-0.30, 0.09) Tr.CMP?  x2=2269 0.322
Treatment: 0.063 PA: 0.041 (-0.11, 0.20)
Viable + predated Reserve: 0.195 Int: 0.527 (0.30, 0.76) ,
ceed-set Treatment  Plant Pair: 0.130 IC: -0.076 (-0.30, 0.15) cmp3 x5 =0.612 0.736
Treatment: 0.102 PA: 0.004 (-0.18, 0.18)
Prob. fruits having Reserve: 0.546 I DG (155, B3]
viable seeds Treatment  Plant Pair: 0.420 IC: 0.205 (-0.85, 1.26) Binomial' x2=0.239 0.887
Treatment: 0.520 PA:0.204 (-0.68, 1.09)
Inviable Reserve: 0.233 Int: 0.210 (-0.13, 0.55)
seed-set Treatment  Plant Pair: 0.204 IC: -0.206 (-0.61, 0.19) CMP3 )(f =1228 0.541
Treatment: 0.103 PA: -0.008 (-0.32, 0.30)
Predated Reserve: 0.344 Int: 0.092 (-0.34, 0.53)
e Treatment  Plant Pair: 0.197 IC:-0.163 (-0.62, 0.30) Cmp3 X%=0480 0.787
Treatment: 0.257 PA:-0.063 (-0.43, 0.31)
Prop. viable seeds Reserve: 0.512 Int: -0.953 (-1.75, -0.16) . .
. Treatment  Plant Pair: 0.081 IC: 0.275 (-0.70, 1.25) Binomial  x2=0.308 0.857
per fruit Treatment: 0.733 PA: 0.104 (-0.71, 0.92)
) Reserve: 0.035 i CAb/D\ R 0:52) ) . 2
2018  Fruit-set Treatment Plant Pair: 0.444 IC: 0.214 (-0.31, 0.74) Binomial x5 =5.367 0.068
PA: 0.630 (0.09, 1.17)
(Mean developing Reserve: 0.039 Int: 1.067 (1.02, 1.11) F(2,45.37)
seed-set)0? Treatment Plant Pair- 0.027 IC: 0.044 (0.00, 0.09) Gaussian  _ 2'.275 0.114
PA: 0.029 (-0.01, 0.07)
Reserve: 0.211 Int: 0.014 (-0.23, 0.26)
Unfilled seed-set Treatment  Plant Pair: 0.175 IC: 0.263 (0.07, 0.46)* CMP3 x2=8960 0.011

Treatment: 0.076

PA: 0.261 (0.07, 0.45)*

' Partially Bayesian method used to prevent singular fits via the ‘bgimer’ function in the package ‘blme’
(Chung et al. 2013).

2 Truncated Conway-Maxwell-Poisson.

3 Conway-Maxwell-Poisson.
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Table 3-3 The number of fruits and seeds examined, pooled across individuals of Hibbertia exutiacies, used to measure pollen-limitation of reproduction
and natural levels of reproduction (open-pollination) in 2017 and 2018. The number of plants represents only those plants which produced at least one

fruit from tagged flowers. No viable seeds were produced in 2018.

Year Dataset Treatment No. plants  No. fruits No. developing seeds  No. viable seeds No. inviable seeds®  No. predated seeds  No. unfilled seeds
2017  Pollen- Pollen addition 19 69 129 42 87 77 10
limitation Internal control 15 31 51 19 32 30 2
External control 17 48 84 27 57 52 5
Open-pollination? Open-pollination 60 176 314 108 206 190 16
2018  Pollen- Pollen addition 24 82 130 - - 11 119
limitation Internal control 23 71 113 - - 11 102
External control 24 65 93 - - 18 75

@ Includes both the external controls and additional plants used to measure natural levels of reproduction (open-pollination) in 2017.

® Equivalent to developing seeds in 2018 as all examined seeds were inviable.
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Table 3-4 The mean number of seeds per fruit per plant (pooled across sample sites), + SD, for Hibbertia exutiacies used to measure pollen-limitation of

reproduction and natural levels of reproduction (open-pollination) in 2017 and 2018. No viable seeds were produced in 2018.

Mean no. developing

Mean no. viable

Mean no. inviable®

Mean no. predated

Mean no. unfilled

Mean prop. viable

Year  Dataset Treatment seeds fruit?® plant? seeds fruit* plant? seeds fruit? plant? seeds fruittplant®  seeds fruit®plant®  seeds fruitplant?
2017  Pollen- Pollen addition 1.83 £ 0.47 0.62 £ 0.44 1.21 4+ 0.66 1.054+0.78 0.15 £ 0.32 0.38 £ 0.27
limitation Internal control 1.58 +0.46 0.57 £ 0.58 1.01+0.74 0.95 +0.78 0.06 £ 0.15 0.39+£0.41
External control 1.80 £ 0.69 0.55+0.46 1.26 £ 0.88 1.13 £ 0.93 0.13+0.29 0.34+0.30
Open-pollination? Open-pollination 1.75+ 0.63 0.60 + 0.66 1.14+0.74 1.03+0.73 0.124+0.28 0.354+0.34
2018  Pollen- Pollen addition 1.52 £ 0.43 - - 0.143 £ 0.34 1.38 £0.56 -
limitation Internal control 1.62 £ 0.56 - - 0.184 £ 0.36 1.44 +0.68 -
External control 1.374+0.42 - - 0.306 + 0.56 1.07 + 0.55 -
@ Includes both the external controls and additional plants used to measure natural levels of reproduction (open-pollination) in 2017.
® Equivalent to developing seeds in 2018 as all examined seeds were inviable.
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Fig. 3-4 Effect of the pollen addition treatment on the total number of developing seeds (viable + predated + unfilled)
produced, pooled across fruits and plants, for the study species Hibbertia exutiacies in (a) 2017 and (b) 2018.
Developing seeds were graded into three categories termed viable, predated, and unfilled. Note that no viable seeds

were produced for any treatment group in 2018. Each treatment initially started with the same number of plants and

flowers tagged within each year.
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3.4.7 Natural levels of developing seed-set and reserve area in 2017

There was no statistically significant effect of reserve area on mean developing seed-set
(Table 3-5) and hence there was no evidence that the number of seeds per fruit which initiated
development increased for plants of H. exutiacies within larger reserves (SM Fig. 3-5). There
was, however, a significant difference between sample sites in developing seed-set
irrespective of reserve area (Truncated CMP GLMM: yZ = 14.712, p = 0.040). Post-hoc
analysis showed developing seed-set was greater for plants within the sample site of Wottons
Scrub versus Mark Oliphant - S2 (z = -3.345, p = 0.023; SM Fig. 3-6a). Thus, although reserve
area had no significant impact on developing seed-set, unknown factors resulted in increased
numbers of developing seeds per fruit for plants within Wottons Scrub relative to Mark Oliphant
- S2.

3.4.8 Natural levels of viable seed production and reserve area in 2017

The probability of fruits having viable seeds increased for plants of H. exutiacies with
increasing reserve area (Fig. 3-5a), although statistically the relationship was marginally non-
significant (Table 3-5). A similar marginally non-significant positive relationship was evident
for the proportion of viable seeds per fruit (Table 3-5), although model residuals showed
deviations from uniformity. However, inspection of the data suggested that the lack of a
statistically significant effect of reserve area was largely due to the influence of the smallest
reserve The Knoll (Fig. 3-5b), and removal of The Knoll reserve resulted in an adequately
fitted model and a statistically significant positive relationship with reserve area (Table 3-5).
Similarly, removal of The Knoll reserve from the model of the probability of fruits having viable

seeds resulted in a statistically significant positive relationship with reserve area (Table 3-5).

