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ABSTRACT

Environmental context and host plant extinction as drivers of microbial symbiont

population prevalence and metacommunity diversity

by

Marion L. Donald

Microbiomes, the communities of microorganisms living in and on a host, are often

comprised heritable symbionts and symbionts that are dispersed across host species. I

studied these two types of microbial partners to understand the drivers underlying micro-

bial prevalence and diversity within host populations and communities. My first chapter

used concepts and tools developed in the field of population demography to address the

puzzling observation that heritable symbionts are often observed at intermediate preva-

lence within host populations. I coupled experimental populations of a heritable fungal

endophyte and its grass host with demographic models to infer long-term symbiont preva-

lence within host populations and assess the effects of the symbiont on host vital rates. I

found that intermediate symbiont prevalence can arise from multiple mechanisms, which

stem from the outcomes of context dependent symbiont effects on host vital rates. Zooming

out from a core microbial partner to consider a community of host-associated microorgan-

isms, I addressed how the local extinction of a host species and urbanization affect micro-

bial diversity across multiple host species. For these questions, I used tools and concepts

developed in the field of community ecology and addressed these questions using nectar

microbial metacommunities as the study system. My second chapter addressed how the

extinction of a plant host affects nectar microbial metacommunity diversity. I found that



host plant extinction reduced local species richness, species turnover, and overall richness

of the nectar microbial metacommunity through the coextinction of host specific bacterial

taxa, rather than a reduction in dispersal. My final chapter determined how urbanization

affects nectar microbial metacommunity diversity. I found that while microbial communi-

ties carried by nectar-feeding birds – microbial dispersal agents in this system – had higher

diversity in suburban compared to rural areas, nectar filtered the microbial communities,

which resulted in similar composition and diversity across suburban and rural sites. How-

ever, bacterial taxa sorted across host types and additional host types at suburban sites drove

the increase in bacterial beta diversity. Collectively, this body of work enhances our un-

derstanding of the drivers underpinning microbial prevalence within host populations and

diversity within host communities.
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Preface

Microbial symbionts associate with nearly every living macroorganism on Earth, and can

form diverse communities - known as microbiomes – in and on these hosts. Within these

communities, microbial symbionts can generally be defined by transmission mode. Some

microbial partners are heritable, thereby constituting core microbial taxa within a micro-

biome, as they are passed directly from parent to offspring. Other microbial partners are

more flexible in their associations with hosts, and can be shared across hosts via dispersal.

Both types of symbiont can have diverse effects on host fitness, and identifying the drivers

underpinning their prevalence and diversity is an important and longstanding ecological

goal.

Taking a simplified view of the microbiome, I focused on a core microbial partner to

address how context-dependent symbiont-conferred fitness effects and the efficiency of ver-

tical transmission drive symbiont prevalence within host populations. Heritability tightly

couples host and symbiont fitnesses, and positive fitness feedbacks should drive beneficial

symbionts to fixation. However, despite this clear expectation, heritable symbionts are of-

ten observed at intermediate prevalence across a diverse array of arthropod-bacterial and

grass-fungal symbioses.

My first chapter addresses this common and puzzling observation by determining whether

intermediate prevalence reflects neutral dynamics of symbionts with weak fitness effects,

transient dynamics of symbionts trending toward fixation (or elimination), or a stable inter-

mediate outcome determined by the balance of fitness effects and failed symbiont transmis-

sion. Symbiont-conferred demographic effects and the efficiency of vertical transmission

may both depend on environmental context. Using experimental populations of winter

bent grass planted across a range of initial prevalence of its heritable fungal endophyte and



xiii

with half of these populations exposed to elevated precipitation to manipuate the context

in which the symbiosis occurs and transmits, I censused individuals for demographic and

vertical transmission data and assayed individuals to determine symbiont prevalence. I

used models to infer long-run equilibria from the short-term changes in symbiont preva-

lence and estimated demographic rates to link individual-level effects to population-level

outcomes. My results indicate that all three of the proposed mechanisms underlie interme-

diate symbiont prevalence and they arise across different years and precipitation treatments

affecting individual-level vital rates and symbiont transmission. Taken together, this study

shows that symbiont prevalence within host populations is dynamic, as it responds to the

composite outcome of symbiont effects on demographic rates and transmission efficiency

under changing environmental contexts.

Zooming out from a core microbial partner to consider a community of microorgan-

isms, I addressed how the loss of a host species and urbanization affect microbial diversity

across multiple hosts through the lens of metacommunity ecology. The second and third

chapters rely on nectar microbial metacommunities as a study system. The floral nectar

microbial metacommunity is an ideal system to address how the local extinction of a host

species and urbanization affect microbial metacommunity diversity. Microogranisms read-

ily colonize floral nectar and are dispersed across flowers of different plant species and

sugar-water feeders by animal visitors. This dispersal by animal vectors links the micro-

bial communities together into a metacommunity. The composite outcome of dispersal

rates along with local biotic and abiotic factors within individual flowers are expected to

determine the local species richness (alpha diversity), species turnover (beta diversity), and

total species present (gamma diversity) within the metacommunity.

In Chapter Two, I asked how the local extinction of a plant species affects nectar micro-

bial metacommunity diversity. Expectations for these diversity impacts depend on whether

the plant species hosts unique microbial taxa and/or functions as a hub within the floral vis-

itation network, thereby serving a critical role in maintaining microbial dispersal across the

nectar microbial communities. I found that while the loss of the host plant species did not



xiv

affect microbial dispersal rates (as measured by hummingbird visitation), bacterial alpha,

beta, and gamma diversities decreased, likely due to the loss of host specific bacterial taxa.

Alpha, beta, and gamma diversities of fungal metacommunities were not affected by the

loss of the host plant species. The consequences of the coextinctions to the communities

and ecosystems of which they are a part remain unexplored. Yet as host-specific microbial

taxa are common across host systems and can play important roles on host fitness and in

structuring host communities, these outcomes require attention.

Finally in Chapter Three, I addressed how urbanization affects nectar microbial meta-

community diversity. Urbanized areas are rapidly expanding in both human population

density and size. While urbanization generally has negative effects on biodiversity, urban

and suburban gardens can serve as hotspots of bird, insect, and plant diversity compared to

non-urban, rural areas. Despite these well-characterized impacts of urbanization on floral

and faunal diversity, we understand little about how urbanization may affect the diversity

of plant and animal associated microbial communities. I characterized the microbial com-

munities vectored by nectar-feeding birds and found in floral nectar and sugar-water bird

feeders across suburban and rural sites. I found that despite suburban birds vectoring more

diverse microbial communities, nectar acts as a filter that selects for similar microbial as-

semblages across suburban and rural sites. However, these bacterial communities were

generally specific to each plant species and sugar-water feeders. Bacterial species sorting

across host types increased bacterial beta diversity in suburban compared to rural sites, as

additional hosts types were present at suburban sites. These findings emphasize the interde-

pendence of host and microbial symbiont diversity and demonstrate that human decisions

can shape nectar microbial metacommunity diversity.

Collectively, this body of work enhances our understanding of the drivers underpin-

ning microbial prevalence within host populations and diversity within host communities.

Specifically, it shows that environmental context can mediate symbiont-conferred effects

with consequences for symbiont prevalence and emphasizes the interdependence of micro-

bial symbiont and host diversity.
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Chapter 1

Context-dependent variability in the population prevalence
and individual fitness effects of plant-fungal symbiosis

This chapter has been accepted at Journal of Ecology (full citation below).

Donald, M. L., Bohner, T. F., Kolis, K. M., Shadow, R. A., Rudgers, J. A., Miller, T.E.X.

(accepted at Journal of Ecology). “Context-dependent variability in the population preva-

lence and individual fitness effects of plant-fungal symbiosis”.

1.1 Abstract

Heritable symbionts are often observed at intermediate prevalence within host populations,

despite expectations that positive fitness feedbacks should drive beneficial symbionts to

fixation. Intermediate prevalence may reflect neutral dynamics of symbionts with weak fit-

ness effects, transient dynamics of symbionts trending toward fixation (or elimination), or

a stable intermediate outcome determined by the balance of fitness effects and failed sym-

biont transmission. Theory suggests these outcomes should depend on symbiont-conferred

demographic effects and vertical transmission efficiency, which may both depend on envi-

ronmental context. We established experimental populations of winter bent grass (Agrostis

hyemalis) across a range of prevalence of the heritable fungal endophyte (Epichloë amar-

illans). Using irrigation, we elevated the precipitation for half of the populations, which

we hypothesized would weaken the benefits of symbiosis. Across two annual transitions,
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we assayed 5485 individuals to determine prevalence and censused 954 individuals for de-

mographic (survival, flowering, reproduction, and recruitment) and vertical transmission

data. We used hierarchical Bayesian models to infer long-run equilibria from short-term

changes in symbiont prevalence and estimated demographic vital rates to link individual-

level effects to population-level outcomes. We found evidence for all three proposed mech-

anisms for intermediate symbiont prevalence, but the outcome differed qualitatively across

years and precipitation treatments. In the first year, symbionts trended toward fixation un-

der drought conditions but drifted neutrally under elevated precipitation. Fixation likely

arose from symbiont-conferred recruitment benefits outweighing reproductive costs under

the drought conditions, while elevated precipitation tempered these effects. In the sec-

ond transition year, we inferred stable intermediate prevalence across both precipitation

treatments, which indicated a balance between symbiont conferred recruitment benefits

that allowed low-prevalence populations to increase and imperfect transmission that caused

high-prevalence populations to decrease. We find support for neutral, transient, and stable

mechanisms underlying symbiont prevalence, indicating that symbiont prevalence is often

pushed and pulled in different directions by the composite outcome of symbiont effects

on demographic rates and transmission efficiency, and the way in which these processes

respond to environmental context.

1.2 Introduction

Symbioses between micro- and macro-organisms are found across the tree of life (Gibson

and Hunter, 2010; McFall-Ngai et al., 2013; Roossinck, 2015), and transmission can be a

defining feature. Symbiont transmission can occur contagiously, as seen in bacteria and

arthropods (Kim and Lee, 2017; Renoz et al., 2019), squids (McFall-Ngai et al., 2013), and

legumes (Young and Johnston, 1989), or hereditarily, as observed with bacteria and viruses
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in arthropods (Hedges et al., 2008; Koga et al., 2012; Longdon et al., 2017), zooxanthellae

in corals (Hirose et al., 2001), fungi in grasses and arthropods (Clay, 1990; Gibson and

Hunter, 2010), and organelles in eukaryotes (Margulis, 1996). Symbionts may have diverse

and ecologically important effects on their hosts, affecting nutrient uptake (Gündüz and

Douglas, 2009), abiotic stress tolerance (Malinowski and Belesky, 2000), and pathogen

and parasitoid resistance (Corbin et al., 2017; Heyworth and Ferrari, 2015; Oliver et al.,

2005).

While some symbioses are so integrated that they are effectively obligate (e.g., eukary-

otic organelles), many of them are more flexible (facultative for one or both partners). This

means that populations may consist of a mix of symbiotic and non-symbiotic hosts. For

heritable symbionts, these mixed host populations are puzzling. Heritability links the host

and symbiont interaction through successive generations, thereby tightly coupling their

fitness, and should lead to the evolution of host-symbiont mutualism and fixation within

the host population, whereas a detrimental symbiont is expected to be eliminated due to

its fitness costs. Despite these clear expectations, intermediate prevalence is commonly

found in arthropod-bacterial (Chen and Purcell, 1997; Hilgenboecker et al., 2008; Jaenike

et al., 2010; Renoz et al., 2019; White et al., 2013) and grass-fungal symbioses (Rudgers

and Swafford, 2009; Semmartin et al., 2015), and is likely pervasive across other herita-

ble symbioses that have received less attention (e.g., Baker et al. (2018); Linneman et al.

(2014)).

Three hypotheses may explain the intermediate prevalence of heritable symbionts. First,

in the absence of any fitness effects on hosts, prevalence may follow a process akin to ge-

netic or ecological drift. In the long-term, neutral dynamics should lead to the random

fixation or elimination of symbionts, but this process may proceed slowly in large host

populations, resulting in long-term mixtures of symbiotic and non-symbiotic hosts. Sec-
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Figure 1.1 : Conceptual representation of alternative hypotheses for intermediate preva-
lence of heritable symbionts. Circles represent a hypothetical snapshot of symbiont preva-
lence (ca. 72% symbiotic) in a population at time t, which may arise from any one of these
mechanisms. (a) Neutral dynamics: on average, prevalence tracks previous conditions with
no deterministic forces that push it in any direction. (b) Transient dynamics: prevalence
increases for any non-zero initial condition for beneficial symbionts and leads to eventual
fixation of mutualists (dashed line shows prevalencet = prevalencet−1). (c) Stable inter-
mediate: prevalence increases below and decreases above an intermediate equilibrium of
mutualists.
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ond, under the expectation that fitness feedbacks lead to fixation of heritable mutualists (or

elimination of heritable parasites), intermediate symbiont prevalence may be a transient

snapshot of a system trending toward symbiont fixation. As is the case for other types of

ecological dynamics, extrinsic perturbations (Connell, 1978; Sousa, 1979) and long tran-

sients (Hastings et al., 2018) may prevent symbiont prevalence from reaching an equilib-

rium state. Third, intermediate prevalence may be a stable outcome even for symbionts with

strong, positive fitness effects. Imperfect vertical transmission, where symbiotic hosts pro-

duce some symbiont-free offspring, is the stabilizing mechanism most commonly invoked

(Bibian et al., 2016; Cavazos et al., 2018; Gundel et al., 2008), and has been documented

from grasses (Afkhami and Rudgers, 2008; Cavazos et al., 2018), mosquitoes (Bosio et al.,

1992), and budworms (van Frankenhuyzen et al., 2007). Theory for population dynamics

of heritable symbionts is now well developed (Bibian et al., 2016; Gundel et al., 2008; Han-

cock et al., 2011; Turelli, 1994), but field-based experimental tests remain relatively rare

(Cavazos et al., 2018; Clay et al., 2005; Santangelo et al., 2015). Consequently, the rela-

tive contributions of these processes to symbiont prevalence in natural populations remain

poorly resolved.

While a single snapshot could reflect any one of these three mechanisms, they may

be differentiated by considering the dynamics of symbiont prevalence in host popula-

tions through time (Fig. 1.1a-c). Under the neutral scenario, symbiont prevalence ob-

served in a given population (prevalencet) should, on average, reflect the previous condition

(prevalencet-1) and there should be no systematic change in prevalence (Fig. 1.1a). Under

the hypothesis of intermediate prevalence as a transient state, prevalence should tend to

increase (or decrease) for any initial condition (Fig. 1.1b), given a positive (or negative)

fitness effect. Lastly, if intermediate prevalence is dynamically stable, then it should exhibit

a return tendency, with prevalence increasing below and decreasing above the equilibrium
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(Fig. 1.1c).

These hypotheses are unified by two individual-level processes that give rise to population-

level outcomes: the fitness effects of the symbiont on its host and the efficiency of vertical

transmission. Most symbiosis studies focus on either individual- or population-level pro-

cesses, but rarely both in parallel. Observational surveys in plants (Afkhami and Rudgers,

2008; Rudgers and Swafford, 2009; Semmartin et al., 2015; Sneck et al., 2017) and animals

(Chen and Purcell, 1997; Darby and Douglas, 2003; Fukatsu et al., 2001; Hilgenboecker

et al., 2008; Jaenike et al., 2010) have documented variability in population prevalence

of heritable microbes, typically with little or no knowledge of individual fitness effects.

A different body of work has contrasted the fitness of symbiotic and non-symbiotic hosts

(Oliver et al., 2007; Sakurai et al., 2005), often with limited insight into population-scale

outcomes. Still fewer studies have used demographic models to infer population-level out-

comes from individual-level effects (Chung et al., 2015; Gibert et al., 2015; Rudgers et al.,

2012; Yule et al., 2013). However, direct observation and experimentation at both scales are

rare (Cavazos et al., 2018; Himler et al., 2011), leaving open questions regarding how well

the symbiont fitness effects on its host and the efficiency of vertical transmission predict

population dynamics of symbionts.

Fitness effects and efficiency of vertical transmission may vary across environmental

contexts. Indeed, many heritable symbionts confer benefits to hosts in the face of stressors,

such as natural enemies (Cockburn et al., 2013; Oliver et al., 2007; Reyes et al., 2019) and

environmental harshness (Afkhami et al., 2014; Clay and Schardl, 2002; Giauque et al.,

2019; Oliveira and Castro, 1998). In the absence of – or shift in – stressors, otherwise ben-

eficial symbionts may become neutral (Oliver et al., 2007) or even parasitic (Baker et al.,

2018; Reyes et al., 2019). Making matters more complicated, symbiont effects may vary

across host life stages and vital rates (e.g., survival, growth, reproduction, and recruitment)
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(Bibian et al., 2016; Chung et al., 2015; Gibert et al., 2015; Palmer et al., 2010; Rudgers

et al., 2012; Yule et al., 2013). Context-dependent variation in vertical transmission has

received less attention, yet some studies have shown different transmission patterns depen-

dent on abiotic (Sneck et al., 2017) or biotic (Rock et al., 2017) factors. Taken together,

context-dependent variability in fitness effects and transmission raises the possibility that

the qualitative dynamics of host-symbiont interactions (Fig. 1.1) may vary with environ-

mental context.

We conducted a field experiment with winter bent grass (Agrostis hyemalis (Walter))

and its vertically transmitted fungal endophyte (Epichloë amarillans) to determine long-

term outcomes and test the drivers of variation in symbiont prevalence. This facultative

symbiosis (plants may be endophyte-positive [E+] or endophyte-free [E-]) is a well-suited

model system to evaluate hypotheses for the drivers of symbiont prevalence (Fig. 1.1).

The short-lived A. hyemalis exhibits relatively fast population dynamics, allowing us to

detect change in symbiont prevalence in a short time span. Additionally, the prevalence

of E. amarillans varies across natural A. hyemalis populations in our Texas study region

(mean: 74.6% E+, SE: 30.3%, range: 0-100%, N = 37 populations; J. Fowler and T.E.X.

Miller, unpubl. data, Rudgers et al., 2009). E. amarillans can be experimentally removed

from the host grass (Davitt et al., 2011), and can confer fitness benefits generally (Miller

and Rudgers, 2014), under herbivory (Crawford et al., 2010), and during drought stress

(Davitt et al., 2011). Our manipulation of environmental context focused on water avail-

ability, motivated by projected shifts in rainfall regimes (Trenberth, 2011), an unprece-

dented drought in the south-central United States in the years preceding our Texas field

experiment (Nielsen-Gammon, 2012; Rippey, 2015), and evidence that water availability

mediates the grass-endophyte mutualism (Davitt et al., 2011).

Using this model system, we addressed the following questions: 1. Does symbiont
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prevalence in host populations drift neutrally, trend toward fixation or elimination, or per-

sist at a stable intermediate? 2. Do the individual-level demographic fitness effects and

transmission rates predict population-level outcomes? 3. Do the qualitative outcomes of

symbiont prevalence and effects on host demography and transmission fluctuate in response

to environmental context in space (manipulation of water availability) or time (variation

across years)? To determine long-term outcomes, we employed a space-for-time substi-

tution to infer the temporal trajectory and dynamic stability of symbiont prevalence (Fig.

1.1). We tracked shifts in symbiont prevalence from a continuous range of initial prevalence

in replicated A. hyemalis populations, within which we collected data on individual demo-

graphic vital rates and symbiont transmission. As we tracked demographic performance

of 954 plants and assayed symbiont status of 5485 plants within 47 host-symbiont popu-

lations, our study is the largest scale experiment of host-symbiont population dynamics to

date, to our knowledge.

1.3 Materials and Methods

1.3.1 Study system and plant material

A. hyemalis is a short-lived perennial, C3 (cool-season), bunch grass native to eastern North

America (Gould, 1975; Soreng and Peterson, 2003). A. hyemalis germinates and grows

during winter when temperatures are between 10-20 °C (Mitchell, 1956; Thompson, 1989),

then flowers in spring and panicles break off from the plant, with seeds dispersing by early

summer. A. hyemalis facultatively hosts the fungal endophyte E. amarillans (Craven et al.,

2001; White, 1994). While E. amarillans is able to transmit both vertically and horizontally

(Moon et al., 2004), vertical transmission appears to be the dominant transmission mode: in

our experimental populations, formation of fungal stromata (whereby a fungal reproductive



9

structure overtakes the host’s reproductive structure) was exceedingly rare (0.37% or 9 out

of 2424 observed inflorescences across the three-year study). However, this endophyte may

also be transmitted horizontally via epiphyllous conidia (White et al., 1996), yet this has not

been widely documented as a common form of endophyte transmission (Rodriguez et al.,

2009). Epichloë endophytes are readily detectable by microscopy and immunoblot assay.

Specifically, fungal hyphae in seeds and leaf tissue stained with aniline blue lactic acid

(Bacon and White, 1994) can be observed with a compound brightfield microscope at 200-

400x (Yule et al., 2013). The immunoblot assay (Agrinostics Ltd. Co., Watkinsville, GA)

identifies E+ and E− plants through a monoclonal antibody that targets proteins of Epichloë

endophytes and chromagen to visually indicate presence or absence (Koh et al., 2006). The

efficacy of this method has been previously verified, and yields similar detection rates to

that of visual microscopy endophyte detection (Hiatt et al., 1999).