Comparisons of sample sites disregarding reserve area revealed significant differences
between sample sites in the probability of fruits having viable seeds (Binomial GLMM: y7 =
22.136, p = 0.002) and the proportion of viable seeds per fruit for plants of H. exutiacies
(Binomial GLMM: y# = 22.248, p = 0.002). Post-hoc analysis showed that the probability of
fruits having viable seeds was greater for plants in Belair versus Wottons Scrub, The Knoll,
Filsell Hill, and Mark Oliphant - S2 (z = > 3.466, p = < 0.015; SM Fig. 3-6¢). While the
proportion of viable seeds per fruit was greater for plants in Belair versus The Knoll, Mark
Oliphant - S2, Filsell Hill, Giles, and Wottons Scrub (z = > 3.312, p = < 0.026; SM Fig. 3-6d).
Thus, the fruits of plants in Belair were clearly more successful in producing viable seeds than

plants from a number of other sample sites. The alternative measure of viable plus predated
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seed-set was unrelated to reserve area (Table 3-5), with similar differences between sample

sites as developing seed-set (SM Fig. 3-6b).

Given that the strength of the relationship between reserve area and measures of reproductive
output such as the proportion of viable seeds per fruit appeared to be quite dependent on
whether particular study sites were included in the analysis, a further “scale-of-effect” analysis
was conducted to investigate the effect of the amount of native vegetation surrounding sample
sites in each reserve (see Scale-of-effect - 2017 in the Methods above). A scale-of-effect was
apparent, with the percentage area of native vegetation at 2800 m being the best model
according to a comparison of model AlCc for both the probability of fruits having viable seeds
and the proportion of viable seeds per fruit (Fig. 3-6a-b). Combined, the scale-of-effect
analyses suggested the percentage area of native vegetation surrounding sample sites within
a radius of 2400-3400 m was a strong predictor of viable seed production (Fig. 3-6a-b). Models
of the chosen scale-of-effect (2800 m for both response variables) were significant, showing
a positive effect of surrounding native vegetation on viable seeds per fruit for plants of H.
exutiacies (Fig. 3-6d-e; Table 3-5). Both models included data for The Knoll reserve and
removal of The Knoll from the chosen models of the scale of effect (2800 m) did not
qualitatively alter statistical significance (p < 0.001). None of the compared models exhibited

evidence of spatial autocorrelation (Moran's | p > 0.05).

3.4.9 Natural levels of inviable seed-set and reserve area in 2017

There was no significant effect of reserve area on mean inviable seed-set (Table 3-5). Thus,
the number of inviable seeds per fruit showed no relation to reserve area. Again, however,
when the smallest reserve The Knoll was excluded, there was a clear negative effect of

reserve area on mean inviable seed-set (Fig. 3-5c; Table 3-5).

A test for difference between sample sites in inviable seed-set irrespective of reserve area
was significant (CMP GLMM: yZ = 26.307, p = 4.438 x 10*), with the number of inviable seeds
per fruit fewer for plants in the sample site of Belair versus Giles, Filsell Hill, and Wottons
Scrub (z = < -3.545, p = < 0.011; SM Fig. 3-6e). Given the majority of inviable seeds across
all sample sites was due to pre-dispersal seed predation, and no unfilled seeds were observed
in fruits sampled from Belair, fruits of plants in Belair were clearly more successful at escaping
pre-dispersal seed predation than plants from other sample sites. In support, a model of mean
predated seed-set excluding The Knoll reserve showed a qualitatively similar negative effect
of reserve area (Table 3-5), and there were comparable differences among sample sites

irrespective of reserve area (Belair < Filsell Hill and Wottons Scrub; SM Fig. 3-6f).
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Given the significant relationship between mean inviable seed-set and reserve area (excluding
The Knoll), a scale-of-effect analysis was conducted. A scale-of-effect was apparent, with the
percentage area of native vegetation at 2600 m the best model according to a comparison of
model AlICc (Fig. 3-6¢). The analysis suggested the percentage area of native vegetation
surrounding sample sites within 2400-3200 m was a strong predictor of square root
transformed mean inviable seed-set per plant (Fig. 3-6¢). The model of the chosen scale-of-
effect (2600 m) was significant, showing a clear negative relationship between the percentage
area of native vegetation surrounding sample sites and square root transformed mean inviable
seed-set for plants of H. exutiacies (Fig. 3-6f; Table 3-5). Removal of The Knoll from this model
did not qualitatively alter statistical significance (p < 0.05). None of the compared models

exhibited evidence of spatial autocorrelation (Moran's | p > 0.05).

Although models of mean predated seed-set were not statistically significant for reserve area
(Table 3-5), the model excluding The Knoll reserve was marginally non-significant and the
confidence interval of the slope did not include zero, and thus we ran a scale-of-effect analysis
on this response variable. Similar evidence of a scale-of-effect was evident for mean predated
seed-set, although the range of selected models was larger at 2600-4000 m (SM Fig. 3-7).
The best selected model was at 3800 m (Intercept = 2.733 (95 % CI: 1.85, 3.62), Slope = -
0.041 (-0.06, -0.02), F1,5.70) = 15.548, p = 8.417 x 10®). There was some evidence of positive
spatial autocorrelation for models including the percentage area of native vegetation between
200-2800 m (Moran's | p < 0.05). However, the best selected model at 3800 m showed no

evidence of spatial autocorrelation.

Lastly, although not considered in detail, models of the alternative response variables of the
probability of fruits having predated seeds and the proportion of predated seeds per fruit were
also significantly negatively related to reserve area following exclusion of The Knoll reserve
(SM Fig. 3-8a-b), and a scale-of-effect analysis on both these variables identified the
percentage area of native vegetation surrounding sample sites within 2600-3600 m as a strong
predictor of seeds being predated (SM Fig. 3-8c-d), with both variables significantly negatively
related to the amount of native vegetation surrounding sample sites (SM Fig. 3-8e-f). In
particular, because a small number of seeds were unfilled in 2017 and most fruits contained
only viable or only predated seeds, the probability of fruits having predated seeds and the
proportion of predated seeds per fruit are effectively the inverse of the probability of fruits
having viable seeds and the proportion of viable seeds per fruit, respectively (e.g., compare
Fig. 3-5a-b and Fig. 3-6a-b, d-e to that of SM Fig. 3-8), and hence we only further discuss the
probability of fruits having viable seeds and the proportion of viable seeds per fruit of open-

pollinated plants in 2017.
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Table 3-5 Models of the relationships between either reserve area (log transformed), or the percentage area of native vegetation within a defined

radius of sample sites (2600 m or 2800 m), and variables used to measure natural levels of reproduction (open-pollination) of Hibbertia exutiacies

in 2017. The random intercept terms for each model (nested from top to bottom) are presented along with their standard deviations. The intercept

and slope values on the scale of the link function are provided. 95 % confidence intervals (Wald) are provided in brackets. Significant results

highlighted in bold.