Plant material for this experiment was derived from a natural population of A. hye-

malis at the Stephen F. Austin Experimental Forest near Nacogdoches, Texas (31°29’N,

94.6°45’W). We generated E− hosts from E+ hosts using heat treatment of seeds, as de-

scribed in our previous studies (Davitt et al., 2011; Yule et al., 2013). E− seeds used for

the present experiment were a minimum of three generations removed from heat treatment.

From these seed stocks, 167 E+ and 165 E− plants were germinated on 10% agarose and

grown to seedlings on ProMix potting soil (Quakertown, PA) in 3.8 cm x 12.7 cm cylin-

drical containers. Due to the large number of plants required to start our experiment (N =

960), we relied on vegetative cloning of these greenhouse germinated plants to reach our

target number. We confirmed symbiont status via microscopy for 59 of plants from the E−

seed stock (all of which were negative) and 209 of the plants from the E+ seed stock before

we transplanted them into the field experiment.
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1.3.2 Field experimental design

We conducted the field experiment at the USDA-NRCS East Texas Plant Material Center

near Nacogdoches, Texas, USA (31° 31’N, 94.6° 45’W). We established 48 two m x two

m experimental plots in a freshly tilled area at the field site in February 2013, with three

m spacing between adjacent plots. Natural populations of A. hyemalis were not present at

our field site but were present c. two km away. We enclosed plots with mesh netting to

prevent browsing by vertebrate herbivores and dispersal of panicles (and thus seeds) be-

tween plots. We randomly assigned each population to ambient or elevated precipitation,

with 24 populations per precipitation treatment, and to one of four levels of starting preva-

lence (5%, 35%, 65%, or 95% E+), which allowed us to estimated prevalence from across

the full range of prevalence. In February 2013, we transplanted 20 founding individuals

into each plot in a four-by-five grid, drawing from greenhouse-raised E+ and E− plants to

meet the target prevalence, ensuring that plants cloned from the same parent plant were

distributed across populations. One population in the 5% initial endophyte prevalence cat-

egory was planted incorrectly in the elevated precipitation treatment group; this population

was dropped. We applied a broad-leaf herbicide one to two times per year to prevent our

experimental grass populations from being overgrown with other vegetation.

1.3.3 Precipitation treatment

Because our experiment was initiated toward the end of an extreme multi-year drought

in Texas (which peaked in 2011 (Nielsen-Gammon, 2012; Rippey, 2015), we designed

the precipitation treatment to elevate rainfall above ambient levels. We hypothesized that

elevated precipitation would alleviate drought stress, weaken the beneficial effects of en-

dophytes on host individuals, and alter population-level outcomes. We designed and im-

plemented the treatment to approximate an extremely wet year in this study region as de-
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scribed in Cavazos et al. (2018). The elevated precipitation treatment ran for the duration

of the experiment until its conclusion in May 2016. Ambient precipitation plots were un-

manipulated. We monitored the effect of the precipitation treatment on soil moisture avail-

ability with Onset HOBO soil moisture loggers (Onset Computer Corporation, Bourne,

MA), which were installed in four ambient and four elevated precipitation plots. Two sen-

sors (one in an ambient and one in an elevated precipitation plot) malfunctioned and were

not included in the analyses.

Additionally, as Mitchell (1956); Thompson (1989) found that Agrostis spp. grow best

at 10-20 °C, we downloaded daily max temperature data from PRISM for the duration of

our study period for Nacogdoches, Texas (Climate Group Oregon State University PRISM,

2016) to determine when during the calendar year these optimal temperatures occurred.

1.3.4 Data collection

Data collection focused on the population-level symbiont prevalence and individual-level

performance, symbiont status, and transmission efficiency of plants that recruited into our

experimental populations from 2014 through 2016, and not on the founders that we planted

in 2013. Data were collected from three sub-plots within each population once at the begin-

ning of each transition year, which we defined as May to April. We quantified population-

level symbiont prevalence by destructively harvesting all individuals within a 0.25 x 0.1 m

strip immediately adjacent to each of the three sub-plots in each population. We harvested

individuals from a different “side” (corresponding to a cardinal direction) of the sub-plots

in different years (2014: N = 2734, 2015: N = 1299, 2016: N = 1452). These samples in-

cluded new recruits and survivors from the previous year. The plants were placed in Falcon

tubes, stored on dry ice during transfer from the field to the lab, and stored at -20°C until

processing for the immunoblot assay.
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Plant performance was assessed by four demographic traits (survival and flowering

status, reproduction, and recruitment), which determine the relative fitness of E+ and E−

plants, and therefore affect the change in prevalence. In the first year, we tagged four

randomly selected individuals in each sub-plot for demographic census. In the following

years, we replaced individuals that died by tagging a living individual in the subplot to

maintain four census plants per sub-plot. We recorded survival status and size (in number

of tillers) of each census plant. If a census plant was flowering, we counted all panicles

and collected up to three of them. In the laboratory, we extracted and recorded mass of

seeds from the panicles collected (N = 384 panicles). We recorded densities of recruited

vegetative and flowering A. hyemalis within each of the sub-plots; recruit density ranged

from 0 to 2272 plants per m2 (Fig. A.1). In total, we tracked 954 census individuals, with

442 and 512 plants in ambient and elevated precipitation populations, respectively.

We determined symbiont status and vertical transmission efficiency from the seeds col-

lected from the demographic census plants. To assign symbiont status, we scored four seeds

from each individual. Seeds were soaked in 5% NaOH overnight, squashed, and stained,

then examined for fungal hyphae. For plants designated as E+ (Epichloë hyphae observed

in any seeds), we typically scored an additional 16 seeds to assess the vertical transmission

rate (the fraction of seeds produced by E+ plants that were E+). In total, we assessed 5323

seeds. For some individuals, we were unable to collect seeds – either they did not flower, or

their seeds dispersed prior to collection. For these individuals that were still alive in 2015

and 2016, we harvested a tiller to determine endophyte status via immunoblot assay. How-

ever, as many census plants died prior to ascertaining endophyte status, we did not know

symbiont status of 72.4% and 50.4% of census individuals in 2014-2015 and 2015-2016.

However, we knew the symbiont status for 154 and 314 plants in each of those transition

years, and our statistical analysis allowed us to use plants of known and unknown symbiont
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status to estimate demographic rates.

1.3.5 Statistical analysis

We estimated population-level symbiont prevalence and individual-level vital rates using

a hierarchical Bayesian statistical framework, implemented in JAGS (Plummer, 2003) and

R2JAGS (Su and Yajima, 2014) within R version 3.5.1 (R Core Team, 2017). Bayesian

analysis was particularly useful in our estimation of symbiont-dependent vital rates, where

data came from individuals of known and unknown symbiont status. In the latter case, for

each vital rate we drew a probabilistic inference of individual symbiont status – a latent

state – based on symbiont prevalence at the population level. In Appendix A (Fig. A.4)

we show how parameter estimates changed when we used data only from plants of known

symbiont status. We find that had we limited our analysis to plants of symbiont status, esti-

mates of reproductive rates would have been biased because we often only knew symbiont

status if the plant flowered and produced seeds (and thus seeds were scored). Therefore, us-

ing both direct observations and latent-state inference in our analyses allowed us to reduce

bias in our demographic estimates. All of the following sub-models were fit simultane-

ously as part of the larger hierarchical model. We ran three Markov Chain Monte Carlo

chains with 10000 iterations each and discarded the first 2000 iterations as initialization.

All parameters were given vague priors. We assessed model fit using posterior predictive

checks. Code is available in an online repository (github.com/mdonald/Intermediate_

symbiont_prevalence_MS) and data will be published on datadryad.org in parallel with

this manuscript.

We fit statistical models to characterize the change in symbiont prevalence between

years (Fig. 1.1). Using the symbiont scores from immunoblot screening of destructively

harvested samples, we modelled the number of E+ plants associated with sub-plot i within

github.com/mdonald/Intermediate_symbiont_prevalence_MS
github.com/mdonald/Intermediate_symbiont_prevalence_MS
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population j assigned to precipitation treatment l in year k (y+i j(l)k) as binomial “successes”

given total samples Ni j(l)k. In preliminary analyses, we found that a beta-binomial distri-

bution, accounting for over-dispersion, fit the data better than a binomial; this reflected the

fact that even 50/50 populations may not be well-mixed because of localized seed disper-

sal, leading to aggregated clusters of E+ and E− individuals. This model was:

y+i j(l)k ∼ BetaBinomial(q∗ p+j(l)k,q∗ (1− p+j(l)k),Ni j(l)k). (1.1)

With this parameterization, the expected probability of success is p+j(l)k and parameter q

generated overdispersion in the binomial samples. For the first year of samples (k = 1), we

estimated p+j(l)k as a simple model-of-the-mean with no predictor variables, representing the

starting conditions of each population. For the following two years (k > 1), we modelled

symbiont prevalence of the current year as a linear function of prevalence in the previous

year:

logit(p+j(l)k) = β
0
kl + ε

0
jk +(β 1

kl + ε
1
jk)∗ p+j(l)(k−1). (1.2)

Here, we used the logit-link transformation with coefficients β 0
kl and β 1

kl specific to year

and precipitation treatment. We incorporated population- and year- specific random effects

on the intercept ε0
jk and slope ε1

jk, which allowed populations to deviate from expected

values; these were normally distributed with mean zero and variance σ2. For each transition

year and precipitation treatment, we used Eq. 1.2 and fitted parameters to estimate long-

run equilibrium symbiont prevalence, which satisfies p+j(l)k = p+j(l)(k−1). This is an inferred

equilibrium that represents the long-run expectation if the conditions of that treatment and

transition year remained constant. We used posterior distributions of the coefficients in Eq.

1.2 to derive posterior probabilities for equilibrium prevalence, accounting for parameter

uncertainty.
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We then linked population-level outcomes to individual-level demography by estimat-

ing four vital rates of E+ and E− hosts (survival probability, flowering probability, fertility

(seed production) of flowering plants, and per-seed recruitment probability) and vertical

transmission. We did not explicitly analyze host size because the census individuals had

low size variation (∼ 71% had < 3 tillers), but host size is implicitly incorporated into

reproductive output (larger plants produced more seeds). We also estimated the vertical

transmission rate for E+ hosts in each treatment and year. We then estimated recruitment

probability of E+ and E− seeds based on the ratio of seedlings to seeds of each type pro-

duced in the preceding year. Estimation of all vital rates included fixed effects of precipi-

tation treatment and year and population-specific random effects, and full details of these

statistical methods are provided in Appendix A. We present results in the form of posterior

distributions of symbiont effects, accounting for parameter uncertainty (∆= E+ rate - E−

rate) and absolute vital rate estimates are shown in (Fig. A.4).

1.4 Results

1.4.1 Precipitation treatment

Across both transition years, elevated precipitation populations had increased mean avail-

able soil moisture compared to ambient precipitation populations (Fig. 1.2). Specifi-

cally, mean soil moisture was increased by approximately 27% in 2014-2015 and 26%

in 2015-2016 for elevated precipitation populations (2014-2015: 0.186 m3/m3 and 2015-

2016: 0.196 m3/m3) compared to that in ambient populations (2014-2015: 0.146 m3/m3and

2015-2016: 0.155 m3/m3). While the total amount of ambient precipitation was similar be-

tween transition years (May to April) (156 cm in 2014–2015 and 161 cm in 2015-2016), the

amount of ambient precipitation did not fall consistently throughout the year (Fig. A.2a).
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Figure 1.2 : Monthly mean soil moisture (m3/m3) in ambient (orange) and elevated (blue)
precipitation treatments and monthly mean maximum temperatures (black line) in (a) 2014-
2015 and (b) 2015-2016. Points and error bars represent mean and standard deviation. Grey
shading from November to March identifies the time period coinciding with optimal growth
and recruitment temperatures for Agrostis species (Mitchell, 1956; Thompson, 1989).
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Because of these differences in the timing ambient precipitation, the precipitation deficit

(and thus the amount of water added under the elevated precipitation treatment) also varied

across years (Fig. A.2b). November to March appears to coincide with optimal tempera-

ture for recruitment and growth of Agrostis spp. (Fig. 1.2 shaded gray area). During this

period, ambient precipitation was 20.79% lower in 2014–2015 than in the same time period

of 2015–2016 (2014-2015: 62.5 cm and 2015-2016: 78.6 cm).

1.4.2 Population-level symbiont prevalence

We found evidence for all three of the proposed mechanisms underlying symbiont preva-

lence – neutral dynamics, transient dynamics, and stable intermediate – depending on the

year and precipitation treatment (Fig. 1.3). In the first transition year (2014–2015), sym-

biont prevalence under ambient precipitation increased in all 24 populations regardless of

initial prevalence, indicating a temporal trajectory (Fig. 1.3c) with a long-run outcome

of certain symbiont fixation (Fig. 1.3a, 100% CI: 98.5%–100%), such that populations at

intermediate prevalence were in a transient state on a path to fixation. By contrast, popula-

tions that received elevated precipitation over the same transition year tracked their initial

prevalence, thereby exhibiting neutral symbiont dynamics with no defined equilibrium, i.e.,

all prevalence values were effectively equi-probable (Fig. 1.3a). In the second transition

year (2015–2016), low-prevalence populations increased, and high-prevalence populations

decreased in prevalence, and these trajectories of change were similar between the ambi-

ent and elevated precipitation treatments (Fig. 1.3b and d). Thus, the conditions of the

second transition year favored a stable intermediate prevalence, regardless of precipitation

treatment. The long-run outcome of symbiont prevalence expected under these conditions

was higher for elevated (84% CI: 75.5%–93.7%) than ambient (72% CI: 63.5%–79.5%)

precipitation (Fig. 1.3b).
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Figure 1.3 : (a and b) Posterior distributions of equilibrium symbiont prevalence in host
populations, visualized as density distributions (reflecting parameter uncertainty) and in-
ferred from the temporal trajectories shown below, and (c and d) prevalence estimates for
individual populations (points) across two transition years (2014-15 and 2015-16). Vari-
ation in final symbiont prevalence was plotted against prevalence in the preceding year.
Thick lines show fitted relationships. Line types and colors indicate precipitation treat-
ment, where orange and blue represent ambient and elevated precipitation populations,
respectively. Thin gray line is the identity line.
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Figure 1.4 : Posterior probability distributions of the effect of endophyte symbiosis ∆ (E+

- E−) on four demographic vital rates: (a and e) the probability that a plant flowered, (b
and f) the estimated amount of seeds a flowering plant produced in grams, (c and g) the
probability that a plant survived, and (d and h) the estimated number of new plants that
recruited per seed. The vertical gray line corresponds to no difference between E+ and
E− hosts. Positive values indicate greater vital rate estimates of E+ plants compared to
E− plants, while negative values indicate the opposite. Orange and blue represent vital rate
estimates from ambient and elevated precipitation treatments. Rows represent the transition
years, and columns represent individual vital rates. Note that the x axes vary in scale.
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1.4.3 Individual-level host demography

The effect of symbiosis on host demography varied across the host life cycle and with

environmental context related to precipitation treatment and year (Fig. 1.4).

Host reproduction – Endophyte symbiosis depressed the probability of flowering, strongly

so in the first transition year under ambient precipitation – the ∆ posterior distribution was

entirely negative – and moderately so under elevated precipitation (Fig. 1.4a). In contrast

in the second transition year, symbiosis did not strongly affect the probability of flower-

ing under ambient conditions but did promote flowering under elevated precipitation (Fig.

1.4e). Symbiosis conferred a modest benefit on seed production (g) by flowering plants

under ambient precipitation, and this effect was neutralized in the elevated precipitation

treatment in the first transition year (Fig. 1.4b). However, in the second transition year, en-

dophyte symbiosis reduced seed production, particularly under elevated precipitation (Fig.

1.4f).

Host survival – Endophyte symbiosis did not strongly affect the probability of host sur-

vival across transition years or precipitation treatments, as the all ∆ posterior distributions

were centered near zero, though symbiont effects on survival were somewhat more negative

under ambient precipitation (Fig. 1.4c and g).

Host recruitment – Endophyte symbiosis increased the per-seed probability of recruit-

ment. ∆ posterior distributions for this vital rate were almost entirely positive (Fig. 1.4d

and h), indicating high certainty in the beneficial effects of symbionts. This benefit was

strongest under ambient precipitation in the first transition year. Elevated precipitation

weakened the recruitment benefit of endophyte symbiosis but more so in the first transition

year than the second. Specifically, the median endophyte effect on the recruitment rate was

5.25 times greater under ambient versus elevated precipitation in the first year, but only 1.8

times greater in the second.
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Symbiont transmission – Vertical transmission of symbionts was consistently high across

years and precipitation treatments (Fig. A.5 a and b). The mean vertical transmission rate

in 2014 was 84.8% (95% CI: 73.72–93.2%) and 84.2% (95% CI: 70.4–93.4%) under ambi-

ent and elevated precipitation treatments, respectively. This was elevated slightly in 2015,

with a mean vertical transmission rate of 88.3% (95% CI: 80.6–93.8%) and 90.9% (95%

CI: 84.2–95.6%) in ambient and irrigated populations.

1.5 Discussion

Despite longstanding recognition of the varied and important roles heritable symbionts

play in individual host fitness and the well-developed theory for population-level outcomes

of host-symbiont interactions, identifying the drivers underpinning variation in symbiont

prevalence in host populations remains an outstanding ecological goal. Our results of the

observed temporal trajectories and inferred equilibria of symbiont prevalence supported

that all three proposed mechanisms (Fig. 1.1) can underlie symbiont prevalence, depending

on environmental context corresponding to treatment and year (Fig. 1.3. Furthermore,

we connected these population-level outcomes to context-dependence in individual-level

effects of symbiosis (Fig. 1.4). Based on these findings, symbiont prevalence in nature

may fluctuate across years, with certain years and conditions favoring different outcomes

and likely giving rise to the variable patterns of symbiont prevalence observed in nature.

The inferred fixation of the symbiont under ambient precipitation and drift-like dynam-

ics under elevated precipitation (Fig. 1.3a and c) are consistent with the stress gradient

hypothesis that fungal endophytes, and symbionts in general, can function as defensive

mutualists under stress, yet confer little to no benefit under benign conditions (Afkhami

et al., 2014; Bertness and Callaway, 1994; Clay and Schardl, 2002; Giauque et al., 2019;

Oliver et al., 2005; Russell and Moran, 2006). The corresponding results for individual-
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level vital rates add nuance to this interpretation, revealing costs and benefits of symbiosis

that can manifest in different parts of the life cycle; the overall population-level outcome

reflects the balance of these costs and benefits. Specifically, in the first transition year

the stress-dependent benefit of symbiosis was limited to seedling recruitment, while endo-

phyte effects on other vital rates were neutral to costly. We infer that the recruitment benefit

outweighed the survival cost under ambient conditions, leading to consistent increases in

symbiont prevalence, and that elevated precipitation weakened the recruitment advantage

of E+ hosts such that costs and benefits roughly balanced.

In the second transition year, the increase in symbiont prevalence when initially rare,

decline in prevalence when initially common, and resulting stable intermediate equilibria

are consistent with a balance of symbiont-conferred fitness benefits and imperfect transmis-

sion, which theory predicts can lead to stable mixtures of symbiotic and symbiont-free hosts

(Bibian et al., 2016; Gundel et al., 2008). While there was not a strong decline in vertical

transmission in the second year to account for the prevalence decline in high-prevalence

populations, the same vertical transmission rate can have different outcomes depending

on the background demographic rates. The strong increases observed in low-prevalence

populations clearly indicate an advantage of symbiosis but, because these outcomes were

similar between ambient and elevated precipitation treatments, we conclude that benefits

in this year were not related to drought protection. As symbionts can often confer multiple

distinct benefits (reviewed in Oliver et al. (2014); Rodriguez et al. (2009), this increase

may reflect enhanced nutrient acquisition (Malinowski and Belesky, 2000) or herbivore de-

terrence (Breen, 1994; Crawford et al., 2010). Future work could incorporate additional

factors, such as nutrient acquisition and herbivore deterrence, in a combined experiment to

parse out the symbiont-conferred contributions and resulting prevalence.

Interestingly, despite the very different population-level outcomes, symbiont effects on
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individual-level vital rates were generally not qualitatively different between years. Across

the study period, we identified symbiont-associated costs for reproduction (with the effect

on flowering more pronounced in the first year and fecundity more pronounced in the sec-

ond year), no strong effect on survival, and benefits for recruitment, though the recruitment

benefit was much weaker in the second transition year (Fig. 1.4a-h). The explanation for

different outcomes in different years likely lies in the absolute values of the demographic

vital rates (Fig. A.3), which provide additional information beyond the relative effects

shown in Fig. 1.4. In the second transition year, flowering probability ranged from approx-

imately 1 to 3 times greater than the first year, while fecundity ranged from approximately

3 to 18 times greater per capita seed production (Fig. A.3a, b, e, f). Whereas survival prob-

ability was approximately 5 to 20 times lower depending on endophyte status and water

treatment (Fig. A.3c, g) in the second year compared with the first year. These results in-

dicate the change in symbiont prevalence in the second year was dominated by population

turnover and influx of new recruits. We hypothesize that these changes in absolute survival

and reproduction increased the importance of the modest recruitment benefit and imperfect

transmission in the second transition year. As these were both similar between precipita-

tion treatments, this likely led to the outcome of stable mixtures in both treatments. Our

analyses did not explicitly track plant age, but it is possible that the increase in fertility

and decline in survival between years reflects an aging cohort instead of or in addition to

changes in the environment.