Response Predictor Random effect(s) Model Intercept Slope Test statistic p-value
) . Beta- 0.097 -0.054 2
Fruit-set Reserve area Reserve: 0.145 Binomial (0.65, 0.85) (:0.20, 0.09) xi =0.523 0.470
(Mean developing seed-set)%2° Reserve area Reserve: 0.047 Gaussian 1 01'1121324) (0 8'2000503) F_(é ig? 0.685
Mean viable + predated seed-set Reserve area Reserve: 0.355  Gaussian © 61é42331) ( _00184;' 20) F_((l) gg? 0.607
. o Reserve: 0.739 : . =133 0.318 2
Prob. fruits having viable seeds Reserve area Plant: 0.584 Binomial (-3.70,-0.13) (:0.03, 0.66) X1 =3.274 0.070
. L Reserve: 0.520 ) . -5.213 0.898 2
Prob. fruits having viable seeds Reserve area (Knoll removed) Plant: 0.567 Binomial (-8.85, -1.58) (0.25, 1.55) xi=7.378 0.007
1.565 -0.080 F(1,a4.
Mean inviable seed-set Reserve area Reserve: 0.451 Gaussian (0.57, 2.56) (:0.27,0.11) _%’ gj? 0.449
Mean inviable seed-set Reserve area (Knoll removed) Reserve: 0.237 Gaussian 1 5552906) (0 _7064_2;15) F_(; ;1'212) 0.033
Mean predated seed-set Reserve area Reserve: 0.466 Gaussian © ;;2242) (_0_2'70%713) F_(é i’g;) 0.528
Mean predated seed-set Reserve area (Knoll removed) Reserve: 0.296 Gaussian 1 ;315104) (0 _701'4?0510) F_(é g;;) 0.054
. . Reserve: 0.667 : . -2.413 0.320 2
Prop. viable seeds per fruit Reserve area Plant: 1.106 Binomial (-4.17,-0.65) (:0.02, 0.66) X1 =3.453 0.063
. . Reserve: 0.532 . i -6.654 1.062 2
Prop. viable seeds per fruit Reserve area (Knoll removed) Plant: 1.144 Binomial (-10.57,-2.73)  (0.37,1.75) xi =9.034 0.003
Reserve: 0.097 -4.236 0.088
. . . o, . . . 2 - X 5
Prob. fruits having viable seeds % Native veg. 2800 m Plant: 0.777 Binomial (46,25, -2.23) (0.04, 0.13) Xi =15.282 9.261 x 10
(Mean inviable seed-set)%> % Native veg. 2600 m Reserve: 0.144 Gaussian! 1 312'892447) 0 ;)0?;0_20101) 5(11659'7007) 0.018
Reserve: 0.371 -4.968 0.094
i i 0 i i Ay 2 _ -4
Prop. viable seeds per fruit % Native veg. 2800 m Plant: 1.214 Binomial (-7.27, -2.66) (0.04, 0.14) xi =13.330 2.612 X 10

! Partially Bayesian method used to prevent singular fits via the ‘b(g)imer’ function in the package ‘bime’ (Chung et al. 2013).
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Fig. 3-5 Plots of the relationships between reserve area (log transformed) and three variables used to measure natural levels of seed production (open-
pollination) of Hibbertia exutiacies in 2017. (a) The probability of fruits having viable seeds. The trend line plotted is the predicted probability of fruits having
viable seeds for plants across reserves, including The Knoll reserve. (b) The proportion of viable seeds per fruit. Large symbols show the overall proportion
of seeds graded as viable per reserve (i.e., population proportion). The overall proportion of seeds graded as viable for each individual plant are also plotted
(grey data points). The trend line plotted is the predicted probability of seeds being viable per fruit (i.e, “the proportion of viable seeds per fruit”) for plants
across reserves, excluding The Knoll reserve. (¢) Mean inviable seed-set. Large symbols show reserve averages of mean inviable seed-set across plants.
The mean inviable seed-set for each individual plant are also plotted (grey data points). The trend line plotted is the predicted mean inviable seed-set for
plants across reserves, excluding The Knoll reserve. All trend lines are population-level predictions (i.e., setting all random effects to zero). Dashed lines

represent 95 % confidence intervals. S1 and S2 stand for sample site 1 and 2, respectively. Points in plots have been randomly jittered to aid visualisation.
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Fig. 3-6 (above) Results of scale-of-effect analyses on three variables used to measure natural levels of seed production (open-pollination) of Hibbertia exutiacies
in 2017. Shown are the comparisons of model support for the percentage area of native vegetation within a defined radius of sample sites (200-4000 m) on (a)
the probability of fruits having viable seeds, (b) the proportion of viable seeds per fruit, and (¢) square root transformed mean inviable seed-set. A total of 20
models were constructed and compared via their small-sample-size corrected Akaike information criterion (AICc) values. The chosen scale-of-effect was identified
as the model with the best support, identified as the model with the lowest AlCc value (central (red) arrow). Models within a A AlCc < 2 from the model with the
greatest support are also considered to exhibit substantial support for their estimated scale-of-effect (models within lateral (green) arrows). The horizontal
reference line represents a A AICc < 2 from the best supported model. (d-f) Plots displaying the chosen scale-of-effect for each of the three response variables.
(d) The probability of fruits having viable seeds, plotted against the percentage area of native vegetation surrounding sample sites within a radius of 2800 m. The
trend line plotted is the predicted probability of fruits having viable seeds for plants of H. exutiacies. (e) The proportion of viable seeds per fruit. Large symbols
show the overall proportion of seeds graded as viable per sample site (i.e., population proportion), plotted against the percentage area of native vegetation
surrounding sample sites within a radius of 2800 m. The overall proportion of seeds graded as viable for each individual plant are also plotted (grey data points).
The trend line plotted is the predicted probability of seeds being viable per fruit (i.e, “the proportion of viable seeds per fruit”) for plants of H. exutiacies. (f) Square
root transformed mean inviable seed-set. Large symbols show sample site averages of square root transformed mean inviable seed-set across plants, plotted
against the percentage area of native vegetation surrounding sample sites within a radius of 2600 m. The square root transformed mean inviable seed-set for
each individual plant are also plotted (grey data points). The trend line plotted is the predicted square root transformed mean inviable seed-set for plants of H.
exutiacies. All trend lines are population-level predictions (i.e., setting all random effects to zero). Dashed lines represent 95 % confidence intervals. S1 and S2

stand for sample site 1 and 2, respectively. Points in plots (d-f) have been randomly jittered to aid visualisation.
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3.4.10 Pollen-limitation of fruit-set in 2018

There was no statistically significant interaction between the pollen addition treatment and
reserve area for levels of fruit-set of plants of H. exutiacies in 2018 (SM Fig. 3-9), and the main
effect of reserve area was not significant. Thus, results are presented for models with
treatment as the only predictor (Table 3-2). There was no effect of treatment on fruit-set (Fig.
3-7a; Table 3-2). Thus, there was no evidence of either resource reallocation or pollen-
limitation of fruit-set in 2018 (Fig. 3-7b), in contrast with the results of 2017 (Fig. 3-3a-b). There
was also no relationship between the mean pl-index per plant for each reserve and reserve
area (tr =-0.067, n =6, p = 1.00; Fig. 3-7c).

3.4.11 Pollen-limitation of seed production in 2018

Across those plants which produced fruits, a total of 218 fruits were opened, with no viable
seeds found (Fig. 3-4b; Table 3-3). Thus, although the initial development of fruits and their
seeds was not pollen-limited in 2018, ultimately, this had no impact on production of offspring.
Of the seeds examined, 11.90 % (40/336) showed evidence of pre-dispersal seed predation
(Table 3-3). The remaining seeds examined in 2018 did not show evidence of predation, being
predominantly unfilled and possessing a thin brittle seed coat. Of these unfilled seeds, 17.91
% (53/296) contained minute larvae which appeared to have starved to death, given there was
no evidence of endosperm having filled the seed (SM Fig. 3-10). Thus, in contrast to 2017,
when unfilled seeds were uncommon (6.44 % of seeds examined in the pollen-limitation
experiment) and most seeds suffered from pre-dispersal seed predation (60.23 %), unfilled
seeds were the most common seed type found in 2018 (Fig. 3-4). This result indicates abortion
of developing seeds was extensive across the study region for plants of H. exutiacies in 2018
(also see SM File 3-1).

There was no statistically significant interaction between treatment and reserve area, or a
significant main effect of reserve area, for any of the response variables considered. Thus,
results are presented for models with treatment as the only predictor (Table 3-2). There was
no significant treatment effect on mean developing seed-set (Table 3-2; SM Fig. 3-10a). In
contrast, there was a significant treatment effect on unfilled seed-set (Table 3-2). However,
unfilled seed-set was higher in both the pollen addition treatment (z = 2.720, p = 0.020) and
internal control (z = -2.656, p = 0.024) versus the external control (Table 3-2 and 3-4; SM Fig.
3-10b). Thus, if there is a treatment effect then pollen addition equally increased the unfilled
seed-set of internal control flowers on the same plant, making an interpretation of cause

difficult to establish. Further experimental manipulations would be needed to ascertain if the
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statistically significant result represents a truly biological phenomenon, rather than a spurious
result (type | error). There was no statistically significant evidence that mean predated seed-
set differed for plants between treatments (Fisher-Pitman permutation test: y5 = 3.160, p =
0.206; SM Fig. 3-10c-d).