Besides the difference in the long-run prevalence trajectories between years, the other

striking inter-annual difference was in the effect of elevated precipitation. Our tempo-

rally well-resolved environmental data suggest that the two transition years of our study

were not simply temporal replicates, but rather distinct periods that expanded coverage of

environmental context. Across both transition years, the elevated precipitation treatment
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increased soil moisture to approximately the same average level (∼27%) above ambient

conditions (Fig. 1.2). However, at a finer, monthly temporal resolution, ambient rainfall

differed across years (Fig. S2 a). Rainfall was 20.79% lower and soil moisture was ap-

proximately 10.5% lower during November to March 2014–2015 compared to the same

period in 2015–2016 (Fig. 1.2); this is a critical period of recruitment and growth for A.

hyemalis (Mitchell, 1956; Thompson, 1989). Specifically, rainfall during November 2015

greatly exceeded the amount we were scheduled to add (Fig. A.2), which resulted in sim-

ilar mean soil moisture in the ambient and elevated precipitation treatments (Fig. 1.2b).

Considering these environmental conditions alongside the demographic rates suggest that

drought-protective benefits of symbiosis were limited to seasonal events that occurred in a

narrow temporal window in 2014–2015. Previous work has shown that individual vital rates

can respond to short-term environmental variability, such as shifts in precipitation (Shriver,

2016). As changes in the amount and seasonal distribution of precipitation are forecasted

under global climate change (Trenberth, 2011), these shifts may affect the strength of host-

symbiont mutualism, the resulting individual-level demographic vital rates, and the overall

prevalence of symbionts within host populations.

Our results support previous work showing that symbionts of plant and animals can

vary in sign and magnitude of their effects across time, context, and host life cycle (Chen

et al., 2000; Chung et al., 2015; Goheen and Palmer, 2010; Thomas et al., 2016; Yule et al.,

2013). These varied effects do not preclude host-symbiont mutualism and local persistence

of the symbiont, so long as the outcome of the cost-benefit balance is a net positive fit-

ness effect (Bibian et al., 2016). A common signature of heritable symbionts is increased

host reproduction, which has been documented in flies (Himler et al., 2011)), mites (Zhang

et al., 2018), and grasses (Cavazos et al., 2018; Faeth et al., 2004; Rudgers et al., 2012). Our

findings of detrimental effects of symbiosis on host reproduction were therefore surprising,
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although similar results have been reported from studies on arthropods (Chen et al., 2000;

Chong and Moran, 2016; Hoffmann et al., 1990) and plants (Chung et al., 2015; Pan and

Clay, 2003). Our population-level results, where symbionts with reproductive costs still in-

creased in prevalence, provide novel evidence that such reproductive costs do not preclude

positive fitness feedbacks as long as they are balanced by benefits elsewhere in the life cy-

cle. It was further surprising that elevated precipitation appeared to alleviate reproductive

costs to flowering even as it weakened benefits in recruitment (Fig. 1.4a, d, e, h). These

results are consistent with recent hypotheses that effects of microbes on host responses

to environmental stress fall along a continuum from mitigation (e.g., stronger recruitment

benefits under drier conditions) to exacerbation (e.g., stronger reproduction costs under

drier conditions) (Chamberland et al., 2017; David et al., 2018). In our study, the benefits

appear to have been greater than or equal to the costs; however, there may be conditions

that would tip the outcome to a net cost. Alternating years or locations of net benefits and

net costs would likely increase spatio-temporal variation in symbiont prevalence.

In addition to the possible roles of enhanced recruitment and imperfect seed trans-

mission, the finding of stable intermediate symbiont prevalence may also be explained by

other mechanisms. Our modelling approach estimated demographic rates that were av-

eraged over plant density and endophyte frequency. However, the rising and falling of

prevalence below and above a certain level is often considered a hallmark of frequency-

dependent mechanisms (Omacini et al., 2006). Previous greenhouse work on A. hyemalis

identified negative-frequency dependence (Miller and Rudgers, 2014), whereby the fitness

advantage of E+ over E− hosts declined when E+ plants were very common. It is possible

that this process prevented symbiont fixation in the second transition year, as we detected

negative-frequency dependence in the components of reproduction (flowering and fecun-

dity) especially under ambient conditions in 2015-2016 (Fig. A.6b and h). However, we
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also detected positive-frequency dependence in recruitment and survival in this transition

year (Fig. A.6f and j). Future work should incorporate frequency and density dependence

into vital rate estimates to parse out their influence in the resulting population-level sym-

biont prevalence.

Our finding that the long-run outcomes varied between years and across precipitation

treatments indicates that symbiont prevalence is likely pushed and pulled in different direc-

tions. Thus, prevalence at a given time and place may be far from the equilibrium favored

at that time and place. In this sense, our results mirror expectations for structured pop-

ulations in stochastic environments, where the relative abundance of different life stages

or size classes constantly fluctuates due to variability in vital rates and may be far from

asymptotic expectations (Ellis and Crone, 2013; Williams et al., 2011). While there is a

large body of literature on short-term surveys from broad geographic ranges, we are aware

of no long-term studies of symbiont dynamics from single locations, which would be valu-

able for testing whether the fluctuations in outcome that we induced experimentally could

be observed under natural conditions. Combining geographic surveys with geographically

distributed space-time-substitution experiments such as ours would be valuable for quanti-

fying the distance between observed symbiont prevalence and environmentally determined

equilibria.

Like any experimental study, our results should be interpreted in light of several caveats

and limitations. First, we focused on inter-annual change in symbiont prevalence assum-

ing there were no longer-term legacies, as might arise from a persistent seed bank (Bibian

et al., 2016). We know little about seed-banking in A. hyemalis, but this could be an im-

portant component underlying change in symbiont prevalence. Second, we focused on a

single species, and one that we knew to have variable endophyte prevalence in natural pop-

ulations. There are other species of endophyte-associated grasses with consistently higher
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endophyte prevalence, often at or near fixation, which may reflect consistent transmission

and benefits of symbiosis. Comparative work with multiple species of each type could

yield new insight into why symbiont associations are more consistent in some species than

in others. Third, while this endophyte can transmit both horizontally and vertically, we

focused solely on vertical transmission. As our low-prevalence populations generally re-

mained at low-prevalence, we posit that there was not a large contribution of contagious

transmission in our study. Finally, we intentionally averaged across A. hyemalis genotypes

in our populations to reduce complexity and assumed they were all symbiotic with the same

endophyte strain. It is possible that there was cryptic and functionally important symbiont

diversity within the E+ class, though previous work suggests that within-population endo-

phyte genetic diversity is likely low, as expected for symbionts with predominantly asexual

regeneration (Arroyo Garcia et al., 2002). Plant and fungal genotypes may interact, such

that responses of different traits – including the demographic traits measured in our study

– may be genotype-specific, and future work should address this by explicitly considering

these interactions.

1.6 Conclusions

In summary, our work identifies demographic and context-dependent drivers underlying

population-level outcomes of symbiosis, and provides evidence for a balance of symbiotic

costs and benefits on individual-level vital rates that serves to promote, depress, or neutral-

ize symbiont prevalence in response to spatio-temporal contexts. Overall, we find strong

evidence for host-symbiont mutualism, especially during life cycle events that are sensi-

tive to seasonal drought stress, yet we also document benefits that are not dependent on

drought. Our work is among the first to link individual- and population-level processes in a

field setting, detect dynamic stability in symbiont prevalence, and reveal variability in the
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underlying temporal dynamics of symbiosis. Intermediate prevalence of heritable micro-

bial symbionts, which is widely documented in plant and animal hosts, is likely to reflect

some combination of neutral, transient, and stable mechanisms, and the context-dependent

fluctuations among them.
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Chapter 2

Plant host species extinction reduces nectar bacterial but
not fungal metacommunity diversity

2.1 Abstract

Microorganisms living on and dispersing across hosts constitute a metacommunity. Host

factors and dispersal can shape local microbial species richness (alpha diversity), micro-

bial species turnover across hosts (beta diversity), and regional microbial species richness

(gamma diversity). Microorganisms inhabiting floral nectar are dispersed across plant

species during floral visitation by animals, and can mediate plant-pollinator interactions.

Despite the close association of microorganisms with plants and pollinators, little is known

about how the ongoing decline of plant and pollinator species affects metacommunity di-

versity of floral nectar microbes. We hypothesize that the extinction of a host species from

a co-flowering community may affect microbial metacommunity diversity due to loss of

host-specific taxa, reduced dispersal, or through a combination these two processes. To de-

termine how host extinction affects microbial metacomunity diversity, we experimentally

removed a host plant species (Heliconia tortuosa) from co-flowering plant communities

within half of the selected forest fragment sites in southern Costa Rica, recorded hum-

mingbird visitation to H. tortuosa and several co-flowering plant species pre- and post-

extinction, and characterized the bacterial and fungal nectar microbial communities of four

remaining co-flowering plant species. We found that H. tortuosa hosts different bacte-

rial and fungal community compositions compared to those hosted by co-flowering plant
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species. We found the extinction of H. tortuosa had different effects on bacterial and fun-

gal metacommunity diversity. Bacterial alpha, beta, and gamma diversity were reduced in

treatment sites (H. tortuosa extinct) compared to control sites (H. tortuosa present). Fungal

alpha, beta, and gamma diversity did not respond strongly to H. tortuosa extinction. Neither

hummingbird visitation nor the alpha and beta diversity of the nectar bacterial communi-

ties of four selected plant species responded to the loss of H. tortuosa, supporting that this

change in bacterial metacommunity diversity was driven by the “co-extinction” of specific

microbial taxa rather than reduction in microbial dispersal by hummingbird vectors. Taken

together, these findings suggest that the local extinction of plant species may have cascad-

ing effects on microbial metacommunity diversity due to the interdependence of host and

microbial diversity.

2.2 Introduction

Metacommunity theory has been increasingly applied to parse out the roles of the host

and of dispersal as drivers of diversity within and across host-associated microbiomes -

communities of microorganisms found in or on a host (Burns et al., 2017; Toju et al., 2017).