3.4.12 Natural levels of fruit-set and reserve area in 2018

Pooled across plants and sample sites overall fruit-set of external controls was 54.17 %
(65/120) in 2018, with fruit-set ranging from 20.00 to 72.00 % between sample sites. Models
with reserve area as the predictor fitted poorly, however, there was a significant difference
between sample sites in fruit-set irrespective of reserve area (Binomial GLM: yZ = 15.678, p
= 0.008; SM Fig. 3-11). Post-hoc analysis showed that the fruit-set of plants was greater in
the smallest and second largest reserves of The Knoll and Mark Oliphant versus the largest
reserve of Cleland, respectively (z = -2.972, p = 0.044 (same z and p values for both

comparisons)). Thus, there was no clear evidence of an effect of reserve area on fruit-set.

3.4.13 Natural levels of seed production and reserve area in 2018

Models of mean developing seed-set (LMM: F, 4.16) = 2.391, p = 0.122) and mean unfilled
seed-set (LMM: F1,334)= 0.502, p = 0.525) showed no influence of reserve area. There was
also no difference between sample sites in developing seed-set (CMP GLMM: y; = 2.119, p
= 0.714; Cleland removed from analysis) or unfilled seed-set (CMP GLMM: y< = 7.110, p =
0.213). Likewise, there was no evidence of differences in mean predated seed-set between
sample sites (Fisher-Pitman permutation test: y£ = 2.761, p = 0.824). This lack of difference
was also evident from plots of the data (SM Fig. 3-12).
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Fig. 3-7 Effect of the pollen addition treatment on the fruit-set of Hibbertia exutiacies in 2018. (a) The number of flowers tagged per treatment relative to
the number of fruits which were subsequently produced, pooled across plants and sample sites. The odds of a fruit being produced per treatment are
given above each of the respective group of columns. Percentage fruit-set (rounded to one decimal place) is provided in parentheses. (b) Exponentiated
odds ratios (OR), + 95 % confidence interval, of the fruit-set of the external and internal control and the pollen addition treatment and internal control as
estimated from a Binomial GLMM testing for an effect of treatment (see Methods for further statistical detail). (¢) The pollen-limitation index per plant (open
circles) plotted against reserve, in ascending order of reserve area. The mean pollen-limitation index per plant for each reserve is also plotted (solid
diamonds). Provided below are the number of plants used per treatment (i.e., pollen addition and internal control) and the total number of flowers tagged

across treatments. The sample site used in Mark Oliphant in 2018 was Mark Oliphant - Sample Site 2. NS p > 0.05.
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3.4.14 Natural levels of fruit-set - 2017 versus 2018

Given fruit-set per plant showed no evidence of pollen-limitation in 2018 but did in 2017, it may
be expected that natural levels of fruit-set would be greater in 2018 relative to 2017, due to
the lifting of pollen receipt as a resource constraint in 2018. However, there was no clear
difference in the fruit-set of open-pollinated plants between 2017 and 2018 (Binomial GLMM:
x? =1.884, p = 0.170; Fig. 3-3a versus Fig. 3-7a). Thus, although pollen receipt apparently
did not significantly constrain fruit-set in 2018, natural levels of fruit-set showed no difference

between years for plants of H. exutiacies.

3.4.15 Natural levels of seed production - 2017 versus 2018

There was a statistically significant difference between years in the developing seed-set of
open-pollinated plants (Truncated CMP GLMM: y; = 4.810, p = 0.029; Fig. 3-8a). The mean
number of developing seeds per fruit per plant for open-pollinated plants in 2017 was 1.75 +
0.63 versus 1.37 + 0.42 in 2018 (Fig. 3-8b; Table 3-4). Thus, the number of seeds per fruit
per plant that initiated development was lower in 2018. However, the fate of these seeds was
also vastly different in 2018 versus 2017 and, ultimately, from a plant fithess perspective,
pollen addition did not result in an increased production of viable seeds in 2018, as was clearly
the case in 2017 (Fig. 3-4).

Fig. 3-8 (a) Boxplots of the number of developing seeds per fruit (i.e., developing seed-
set) of open-pollinated plants of Hibbertia exutiacies in 2017 versus 2018. (b) The
mean number of developing seeds per fruit per plant + SD of open-pollinated plants
in 2017 versus 2018. The mean number of developing seeds per fruit (i.e., mean

developing seed-set) for each individual plant are also plotted (grey data points).
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3.5 DISCUSSION

We observed marked spatio-temporal variability in the pollination and reproduction of H.
exutiacies across two consecutive years. There was evidence for an effect of landscape
structure on viable seed production in 2017, a difference in pollen-limitation of fruit-set

between years, and extreme abortion of developing seeds in one of the years studied.

3.5.1 Pollination

Hibbertia exutiacies was sporadically visited by native bees (Exoneura and Lasioglossum) that
collect pollen via thoracic vibrations (i.e., buzz-pollination). Thus, pollination of H. exutiacies
is comparable to species of Hibbertia with similar floral morphology (Tucker and Bernhardt
2000). Anthers that require buzzing by bees to transmit pollen represent a form of pollinator
specialization by the plant, as it restricts pollinators to those floral visitors capable of
performing the sonicating behaviour (Buchmann 1983). Honeybees (Apis mellifera),
introduced to Australia and now a prevalent if not dominant floral visitor to many Australian
plants (Paton 1993), cannot buzz-pollinate (Buchmann 1983); and are unable to effectively
substitute for the required native pollinators of buzz-pollinated plants. This is in contrast to
other non-buzz-pollinated bee-pollinated Australian plants (e.g., Dillwynia juniperina
(Fabaceae); Gross 2001). Gross and Mackay (1998), studying the buzz-pollinated Melastoma
affine (Melastomataceae) in tropical Australia found A. mellifera was not only a poor pollinator,
as may be expected, but that it also reduced fruit-set by actively collecting pollen from the
stigmas of already pollinated flowers. It was observed that A. mellifera also disrupted the
foraging of native bees on M. affine (Gross and Mackay 1998). Here, A. mellifera was never
observed foraging on the flowers of H. exutiacies, one of the most abundant floral resources
across sample sites. Thus, there was no obvious competitive interaction between the
introduced A. mellifera and native bees on the flowers of H. exutiacies. Thus, pollen-limitation
of fruit-set in 2017 does not appear to be caused via negative impacts of floral visitation by A.

mellifera.

Specialization by a plant on its pollinator(s) is hypothesized to increase a plant’s vulnerability
to landscape disturbance (Bond 1994). Inherent in such hypotheses is that trade-offs in
specialization on different pollinators exist, such that increasing specialization on one
pollinator type leads to a reduction in the pollinator effectiveness of other floral visitors (Aigner
2006). Thus, plants become increasingly reliant on the presence of their most effective
pollinator(s). In terms of buzz-pollination, prior studies do not suggest such specialization

makes plants necessarily more vulnerable to landscape disturbance. For example, although
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Cunningham (2000) found that fruit-set of the buzz-pollinated Australian plant Dianella
revoluta (Asphodelaceae) was less in linear strips (e.g., road verges) of native vegetation than
larger woodland reserves (26-800 ha), fruit-set of another buzz-pollinated plant, Senna
artemisioides (Fabaceae), significantly increased in the same sites (Cunningham 2000).
Donaldson et al. (2002) observed no difference in fruit-set of the buzz-pollinated Cyanella
lutea (Tecophilaeaceae) between large and small fragments of native shrubland vegetation in
South Africa. However, fruit-set did decline as vegetation fragments became more distant from
other larger fragments, a result Donaldson et al. (2002) suggested may be related to the
relative specialization of buzz-pollination. Similarly, within Australia, Duncan et al. (2004a)
observed decreased receipt of outcross pollen to the flowers of D. revoluta with increasing
isolation from a source population. However, pollinator visitation appeared unaltered, and
access to compatible mates (i.e., mate availability) limited reproduction to a greater extent in
the studied fragments than access to pollinators (Duncan et al. 2004a). Thus, although pollen-
limitation of plant reproduction is evidence of deficiency in the pollination process, it does not
necessarily relate to pollinator availability and may be a result of other processes (e.g., mate

availability, pollinator behaviour etc.).

3.5.2 Breeding system

Few studies have been conducted to determine the breeding systems of Hibbertia species.
Schatral (1996) studied the reproduction of three Western Australian (WA) Hibbertia species
(H. amplexicaulis, H. commutata, and H. hypericoides), and observed negligible fruit-set via
autonomous self-pollination. In H. hypericoides, outcross-pollen significantly increased fruit-
set relative to self-pollen (Schatral 1996). Likewise, Keighery (1975) comments that the WA
species of H. hypericoides, H. glabella, and H. volubilis do not reproduce via autonomous self-
pollination. Hibbertia exutiacies also does not appear to produce fruits via autonomous self-
pollination, meaning successful fertilization requires floral visitation, whether reproduction
occurs via self- or cross-pollination. However, the reproduction of H. exutiacies is also highly
reliant on the receipt of outcross-pollen from floral visitors, with self-pollination producing less

than 10 % fruit-set (relative to > 60 % fruit-set via outcrossing).

3.5.3 Pollen-limitation

The reliance of H. exutiacies on pollinators to effect pollination and the significant increase of
total seed production with outcrossing suggests reproduction is susceptible to changes in both
the quantity and quality of pollen received. The fruit-set of H. exutiacies (as defined by the

presence of developing seeds) was found to be pollen-limited in 2017 (Fig. 3-3) but not 2018
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(Fig. 3-7). Thus, there was evident deficiency in the pollination process in at least one of the
years studied. However, in contrast to fruit-set, pollen-limitation had no clear impact on mean
seed production per fruit in both 2017, when fruit-set was pollen-limited, and 2018, when fruit-
set was not pollen-limited. Thus, access to effective pollination did not limit the number of
seeds at the level of individual fruits. Nonetheless, the addition of pollen to the flowers of H.
exutiacies in 2017 did result in an overall greater number of viable seeds produced, relative
to control treatments, due to the greater number of fruits produced by plants within the pollen
addition treatments (Fig. 3-4a). Thus, in 2017, overall production of viable seeds was
constrained by access to efficient pollination, because access to efficient pollination limited

the number of fruits produced per plant.

A relatively low rate of floral visitation may suggest that a lack of pollinators and reduced
quantity of pollen receipt were the causes of pollen-limitation of fruit-set in H. exutiacies. This
was also posited by Schatral (1996) for the WA species, H. hypericoides, for which floral
visitation by native bees was infrequent, and seed production increased following pollen
supplementation relative to open-pollinated flowers. However, pollen-limitation due to pollen
quality (e.g., interreference of outcross pollen by self-pollen, ovule discounting by low quality
pollen, early abortion of developing seeds due to inbreeding depression) cannot be
disregarded. Duncan et al. (2004b) demonstrated significant movement of self-pollen during
buzz-pollination of the predominantly self-incompatible D. revoluta, providing evidence
reproduction was limited by effective access to outcross pollen. Similarly, reproductive output
was limited by movement of self-pollen, via pollinators, to the stigma of the Australian bulbine
lily, Bulbine bulbosa (Asphodelaceae) (Vaughton and Ramsey 2010). Transfer of self-pollen
to the flowers of H. exutiacies may occur via facilitated autogamy or geitonogamy, given
foraging bees often move between multiple flowers on an individual plant (Pers. Obs.). The
likely presence of resource reallocation in 2017 implies H. exutiacies also preferentially shifts
resources toward those more adequately pollinated flowers (e.g., possibly those flowers with
higher quality pollen). Nevertheless, the number of developing seeds produced by control
flowers was not lower than that produced by flowers receiving added pollen. Thus, pollen
quality did not obviously limit the number of seeds which at least initiated development per
fruit (i.e., those flowers which successfully become fruits have similar numbers of seeds
regardless of treatment). Although not explicitly comparable, the difference between the fruit-
set of bagged outcrossed virgin flowers versus unbagged open-pollinated flowers from the
breeding system experiments (2017 and 2019) is similar to that between unbagged external
controls versus unbagged pollen supplemented flowers in 2017 (~20 %; see Results and Fig.
3-3a). This may suggest any prior pollinator visitation does not overtly impact fruit-set, for

example, by moving poor quality pollen (e.g., self-, or hetero-specific pollen) to stigmas and
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blocking subsequent cross-pollination (Ramsey and Vaughton 2000). Further manipulative
studies are required to partition the effects of pollen quantity versus quality on the reproduction

of H. exutiacies.

3.5.4 Reserve area and scale-of-effect

Pollen-limitation of fruit-set, and natural levels of fruit-set, showed no clear relationship with
reserve area in 2017. Measures of seed-set from open-pollinated plants (natural reproduction)
also did not exhibit significant associations with reserve area when tested across seven
reserves in 2017 (Table 3-5). Inspection of these trends (see Fig. 3-5) suggested that The
Knoll reserve had a markedly higher overall proportion of viable seeds and a markedly lower
mean number of inviable seeds than expected from its reserve area which was only ca. 2 %

of that of the next largest reserve (Wottons Scrub).

A re-analysis of these trends excluding The Knoll reserve indicated that reserve area was
positively related to the probability of fruits having viable seeds and the proportion of viable
seeds per fruit for plants of H. exutiacies in 2017 (Fig. 3-5a-b; Table 3-5). This positive
relationship with reserve area was not simply due to spatial variation in the pollination process,
given both variables were not pollen-limited in 2017. The positive relationship between viable
seed production and reserve area may largely result from spatial variation in pre-dispersal
seed predation. In 2017, 65.61 % of all developing seeds from open-pollinated plants were
graded as inviable and of these, 92.23 % had experienced pre-dispersal seed predation.
Given mean developing seed-set was unrelated to reserve area (Table 3-5; SM Fig. 3-5), an
increase in viable seed production with reserve area is most likely a result of reduced levels
of pre-dispersal seed predation. In support, both mean inviable seed-set and mean predated
seed-set were negatively related to reserve area following the exclusion of The Knoll reserve
(Fig. 3-5¢c; Table 3-5). Nevertheless, the results of The Knoll reserve suggest site-specific
factors not directly related to reserve area also likely impact pre-dispersal seed predation and

in turn viable seed production within sample sites.

To further investigate why the strength of the above trends were so dependent on the
presence or absence of The Knoll reserve and to determine the importance of native
vegetation surrounding sample sites more generally, a scale-of-effect analysis was conducted.
This analysis of natural reproduction, which included data for The Knoll, suggested that the
probability of fruits having viable seeds, and the proportion of viable seeds per fruit, were
positively related to the percentage area of native vegetation within 2400-3400 m of sample

sites (Fig. 3-6a-b, d-e). The related measure of mean inviable seed-set was negatively related
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to the percentage area of native vegetation within 2400-3200 m of sample sites (Fig. 3-6c, f).
Similarly, mean predated seed-set was negatively related to the percentage area of native
vegetation between 2600-4000 m (SM Fig. 3-7). Given the strong association between
measures of isolation and habitat amount within the surrounding landscape (Bender et al.
2003; Fahrig 2003), the results of the scale-of-effect analysis suggest numbers of inviable
seeds and hence pre-dispersal seed predation (the principal cause of inviable seeds in 2017)

increases for plants in more isolated sample sites.