Under this framework, host organisms represent discrete habitat “patches” that have a suite

of abiotic factors that can shape hosts’ microbial communities (Mihaljevic, 2012; Christian

et al., 2015) and these microorganisms can be transmitted across various hosts (Tung et al.,

2015; Moeller et al., 2017), thereby linking these individual communities together into a

metacommunity (Leibold et al., 2004). From theoretical and empirical studies, it is now

evident that local species richness (alpha diversity), species turnover (beta diversity), and

regional species richness (gamma diversity) arise from both local dynamics of abiotic and

biotic interactions within individual communities and regional dynamics of habitats linked

together by dispersal of community members.
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Dispersal, the movement of organisms across hosts, is a key driver of metacommunity

diversity. Simulation and empirical studies have shown that low rates of dispersal result in

depauperate communities, while intermediate dispersal rates maximize local species rich-

ness, and high rates of dispersal result in biotic homogenization of the communities and

thus, decreased species turnover and regional diversity (Mouquet and Loreau, 2003; Burns

et al., 2017; Kneitel and Miller, 2003; Venail et al., 2008; Yeh et al., 2015; Thompson

et al., 2020). While some microorganisms can disperse via wind or rain (Smith et al., 2013;

Miquel, 1883), others rely on animal-mediated dispersal to reach prospective hosts (Grace

and Collins, 1976; Belisle et al., 2012; Brysch-Herzberg, 2004). Microbial dispersal is of-

ten challenging to track in natural systems due to the small size of these microorganisms;

however, animals that vector microbes provide an opportunity to characterize microbial

dispersal.

As dispersal moves microbial taxa across hosts, this can result in different species of co-

occurring hosts sharing similar microbial consortia (Misic et al., 2015; Durrer and Schmid-

Hempel, 1994; Cleary et al., 2019). However, evidence across a wide variety of host-

microbe systems has emerged that microbial taxa often associate with specific host species

within communities of diverse host species (Kueneman et al., 2014; Canto et al., 2017; von

Arx et al., 2019; Chu and Vollmer, 2016; Osman et al., 2020; Cleary et al., 2019). This

becomes particularly relevant for understanding microbial metacommunity beta diversity -

as compared to general associations of microorganisms with many host species, host speci-

ficity of microbial taxa (i.e., species sorting across hosts) should increase species turnover

within the metacommunity (Leibold et al., 2004). Yet despite these clear predictions for

how dispersal and host identity may interact to drive microbial metacommunity diversity,

empirical studies often focus on the effects of dispersal by considering only a single host

species (Burns et al., 2017; Toju et al., 2017; Vannette and Fukami, 2017; Zemenick et al.,
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2018) or focus on the role of the host species without explicitly considering the contribu-

tion of dispersal rates to the observed compositional and diversity patterns (Canto et al.,

2017; Cleary et al., 2019; Bjelland et al., 2011).

The microbial communities found in floral nectar are well suited to address the roles

of the host and of dispersal in shaping microbial metacommunity diversity. Floral nectar

is initially devoid of microorganisms, but is readily colonized by microorganisms typically

during floral visitation by birds and insects (Brysch-Herzberg, 2004; Canto et al., 2008;

Herrera et al., 2010; Jacquemyn et al., 2013; Schaeffer and Irwin, 2014; Belisle et al.,

2012; Vannette and Fukami, 2017). Understanding the drivers of microbial distribution

across host plants is important. Microorganisms can mediate plant-pollinator interactions

through modifying nectar acidity (Vannette et al., 2013; Good et al., 2014) concentration

and composition of amino acids and sugars (Herrera et al., 2008; de Vega et al., 2009), sec-

ondary metabolites (Vannette and Fukami, 2016), and volatile cues (Rering et al., 2017),

all of which may have consequences for pollinator foraging (Good et al., 2014; Schaeffer

and Irwin, 2014; Schaeffer et al., 2017), plant fitness (Vannette et al., 2013), and plant com-

munity diversity. There is also growing evidence that different plant species associate with

specific nectar microbes (Fridman et al., 2012; Canto et al., 2017; von Arx et al., 2019)

possibly due to different selective pressures in their nectars (Roy et al., 2017), indicating

that microbial taxa may sort across host plant species. As animals consume floral nec-

tar of various plant species, they pick up and drop off microorganisms, which links these

individual floral microbial communities into a metacommunity.

Plant species and their nectar microbial communities are embedded within plant-pollinator

networks, and certain plant species may be highly connected within these networks due to

visitation by many floral visitors. A highly connected plant species serves as a hub within

the network and its presence may be critical for sustaining the function of the pollination
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network (Chacoff et al., 2012; Kaiser-Bunbury et al., 2010). This idea parallels that of

keystone communities, where some community types are crucial for supporting metacom-

munity diversity Mouquet et al. (2013), yet in this case the hub species has an outsize

role on community structure and network function irrespective of its relative abundance.

From the nectar microbial metacommunity perspective, in addition to representing a host

patch, a hub plant species may also serve as a linchpin for nectar microorganisms reliant

on floral visitors for dispersal within this network. Despite the close association between

microorganisms, plants, and pollinators, we know little about how the ongoing decline of

plant (Humphreys et al., 2019) and pollinator (Potts et al., 2016) species affects microbial

metacommunity diversity.

The loss of a host plant species may affect microbial metacommunity diversity through

two main mechanisms (Fig. 2.1). The non-mutually exclusive hypotheses we present apply

to host-associated microbial metacommunities generally, but for clarity, we frame them in

the context of a floral nectar microbial metacommunity. In all cases, we compare the post-

extinction metacommunity to the pre-extinction metacommunity to determine the effects on

local species richness (alpha diversity), species turnover (beta diversity), and total species

present (gamma diversity). Under a null scenario, where microbial taxa do not associate

with specific host plants and the selected plant species is not critical for maintaining mi-

crobial dispersal, we would expect the extinction of a plant species to have no strong effect

on microbial metacommunity diversity (Fig. 2.1A). However, under the concept of species

sorting (Leibold et al., 2004) the focal plant species hosts specific microbial taxa (denoted

by the yellow star). Thus, we would expect the extinction of this host plant species to re-

sult in the loss of these taxa from the metacommunity, which would decrease alpha, beta,

and gamma diversities (Fig. 2.1B). Alternatively, the host plant species may function as a

hub within the metacommunity, and we would expect its extinction to trigger a reduction
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of dispersal. We conceptualize this as an extreme scenario, where dispersal is lost within

this metacommunity, but a reduction in dispersal would be expected to have similar effects,

assuming the dispersal rate was initially at an intermediate level. We would expect the re-

maining microbial communities to diverge from one another due to the loss of immigrants

and local abiotic and competitive interactions becoming the dominant forces in shaping

composition and diversity, which would likely result in a decrease in alpha diversity, an

increase in beta diversity, and no change in gamma diversity (Fig. 2.1C). Additionally, a

combination of species sorting and dispersal disruption may occur. Under this combined

scenario, we would expect the extinction of this key plant species to result in a decrease

in alpha, an increase in beta, and a decrease in gamma diversities due to the loss of both

host-specific microbial taxa and immigration across the metacommunity (Fig. 2.1D).

We conducted a field experiment test how the extinction of a plant host species affects

nectar microbial metacommunity diversity. Working in small forest fragments in Costa

Rica, we experimentally removed Heliconia tortuosa Griggs from half of the co-flowering

plant communities and collected floral nectar from H. tortuosa and 26 co-flowering plant

species, which were visited by hummingbirds. We selected H. tortuosa for our experi-

mental extinction for two reasons. Previous work has identified reduced seed set in small

forest fragments (Hadley et al., 2014), indicating that H. tortuoas may be in extinction

debit within small forest fragments, and that compared to co-flowering plant species, many

hummingbird species predominately visit H. tortuosa (Betts et al., 2015; Stiles, 1975),

suggesting that it may function as a hub within the plant-hummingbird visitation network.

As such, the local extinction of H. tortuosa may cause hummingbirds to desert these ar-

eas, thereby reducing hummingbird vectored microbial dispersal. Additionally, as previous

studies of co-flowering plant communities identified microbial species sorting across plant

hosts (Fridman et al., 2012; Canto et al., 2017; von Arx et al., 2019), we anticipated that H.
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Figure 2.1 : Conceptual representation of outcomes of host extinction on microbial meta-
community diversity. Circles with different line types represent different host species.
Shapes represent microbial taxa present within the community. Note that the star taxa
is highlighted when it is only present in the dashed host species. Arrows indicate dis-
persal. Rows represent hypothetical metacommunities (top row) pre-extinction of a host
type and (bottom row) post-extinction of a host type. Columns represent different diversity
outcomes that may result from host extinction (i.e., loss of the dashed circle’s community).



36

tortuosa may also host specific microbial taxa, which may be lost from the metacommunity

following H. tortuosa extinction.

Using this nectar-microbial metacommunity system, we addressed the following ques-

tions: 1. What are the effects of H. tortuosa extinction on nectar microbial metacommunity

alpha, beta, and gamma diversities? 2. Does microbial species sorting and/or reduced dis-

persal underlie the observed diversity changes?

2.3 Methods

2.3.1 Study system, experimental design, and microbial sample collection

We conducted this study near the Organization for Tropical Studies Las Cruces Biological

Station (8° 47’ 7” N, 82° 57’ 32” W) in southern Costa Rica in the Puntarenas province.

Between 1960 and 1990, this area was partially deforested for cattle ranching and coffee

plantations (Sánchez-Azofeifa et al., 2001), resulting in a fragmented landscape of Pacific

premontane tropical forest interspersed with agricultural areas (Holdridge, 1979). As part

of a larger study on plant-pollinator networks, fourteen forest fragment sites were selected

based on presence of flowering H. tortuosa plants and paired based on size, forest age, and

elevation. Six of these sites were used in both years, while eight of these sites were used in

either 2017 or 2018. Within each pair of sites, one was designated as experimental and the

other as control. Our experiment ran within each pair of sites for a 12-day period beginning

in February and concluding in April of both 2017 and 2018. The 12-day time periods were

split into pre-H. tortuosa extinction (six days) and post-H. tortousa extinction (six days)

periods.

As co-flowering plant communities were expected to vary across sites, we used commu-

nities of sentinel plant species to help standardize the co-flowering plant communities. At



37

the beginning of each pre-period, we placed two sets of typically five sentinel plant species

near two naturally occurring, flowering H. tortuosa individuals located at opposite sides of

the forest sites, and collected flowers from naturally available hummingbird visited plants.