Notably, at increasing distances, sample sites within smaller reserves are not necessarily
surrounded by less native vegetation than sample sites within larger reserves (see The Knoll
versus Wottons Scrub in Fig. 3-9a-b). Consequently, the strength of the positive relationship
between reserve area and the percentage area of native vegetation surrounding sample sites
decreases as habitat amount is considered at greater distances from the sample sites
themselves (e.g., rs between reserve area and percentage area of native vegetation is 0.954
at 1000 m versus 0.675 at 3000 m). Thus, the positive effect of reserve area on viable seed
production is likely due to the generally positive association between reserve area and amount
of native vegetation surrounding sample sites. As such, larger reserve area is important in as
much as it provides habitat within the landscape surrounding sample sites (see Belair in Fig.
3-9c). Further design and analysis aspects are required to successfully partition the
independent effects of reserve area and habitat amount (Fahrig 2013), which are generally
positively correlated within this study system. Nevertheless, reserve area is clearly a poorer
predictor of viable seed production than the percentage area of native vegetation within 2400-
3400 m of sample sites (Fig. 3-5a-b versus Fig. 3-6d-e). This is due to fact that for some
sample sites (e.g., The Knoll) reserve area does not strongly reflect the amount of native

vegetation in the surrounding landscape (e.g., within a distance of 2800 m, see Fig. 3-9).

Chpt. 3
117



82.50 ha - 49.94 % - 26.98 % 1.74 ha - 38.62 % - 40.33 % 837.54 ha - 66.82 % - 62.52 %

<

Fig. 3-9 Native vegetation, highlighted in green, within a 2800 m radius of sample sites located in the reserves of (a) Wottons Scrub, (b) The Knoll, and (c)
Belair. The sample site around which native vegetation was highlighted is at the centre of each plot (central black dot). Sample sites located in other reserves
falling within 2800 m of the central sample site are also marked (see b and c). The borders of all reserves within the 2800 m radius are highlighted in grey.
The inner circle represents a distance of 1000 m from the central sample site. Values above each of the plots represent, firstly, the area of the reserve (ha)
within which the central sample site is located, the percentage area of native vegetation within 1000 m of this sample site, and the percentage area of native
vegetation within 2800 m of this sample site, respectively. The scale bar represents a distance of 1.5 km for each plot. Native vegetation layer assembled by
DEW (Native Vegetation Floristic Areas - NVIS - Statewide (Incomplete Version); Dataset Number: 898).
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3.5.5 Pre-dispersal seed predation

Pre-dispersal seed predation has been understudied relative to pollination with respect to its
potential impacts under landscape disturbance (Hobbs and Yates 2003). Here, although fruit-
set was generally pollen-limited across populations in 2017 (Fig. 3-3), spatial variability in
reproduction appeared to be largely due to pre-dispersal seed predation. Without knowledge
of the identity and ecology of the pre-dispersal seed predators, it is difficult to hypothesize as
to the cause of this relationship. Adult wasps of the Chalcidoidea genus Megastigmus Dalman,
the larvae of which are typically phytophagous within developing seeds (Jansta et al. 2018),
emerged from mature seeds of H. exutiacies (SM Fig. 3-1E). Adult wasps of other seed
feeding chalcids are considered weak flying with limited dispersal capacity (Chung and Waller
1986). Thus, limitations to the dispersal capacity of seed predators (i.e., Megastigmus adults)
may result in higher seed predation in isolated fragments if such predators are unable to
effectively disperse to other areas of flowering host plants within the local landscape
(putatively within a distance of ~2400-4000 m). Natural predators of pre-dispersal seed
predators may also be reduced in isolated fragments (Zabel and Tscharntke 1998), resulting
in a greater abundance of seed predators. Similar hypotheses have been proposed by
Matesanz et al. (2015), who found increased insect pre-dispersal seed predation in isolated
fragments, irrespective of area, for the semiarid Mediterranean composite, Centaurea
hyssopifolia (although the identity of the seed predators was not provided). Certainly, the
exceptionally high level of pre-dispersal seed predation in H. exutiacies relative to many other
plants (Moles et al. 2003), and that of Hibbertia generally (Sweedman and Brand 2006 p. 187),
deserves further investigation (as also advocated by Schatral 1996), particularly the extent to
which this apparently high level of pre-dispersal seed predation limits population growth (Katz
2016).

3.5.6 Temporal variability in reproduction - 2017 versus 2018

We observed marked variability in the reproductive behaviour of H. exutiacies between the
two years of this study. In contrast to the results of 2017, fruit-set of H. exutiacies was not
pollen-limited in 2018, suggesting pollen receipt was not limiting reproduction. Flowering of H.
exutiacies, as well as other co-flowering plants, was noticeably reduced in 2018 compared to
2017 (Pers. Obs.). Such an observation may suggest intraspecific competition for effective
pollination, which may be greater in years of better flowering when assuming pollinator
numbers remain relatively stable, was greater in 2017 relative to 2018. Consequently,
pollination services were adequate in 2018, and supplementary pollination did not increase

fruit-set. Such intraspecific competition was posited by Gross (1996) as a main determinant
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of pollen-limitation of fruit-set in populations of the bee-pollinated legume, Dillwynia hispida
located to the east of the Adelaide Hills. However, the lack of a clear difference between the
fruit-set of external controls in 2017 and 2018 suggests natural levels of fruit-set were not
impacted. This implies that resource(s) available to plants in 2017, which allowed for fruit-set
to increase with supplementary pollination, were reduced in 2018 and constrained
reproduction. Certainly, the reduced number of seeds which initiated development per fruit in
2018, followed by the almost total abortion of developing seeds within fruits, suggests plants
were under increased stress in 2018 relative to 2017. Moreover, there was no evidence of
resource reallocation, implying plants were not actively shifting resources among flowers, as
occurred in 2017. This result points toward an abiotic constraint strongly constraining
reproduction across the whole of the study region. In particular, although a number of abiotic
factors may have functioned to limit viable seed production (e.g., soil chemistry, sun exposure,
etc.), the available data on rainfall across the whole of the study region suggests that this is

an important factor.

Rainfall is typically a strong determinant of reproductive output for plants within sclerophyll
communities across Australia, with studies of a number of species observing reduced
reproduction in years of lower rainfall (e.g., Hansen et al. 1991; Hansen et al. 1992). Reduced
plant reproduction in response to low rainfall may also mask impacts of landscape disturbance
in particular years, which are otherwise evident in years of better rainfall (see Morgan 1999).
The beginning of spring in 2018 saw exceptionally low rainfall throughout the Adelaide Hills,
with South Australia experiencing its third driest September on record (September rainfall
Mount Lofty weather station (Station number: 23842): 31.4 mm; see SM Fig. 3-13). In contrast,
rainfall was generally average to above-average in the Adelaide Hills during September 2017
(140.0 mm). Thus, H. exutiacies likely experienced severe water-stress during the start of
spring 2018, which potentially prevented increased fruit-set with supplemental pollination and
caused the frequent abortion of developing seeds within fruits. Rainfall appears to be an
important determinant of fruit-set for the generalist pollinated orchid, Caladenia rigida, within
the study region (Faast 2009) although, in contrast to the results here, increased fruit-set with
hand-pollination for C. rigida during the studied drought year (2006) suggested reproduction
was constrained by the absence of pollinators, which most likely declined in response to the
lack of rainfall; rather than the abiotic resource of rainfall per se from the plant’s perspective
(Faast 2009). Fruit-set of H. exutiacies did not increase with pollen addition in 2018,
suggesting the abiotic resource of rainfall itself may have constrained reproduction (i.e., water-
limitation). The hypothesis that water stress limits reproduction of H. exutiacies has

subsequently been tested via a manipulative field experiment, with additional watering of H.
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exutiacies plants in the field leading to greater fruit-set for watered plants versus controls

plants receiving natural rainfall only (Chapter Four).

3.5.7 Summary

Reproduction of H. exutiacies was not fully realized across the two sampled years, being
constrained by the biotic interactions of pollination (mutualistic) and pre-dispersal seed
predation (antagonistic) in 2017 and possibly by the abiotic resource of rainfall in 2018. Spatial
variability in reproduction in 2017 appeared to be largely due to pre-dispersal seed predation.
In particular, a scale-of-effect analysis of various measures of seed-set suggested that the
composition of the landscape surrounding populations of H. exutiacies (i.e., the amount of
native vegetation within a distance of ~2400 up to 4000 m of sample sites) is important in
regulating levels of pre-dispersal seed predation and in turn viable seed production. Thus, the
reproductive viability of populations of H. exutiacies in both small and large reserves should
be viewed in the context of their surrounding landscapes, and not only in the context of their
host reserve areas. However, plant reproduction may also significantly decline across
fragmented plant populations in certain years, possibly due to periods of lower-than-average
rainfall. Given average spring rainfall in the Adelaide Hills is modelled to decline by 17.0-25.2
% by the year 2070 (Charles and Fu 2015), decreasing rainfall may also lead to reduced
reproductive output relative to historical levels, irrespective of effects of current landscape

disturbance on the biotic factors of pollination and pre-dispersal seed predation.
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3.7 SUPPLEMENTARY MATERIAL
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SM Fig. 3-1 (above) (a) Flowering plant of Hibbertia exutiacies. (b) Flowers of H. exutiacies tagged for pollen-limitation experiments in
2017. (c) Flower of H. exutiacies taken from a frozen specimen. (d) Excised reproductive organs from a flower bud of H. exutiacies just
prior to anthesis, the anthers open by terminal pores (vertical arrow) and lateral slits (horizontal arrow). Note that this flower only possessed
three anthers. (e) Dissected carpel from a flower bud of H. exutiacies just prior to anthesis. Inset shows excised ovules. (f) Fruit of H.
exutiacies showing swollen ovaries, a developing seed (white in colouration) is visible inside the right-hand carpel (which has been split
opened), with a brown coloured non-fertilised or otherwise early aborted fertilised ovule also showing. (g) Persistent calyx of H. exutiacies
showing no enlargement of ovaries. (h) Mature viable seeds of H. exutiacies. (i) Seed of H. exutiacies removed from a fruit sampled prior
to maturity and classified as viable. (j) Endosperm contained within the prior seed. (k-1) Predated seeds of H. exutiacies containing insect
larvae. (m) Predated seed of H. exutiacies containing insect frass. (n) Two halves of an unfilled seed of H. exutiacies. The papery inner
part of the seed coat can be seen in the left half of the cut unfilled seed. (0) Unfilled seed of H. exutiacies with minute larvae (arrow). (p)
Fruit of H. exutiacies with larvae moving between follicles. SM Fig. 3-1 continues below.




SM Fig. 3-1 - continued (above) (q) Small-medium sized native bee (~5-9 mm) of Lasioglossum (Chilalictus) visiting a flower of H.
exutiacies. (r) Lasioglossum (Chilalictus) sp. collecting pollen via thoracic vibrations from a flower of H. exutiacies. Note how one of the
stigmatic tips of the two lateral styles contacts the ventral side of the abdomen (arrow) as the bee rotates its position on the flower. (s)
Captured native bee, Lasioglossum (Chilalictus) erythrurum, carrying pollen of H. exutiacies. (t) Pollen carried by prior L. (Chilalictus)
erythrurum stained in fuchsin jelly (400x magnification, scalebar = 20 ym). (u) Smaller sized unidentified native bee (~3-4 mm) visiting a
flower of H. exutiacies (arrow), note that this is the same flower as in (q). (v) Hoverfly (Syrphidae) scavenging pollen from a flower of H.
exutiacies. (w) Native bee, Lasioglossum (Chilalictus) sp., captured visiting flowers of co-flowering Pultenaea daphnoides. This bee was
sampled as a representative specimen of otherwise alike bees seen visiting flowers of H. exutiacies (e.g., see (q) and (r)) but were not
able to be captured on H. exutiacies itself. (x) Native bee, L. (Chilalictus) erythrurum, captured visiting flowers of H. exutiacies. Note that
this is the same specimen as shown in (s). SM Fig. 3-1 continues below.
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SM Fig. 3-1 - continued (above) (y) Native bee, Lasioglossum (Chilalictus) sp., captured visiting flowers of H. exutiacies. (z) Native bee,
Exoneura sp., captured visiting flowers of H. exutiacies. (A) Pollen grains, suspended in corn syrup, extracted from the anthers of H.
exutiacies (100x magnification, scalebar = 100 um). Inset shows pollen grains at 400x magnification with a scalebar = 20 ym. (B) Pollen
grains of H. exutiacies suspended in fuchsin jelly (400x magnification, scalebar = 20 um). Note the expansion of pollen grains and abundant
lipid residues. (C) Pollen grains (arrow), suspended in corn syrup, extracted from the anthers of Tetratheca pilosa ssp. pilosa (100x
magnification, scalebar = 100 um). Inset shows pollen grains at 400x magnification with a scalebar = 20 um. (D) Pollen grains of T. pilosa
ssp. pilosa suspended in fuchsin jelly (400x magnification, scalebar = 20 uym). Lipid residues like H. exutiacies were never observed in

pollen of T. pilosa ssp. pilosa. (E) Individuals of the wasp genus Megastigmus which emerged from mature seeds of H. exutiacies.
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SM Fig. 3-2 Effect of the pollen addition treatment on the fruit-set of Hibbertia exutiacies per
sample site in 2017. Plotted are the number of flowers tagged per treatment relative to the number
of fruits which were subsequently produced, pooled across individual plants per sample site. The
number of plants tagged per treatment per sample site, followed by the total number of flowers
tagged across the three treatments per sample site in parentheses, is provided within each plot.
The odds of a fruit being produced per treatment are given above each of the respective groups
of columns per sample site. Percentage fruit-set (rounded to two decimal places) is provided in
parenthesis. S1 and S2 stand for sample site 1 and 2, respectively. Note that originally Mark
Oliphant CP - S1 contained an additional experimental plant pair (i.e., a pollen addition and
external control plant). However, data was not obtained from this pairing due to what appeared to

be seed release prior to data collection.
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SM Fig. 3-3 Effect of the pollen addition treatment on the production of viable, predated, and
unfilled seeds of Hibbertia exutiacies in 2017. Plotted are boxplots, along with raw datapoints (or
only raw datapoints in the case of (d) and (g)) pooled across plants per treatment for (a) the
number of developing seeds (viable + predated + unfilled) per fruit (i.e., developing seed-set), (b)
the number of viable + predated seeds per fruit (i.e., viable + predated seed-set), (¢) the number
of viable seeds per fruit (i.e., viable seed-set), (d) the proportion of viable seeds per fruit (boxplots
were not displayed due to the dichotomous nature of the data), (e) the number of inviable seeds
per fruit (i.e., inviable seed-set), (f) the number of predated seeds per fruit (i.e., predated seed-
set), and (g) the number of unfilled seeds per fruit (i.e., unfilled seed-set) (boxplots were not
displayed due to the predominance of fruits with no unfilled seeds). Data was displayed at the
level of individual fruits to show the distribution of seed numbers within fruits (see Table 3-4 for