We set up camera traps (Plotwatcher Pro, Day 6 Outdoors, Columbus, GA) to capture a

photo every second between the hours of 5:30-17:30 to record hummingbird visitation to

the sentinel plants and several naturally occurring flowering plant species within each forest

site. In total, cameras recorded visitation to 27 different plant species (Table B.1). Addi-

tionally on the second day of the pre-period, we used mist nets to capture hummingbirds

at these sites and allowed them to drink from a 15% v/w sterile sucrose solution to sample

the microorganisms carried on their bills and tongues.

On day seven of each 12-day period, we counted all of the flowering H. tortuosa in-

florescences and simulated H. tortuosa extinction in the experimental sites by covering all

of the inflorescences with opaque black mesh bags, except for the two H. tortuosa inflo-

rescences on camera near the sets of sentinel plant species. On average this reduced the

number of H. tortuosa plants in the forest site by 96% (mean and sd: 182 +/- 161, range

(8, 526)). We considered this to have effectively removed H. tortuosa nectar microbial

communities from the metacommunity and H. tortuosa nectar as a dominate resource for

hummingbirds at the experimental site. At the end of each 12-day period, we again used

mist nets to capture hummingbirds and collected mouthwash samples following the method

described above at both the experimental and control sites. We also collected flowers from

the sentinel plant species, taking care to only collect flowers that had opened during the

post-period, and naturally occurring plants from both site types, and uncovered all of the

H. tortuosa plants in the experimental site at the conclusion of this time period.

All flowers collected in the field and hummingbird mouthwash samples were stored in

a cooler on ice packs in the field. Back in the lab, we extracted floral nectar using either
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glass capillary tubes or sterile pipette tips. Nectar was transferred to sterile tubes with 40

µL sterile water. All nectar and hummingbird samples were stored at -20 °C prior to DNA

extraction processing.

2.3.2 DNA extraction, PCR amplification, sequencing, and bioinformatic processing

We characterized microbial communities from floral nectar and hummingbird samples with

community metabarcoding. Specifically, we extracted genomic DNA from the samples us-

ing the 96 DNeasy Blood and Tissue kit (Oiagen, Valenvia, CA) with several modifications

described previously (Dhami et al., 2016). Briefly, we pre-treated nectar (10 µL) and hum-

mingbird mouthwash (50 µL) samples with 0.5 U/µL Zymolase enzyme (Zymo Research,

Irvine, CA) in YT buffer (Qiagen) for 30 min at 30 °C to improve lysis of yeast cells. Cells

were then treated with G2 buffer (Qiagen) and RNAse A (Qiagen) to facilitate further cell

lysis and to minimize RNA contamination, respectively. We then incorporated the samples

into the DNeasy extraction workflow and eluted in a final volume of 50 µL. Purified gDNA

was quantified and stored at -20 °C.

We PCR-amplified bacterial 16S ribosomal DNA region and fungal internal transcribed

spacer 1 (ITS1) region separately using the specific primer pairs, 515f (5’- GTG YCA

GCM GCC GCG GTA A -3’) – 806rB (5’- GGA CTA CNV GGG TWT CTA AT -3’) (Ca-

poraso et al., 2012) and ITS1-F KYO1 (5’- CTH GGT CAT TTA GAG GAA STA A -3’)

– ITS2 KYO2 (5’- TTY RCT RCG TTC TTC ATC -3’) (Toju et al., 2012), respectively.

Following recommendations of Lundberg et al. (2013), each of the forward and reverse

primers was fused with 3–6-mer Ns for improved Illumina sequencing quality and an Illu-

mina sequencing primer region (forward, 5’- TCG TCG GCA GCG TCA GAT GTG TAT

AAG AGA CAG- [3–6-mer Ns] – [515f or ITS1-F KYO1] -3’; reverse, 5’- GTC TCG TGG

GCT CGG AGA TGT GTA TAA GAG ACA G [3–6-mer Ns] - [806rB or ITS2 KYO2] -
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3’). Singleplex PCRs of the 16S and ITS regions was conducted using the MyTaq HS DNA

polymerase mastermix (Bioline) with a temperature profile of 95 °C for 2 min, followed by

35 cycles at 95 °C for 20 s, 50 °C for 20 s, 72 °C for 50 s, and a final extension at 72 °C for

10 min. The ramp rate was set to 1 °C/sec to prevent the generation of chimeric amplicons

(Stevens et al., 2013). P5/P7 Illumina adaptors were then added in the subsequent PCR

using fusion primers with 8-mer index sequences for sample identification Hamady et al.

(2008) (forward, 5’- AAT GAT ACG GCG ACC ACC GAG ATC TAC AC - [8-mer tag] -

TCG TCG GCA GCG TC -3’; reverse, 5’- CAA GCA GAA GAC GGC ATA CGA GAT

- [8-mer tag] - GTC TCG TGG GCT CGG -3’). The temperature profile was 95 °C for

2 min, followed by 8 cycles at 95 °C for 20 s, 50 °C for 20 s, 72 °C for 50 s, and a final

extension at 72 °C for 10 min (ramp rate = 1 °C/sec).

The PCR amplicons of the samples were pooled with equal volume after a purifica-

tion/equalization process with SerraMag Speed beads (GE Healthcare, Pittsburg, PA) (sam-

ple:SerraMag = 1:1.2). Libraries were checked to ensure successful PCR cleanup, for li-

braries in which primer dimers still remained we used the GeneJET GEL Extraction Kit

(ThermoFisher Scientific, Waltham, MA) following the kit protocol. Each library quanti-

fied by qubit HS DNA kit and pooled after concentrations were standardized by sample.

The pooled library was re-quantified by qubit and fragment distribution assessed via High-

sensitivity DNA assay on the bioanalyzer (Agilent, Santa Clara, CA). The final fungal and

bacterial libraries were run separately on the Illumina MiSeq sequencer using Reagent kit

v3 at the Stanford Functional Genomics Facility (2 250 bp cycle) with 10% PhiX spike-in.

The Illumina sequencing data were initially processed and demultiplexed using the

Claident v0.2.2016.08.05 (Tanabe and Toju, 2013). To prevent potential mis-tagging of

reads, raw MiSeq BCL data was first converted into FASTQ data using the bcl2fastq v1.8.4

program (Illumina), followed by filtering reads with low quality scores in the index se-
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quences (< 30) and no mismatch between input and output sequences was tolerated in the

demultiplexing process. For both 16S and ITS sequences, the obtained forward and reverse

reads were combined using PEAR v0.9.6 (Zhang et al., 2014), followed by stringent se-

quence quality (<30 quality scores for 10% of sequence) and length filtering (<100 bp),

and filtered with clfilterseq script Claident (Tanabe and Toju, 2013). Sequences were clus-

tered and we used referenced based VSEARCH (Rognes et al., 2016) to remove chimeric

reads, both of which were implemented in Claident. Taxonomic identification was assigned

with the RDP classifier (Wang et al., 2007) trained on either the the Warcup Fungal ITS

database for fungi Deshpande et al. (2016) with a bootstrap cutoff of 80% or the 16S rRNA

training set 16 for bacteria.

The resulting data matrices depicting samples in rows and operational taxonomic units

(OTUs) in columns (sample x OTU matrix) were joined with sample metadata, and OTU

taxonomic classification in the R-package phyloseq v.1.3 (McMurdie and Holmes 2013).

We used the R-package decontam (Davis et al., 2017) to statistically evaluate the prevalence

of contaminated OTUs from the dataset in the negative controls (PCR controls) based on

the proportional abundance of reads with a threshold of 0.5. OTUs identified with this

method and those identified as cyanobacteria or cholorplast were removed. This resulted

in 3032257 bacterial sequences that were recovered from 1033 floral nectar and 235 hum-

mingbird samples, and 2179974 fungal sequences from 846 floral nectar and 225 hum-

mingbird samples. We used the untransformed dataset for alpha diversity analyses, and as

ordination and beta diversity analyses can be sensitive to sequencing depth, we normalized

OTU abundance (Love et al., 2014) to account for differences in sequencing depth. We

analyzed fungal and bacterial datasets separately using the R package phyloseq (McMurdie

and Holmes, 2013).
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2.3.3 Hummingbird visitation video processing

Hummingbird visitation counts were extracted from camera trap photos through a two-step

process. Photos were stitched together into a video and run through MotionMeerkat (http:

//benweinstein.weebly.com/motionmeerkat.html), a free software developed to lever-

age computer vision and identify potentially important target images from large quantities

of video data and thereby reduce extensive review time (Weinstein, 2015). Trained human

observers then scored the photos for hummingbird species and visitation to flowers. Some

videos were also scored solely by the trained human observers. Visitation included both

honest visits (where the hummingbird entered the flower in a manner in which pollination

could potentially occur) and robbing visits (where the hummingbird entered in a manner

that would preclude pollination), as both types of visitation have been shown to vector

microorganisms into floral nectar (Morris et al., 2020; Zemenick et al., 2018).

2.3.4 Statistical analyses

Characterizing H. tortuosa extinction on microbial metacommunity diversity

As we anticipated host species identity to be important in shaping nectar microbial com-

position, we limited these analyses to H. tortuosa and four co-flowering plant species that

were primarily hummingbird visited and from which we collected greater than 50 nectar

samples shared between the control and experimental sites across both years. These plant

species were: Centropogon granulosus, Starchytarpheta frantzii, Palicourea padifolia, and

Columnea polyanta. Using nectar samples collected from H. tortuosa and the selected four

co-flowering plant species during the post-H. tortuosa extinction period for both control

and experimental sites, we tested the control and experimental microbial metacommunities

for differences in alpha and beta diversity using linear mixed effects models and PER-

http://benweinstein.weebly.com/motionmeerkat.html
http://benweinstein.weebly.com/motionmeerkat.html
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MANOVA via adonis in vegan. We calculated the Chao1 diversity index to estimate local

species richness (alpha diversity) using phyloseq and the distance to centroid calculated

by betadisper in vegan (beta diversity). Specifically, to determine if H. tortuosa removal

affected overall metacommunity alpha diversity, we fit a linear mixed effect model with

a log transformed Chao1 richness measurement for each floral nectar sample as the re-

sponse variable and control or experimental site as the predictor variable. To determine

if H. tortuosa removal affected overall metacommunity beta diversity, we first considered

compositional shifts as measured with adonis PERMANOVAW. We then characterized the

distance to the control and experimental group centroids for each floral nectar microbial

communities and used these data as the response variable in linear mixed effects models

with control and experimental groupings as the predictor variable. In both the alpha and

beta diversity linear mixed effect models we incorporated site identity as the random ef-

fect. These linear mixed effect models were run in the R-package lme4 (Bates et al., 2015)

and we used a likelihood ratio test to compare each of these models to a null model that

included only site-to-site variance to determine if including the control/experimental site

type significantly improved model fit.