averages per fruit per plant).
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SM Fig. 3-4 Fruit-set of open-pollinated plants of Hibbertia exutiacies per sample site in 2017.
Plotted are the number of flowers tagged relative to the number of fruits which were subsequently
produced, pooled across individual plants per sample site. The number of plants tagged per
sample site, followed by the total number of flowers tagged across individual plants per sample
site in parentheses, is provided within each plot. The odds of a fruit being produced per sample
site is also given above each of the respective groups of columns. Percentage fruit-set (rounded
to the nearest whole number) is provided in parentheses. S1 and S2 stand for sample site 1 and
2, respectively. The percentage fruit-set for plants within Mark Oliphant CP - S1 and Mark Oliphant
CP - S2 combined is 42.45 %.
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SM Fig. 3-5 Reserve averages of the mean number of developing seeds per
fruit per plant (i.e., the average of mean developing seed-set across plants),
+ SD, plotted against reserve area (log transformed). S1 and S2 stand for
sample site 1 and 2, respectively. The mean number of developing seeds
per fruit per plant for Mark Oliphant - S1 and Mark Oliphant - S2 was 1.60 +
0.89 and 1.31 + 0.33, respectively. Data are from open-pollinated plants of
Hibbertia exutiacies in 2017.
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SM Fig. 3-6 Plots of model estimates (i.e., not the raw data) of natural levels of seed production
of open-pollinated plants of Hibbertia exutiacies per sample site in 2017. Plotted are boxplots
displaying the mean number of (a) developing seeds per fruit (i.e., developing seed-set), (b) viable
+ predated seeds per fruit (i.e., viable + predated seed-set), (¢) the probability of a fruit having
viable seeds, (d) the probability of seeds being viable per fruit (i.e., “the proportion of viable seeds
per fruit”), the mean number of (e) inviable seeds per fruit (i.e., inviable seed-set), and (f) predated
seeds per fruit (i.e., predated seed-set), as estimated for each plant within sample sites. See
Methods (and below) for statistical details on models used to estimate response variables. Sample
sites sharing the same letter (located above each plot) are not statistically different from one
another for each response variable. S1 and S2 stand for sample site 1 and 2, respectively. Model
results for viable + predated seed-set modelled by a Conway-Maxwell-Poisson (CMP) GLMM: 2
= 26.583, p = 3.961 x 10™. Model results for predated seed-set modelled by a CMP GLMM: yZ =
29.034, p = 1.426 x 10™. WS = Wottons Scrub, FH = Filsell Hill, MCP - S1 = Mark Oliphant -
Sample Site 1, MCP - S2 = Mark Oliphant - Sample Site 2.
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SM Fig. 3-7 Scale-of-effect analysis for mean predated seed-set of open-
pollinated plants of Hibbertia exutiacies in 2017. Shown is the comparison
of model support for the percentage area of native vegetation within a
defined radius of sample sites (200-4000 m) on mean predated seed-set. A
total of 20 models were constructed and compared via their small-sample-
size corrected Akaike information criterion (AlCc) values. The chosen scale-
of-effect was identified as the model with the best support, identified as the
model with the lowest AICc value (central (red) arrow). Models within a A
AICc < 2 from the model with the greatest support are also considered to
exhibit substantial support for their estimated scale-of-effect (models within
lateral (green) arrows). The horizontal reference line represents a A AICc <

2 from the best supported model.

Chpt. 3
136



a
1.00
0.75
0.50
0.25
0.00 ® o B o
0 1 2 3 4 5 6 7
Reserve area (ha) - log transformed
® The Knoll ® Giles ® Mark Oliphant @ Cleland
@ Wottons Scrub Filsell Hill @ Belair
C
e
1.0
0.8
0.6
0.4
0.2
0.0 L= Y

25 30 35 40 45 50 55 60 65
Percentge area of native vegetation surrounding
sample sites within a radius of 2800 m

@  The Knoll ® Giles ® Mark Oliphant-S1 @ Belair
Wottons Scrub Filsell Hill Mark Oliphant-S2 @ Cleland

Chpt. 3
137



SM Fig. 3-8 (above) Plots of the relationships between reserve area (log transformed) and the probability of fruits
having predated seeds, and reserve area (log transformed) and the proportion of predated seeds per fruit of open-
pollinated plants of Hibbertia exutiacies in 2017, accompanied by plots of associated scale-of-effect analyses. (a)
The probability of fruits having predated seeds plotted against reserve area (log transformed). The model results
of a Binomial GLMM of the probability of fruits having predated seeds against reserve area (log transformed):
Intercept = 2.293 (95 % Cl: 0.43, 4.16), Slope =-0.289 (-0.64, 0.07), 2 =2.539, p =0.111. Model results excluding
The Knoll reserve: Intercept = 6.260 (95 % CI: 3.18, 9.34), Slope =-0.988 (-1.52, -0.46), xi = 13.363, p = 2.566
x 10™. The trend line plotted is the predicted probability of fruits having predated seeds for plants across reserves,
including The Knoll reserve. (b) The proportion of predated seeds per fruit. Large symbols show the overall
proportion of seeds graded as predated per reserve (i.e., population proportion) plotted against reserve area (log
transformed). The overall proportion of seeds graded as predated for each individual plant are also plotted (grey
data points). The model results of a Beta-Binomial GLMM of the proportion of predated seeds per fruit against
reserve area (log transformed): Intercept = 1.802 (95 % Cl: 0.34, 3.26), Slope =-0.273 (-0.56, 0.01), x? = 3.606,
p = 0.058. Model results excluding The Knoll reserve: Intercept = 4.743 (95 % CI: 2.27, 7.21), Slope = -0.795 (-
1.24, -0.35), x? = 12.470, p = 4.135 x 10™. The trend line plotted is the predicted probability of seeds being
predated per fruit (i.e., “the proportion of predated seeds per fruit”) for plants across reserves, excluding The Knoll
reserve. (c-d) Comparisons of model support for the percentage area of native vegetation within a defined radius
of sample sites (200-4000 m) on (c) the probability of fruits having predated seeds and (d) the proportion of
predated seeds per fruit (see Scale-of-effect - 2017 in the Methods and Fig. 3-6 for details on interpretation). (e-
f) Plots displaying the chosen scale-of-effect for each of the two response variables. (e) The probability of fruits
having predated seeds, plotted against the percentage area of native vegetation surrounding sample sites within
a radius of 2800 m. The model results of a Binomial GLMM of the probability of fruits having predated seeds
against the percentage area of native vegetation surrounding sample sites within a radius of 2800 m: Intercept =
5.216 (95 % Cl: 2.87, 7.56), Slope = -0.099 (-0.15, -0.05), y? = 14.805, p = 1.192 x 10™. The trend line plotted is
the predicted probability of fruits having predated seeds for plants of H. exutiacies. (f) The proportion of predated
seeds per fruit. Large symbols show the overall proportion of seeds graded as predated per sample site (i.e.,
population proportion), plotted against the percentage area of native vegetation surrounding sample sites within
a radius of 3000 m. The overall proportion of seeds graded as predated for each individual plant are also plotted
(grey data points). The model results of a Binomial GLMM of the proportion of predated seeds per fruit against
the percentage area of native vegetation surrounding sample sites within a radius of 3000 m: Intercept = 4.203
(95 % Cl: 2.19, 6.21), Slope = -0.086 (-0.13, -0.04), x? = 13.878, p = 1.950 x 10™. The trend line plotted is the
predicted probability of seeds being predated per fruit (i.e., “the proportion of predated seeds per fruit”) for plants
of H. exutiacies. All trend lines are population-level predictions (i.e., setting all random effects to zero). Dashed
lines represent 95 % confidence intervals. In (a-b) and (e-f) S1 and S2 stand for sample site 1 and 2, respectively.
Points in plots (a-b) and (e-f) have been randomly jittered to aid visualisation. Note that the above models of the
probability of fruits having predated seeds and the proportion of predated seeds per fruit have the same random
effect structure as the equivalent models of the probability of fruits having viable seeds and the proportion of viable
seeds per fruit of open-pollinated plants in 2017 (see Natural reproduction - 2017 and 2018 and Scale-of-effect -
2017 in the Methods).
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SM Fig. 3-9 Effect of the pollen addition treatment on the fruit-set of Hibbertia exutiacies per
sample site in 2018. Plotted are the number of flowers tagged per treatment relative to the number
of fruits which were subsequently produced, pooled across individual plants per sample site. The
number of plants tagged per treatment per sample site, followed by the total number of flowers
tagged across the three treatments per sample site in parentheses, is provided within each plot.
The odds of a fruit being produced per treatment are given above each of the respective groups
of columns per sample site. Percentage fruit-set (rounded to one decimal place) is provided in

parenthesis. S2 stands for sample site 2.
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SM Fig. 3-10 Effect of the pollen addition treatment on the production of predated and unfilled
seeds of Hibbertia exutiacies in 2018. Plotted are boxplots, along with raw datapoints (or only raw
datapoints in the case of (¢) a