Finally, to determine if loss of H. tortuosa affected the total number of species present

in the control and experimental metacommunities, we estimated the gamma diversity for

both metacommunity types in vegan.

To confirm if a change in species turnover was due to the loss of H. tortuosa specific

communities, and not shifts in microbial species compositions within floral species, we

used pairwise PERMANOVA to assess if composition was distinct across bacterial and

fungal communities hosted by floral plant species in the control and treatment groups. All

analyses were performed in R v.4.0.2 (R Core Team, 2020).
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Microbial species sorting

To determine if H. tortuosa hosted distinct microbial communities from the rest of the

floral nectar microbial metacommunity, characterized the alpha diversity of H. tortuosa

compared to the co-flowering community and visualized microbial communities from H.

tortuosa and full co-flowering community (29 plant species) using PCoA with Bray-Curtis

dissimilarity matrices. We included nectar samples from the pre-H. tortuosa extinction

period of the experimental sites and both time periods from the control sites. We used

permutational analysis of variance (PERMANOVA) to determine if significant differences

in microbial community composition were due to being associated with H. tortuosa or not.

We set site identity as “strata” within the adonis PERMANOVA analysis to account for

multiple samples collected from each site. Additionally, to understand if microbial taxa

sort across multiple plant species, we tested if plant species was an important predictor

of microbial community composition, using the methods described above but with plant

species as the predictor variable.

To confirm that hummingbirds are vectoring the microbial taxa also found in the nectar

microbial communities, we identified shared OTUs between floral nectar and hummingbird

bill samples. Additionally, to determine which microbial taxa are predominately found in

H. tortuosa nectar, and therefore representatives of species sorting, we determined dif-

ferentially abundant bacterial and fungal taxa using the R-package DESeq2 (Love et al.,

2014). We focused this and the following analyses on the selected four co-flowering plant

species (C. granulosus, S. frantzii, P. padifolia, and C. polyantha). We used the same

method as above to determine if these four plant species also host differentially abundant

bacterial and fungal taxa.
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Dispersal disruption

We assessed disruption of microbial dispersal by hummingbirds in two parts. First, we de-

termined if hummingbird visitation counts to H. tortuosa and the selected four co-flowering

plant species were similar between control and experimental sites in the pre-period. This

allowed us to determine if dispersal was initially similar across the control and experimen-

tal sites. As preliminary analyses revealed that hummingbird visitation count data were

zero-inflated and overdispersed, we used a zero-inflated negative binomial linear mixed ef-

fects model to compare the number of visits from the pre-H. tortuosa extinction time period

of the control and experimental sites. We included site identity as the random effect. We

then used the same model type to compare the number of hummingbird visits from the pre-

H. tortuosa extinction time period to the post-H. tortuosa extinction time periods for the

control and the experimental sites separately, and again included site identity as a random

effect. These generalized linear mixed effect models were run in the R-package glmmTMB

(Brooks et al., 2017), and we used a likelihood ratio test to compare each of these models to

a null model that included only site-to-site variance to determine if including the predictor

(control/experimental site type or pre/post-extinction) significantly improved the model fit.

2.4 Results

2.4.1 Effects of H. tortuosa extinction on metacommunity diversity

Alpha diversity

Bacterial species richness in the co-flowering community at H. tortuosa extinction sites

was depressed compared to that of the control sites in which H. tortuosa was still present

(Fig. 2.2 A. log(Chao1): χ2 = 3.832, df = 1, p = 0.050). Fungal species richness was not

significantly different between control and experimental sites (Fig. 2.2 B. log(Chao1): χ2
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Figure 2.2 : Effects of H. tortuosa extinction on fungal and bacterial metacommunity (A
and B) alpha, (C and D) beta, and (E and F) gamma diversity. Nectar microbe communi-
ties from control sites (red) include H. tortuosa nectar microbe communities, while nectar
microbe communities from experimental sites (black) exclude H. tortuosa nectar microbe
communities, as H. tortuosa is experimentally extinct at these sites. All nectar samples
were collected during the “post” time period for each set of sites. The gray vertical line
marks the total number of samples from the experimental sites to aid comparison with the
gamma diversity within the control sites.
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= 0.016, df = 1, p = 0.899). To determine if the inclusion of H. tortuosa nectar microbial

communities drove these observed changes, we excluded H. tortuosa from the following

richness analyses. We found there were no differences in bacterial or fungal richness be-

tween control and experimental sites (bacterial: log(Chao1): χ2 = 0.033, df = 1, p = 0.856;

fungal: log(Chao1): χ2 = 0.268, df = 1, p = 0.605), indicating that H. tortuosa nectar

microbial communities were key contributors to bacterial species richness within the meta-

community.

Beta diversity

Species turnover across bacterial communities was reduced in the experimental sites com-

pared to the control sites (Fig. 2.2C. χ2 = 5.472, df = 1, p = 0.0193). Fungal communities

compared across experimental and control sites did not show a change in species turnover

(Fig. 2.2D. χ2 = 0.6501, df = 1, p = 0.4201). Additionally, pairwise PERMANOVA in-

dicated that neither bacterial nor fungal communities hosted by the same floral species

exhibited species turnover across the control and treatment groups (Table B.4 and Table

B.5 adjusted p > 0.05). However, H. tortuosa bacterial communities were significantly

different from the bacterial communities hosted by each of the co-flowering plant species

in both the control and treatment groups (Table B.4 adjusted p < 0.05), which indicates that

the loss of H. tortuosa bacterial communities contributed to the decrease of beta diversity

at the metacommunity level.

Gamma diversity

Total taxonomic richness was higher for bacterial taxa in the control sites compared to the

experimental sites (Fig. 2.2E), while fungal taxonomic richness was similar between the

control and experimental sites (Fig. 2.2F).
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2.4.2 Microbial species sorting

H. tortuosa hosted significantly different bacterial and fungal communities from the rest

of the co-flowering plant species (Fig. 2.3 A. PERMANOVA - bacterial: R2 = 0.034, p =

0.001; B. fungal: R2 = 0.0032, p = 0.003 ). More specifically, each of the plant species

hosted unique bacterial communities (Table B.2 adjusted p < 0.05), while C. granulosus

hosted different fungal communities from H. tortuosa, P. padifolia, and C. polyantha, and

H. torutosa fungal communities also differed from C. polyantha (Table B.3 adjusted p <

0.05).

H. tortuosa and the four selected co-flowering species all hosted differentially abun-

dant bacterial and fungal taxa (Fig. 2.4 A-E). These taxa likely represent the community

members that differentiate the nectar microbial communities across the floral host species.

Across all of these taxa identified, 50% (116/232) of the bacterial taxa were also found in

samples from hummingbirds, indicating that hummingbirds are dispersing many of these

key taxa. The the top five most differentially abundant bacterial families were Morax-

allaceae, Thermotogaceae, Enterobacteriaceae, Actinomycetales, and Acetobacteraceae.

Within these families, the genera Acinetobacter, Mesoaciditoga, Raoutella, Caminicella,

and Rubritepida were most commonly identified. The common differentially abundant

fungal families were Plectosphaerellaceae, Saccharomycodaceae, and Tremellaceae, with

common genera being Hanseniaspora, Crypotococcus, Plectosphaerella, Candida, Meira,

Gibellulopsis and Metschnikowia.



48

Figure 2.3 : Visualization of A. bacterial and B. fungal communities found in floral plant
species.
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Figure 2.5 : Hummingbird visitation counts to H. tortuosa and four co-flowering plant
species in the pre-H. tortuosa and post-H. tortuosa extinction periods in the control and
experimental sites.

2.4.3 Dispersal disruption

Hummingbirds shared 50.02% (1351/2701) and 43.53% (434/997) of bacterial and fun-

gal OTUs, respectively with floral nectar of the five focal plant species, indicating that

hummingbirds vector many of nectar microbial metacommunity members. We recorded

a total of 7007 hours of footage for H. tortuosa and the four co-flowering plant species.

Hummingbird visitation was similar between control and experimental sites in the pre-

H.tortuosa extinction period (Fig. 2.5 χ2 = 0.62, df = 1, p = 0.4311), and was not reduced

in the post-period following the extinction of H. tortuosa in the experimental sites (χ2 =

0.01, df = 1, p = 0.9205), or in the control sites (χ2 = 0.0064, df = 1, p = 0.9363), where H.

tortuosa plants were still present.
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2.5 Discussion

Faced with ongoing local extinctions due to anthropogenic changes, identifying how and

when the loss of a host species will affect microbial metacommunity diversity is crucial

for both conservation efforts and understanding the drivers of microbiome diversity. By

experimentally removing a host plant species that may also serve as a hub within the floral

visitation network, we tested the whether this extinction triggered a change in nectar mi-

crobial metacommunity diversity. Our results indicate that plant host extinction impacted

nectar microbial metacommunity diversity through the loss of host-specific bacterial taxa,

rather than through a change in microbial dispersal by hummingbird visitors. Further, we

show that in addition to microbial taxa that are primarily hosted by H. tortuosa, other plant

species also host specific microbial taxa. This suggests that the local extinction of plant

species may have cascading consequences on nectar microbial metacommunity diversity.

Despite H. torutosa serving as a predominate resource for multiple hummingbird species

(a key trait of a hub species), our local extinctions of H. tortuosa had a negligible effect on

overall hummingbird visitations, leading to the maintenance of microbial dispersal within

the floral nectar microbial metacommunity. While both theoretical and empirical studies

focused on microbes have identified clear roles in dispersal shaping metacommunity diver-

sity (Leibold et al., 2004; Thompson et al., 2020; Vannette and Fukami, 2017; Burns et al.,

2017), these empirical studies focus on a single host species, thereby ignoring the potential

of species sorting across different host types. Considering the mounting evidence that host

species identity is often a key predictor of microbiota composition (Knowles et al., 2019;

Moeller et al., 2017; Cleary et al., 2019; Reveillaud et al., 2014), this may mean as long

as dispersal is above a critical threshold that permits establishment, dispersal rates may

not play a dominant force in structuring microbial metacommunity diversity across differ-

ent co-occurring host species. Indeed, Knowles et al. (2019) found that the gut microbiota
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within communities of small mammals shared greater similarity between individual species

found at different geographical locations, than across sympatric mammalian species. One

possible reason for this high degree of species sorting, despite seemingly high dispersal

rates that should homogenize the communities was suggested following similar findings

of bacterial species sorting across connected lakes (Van der Gucht et al., 2007). Van der

Gucht et al. (2007) suggested the high population growth rates of bacteria essentially un-

couple local population dynamics and relative abundances of taxa from dispersal rates, thus

allowing species sorting to play a dominant role.

Our findings that host plant species loss did not strongly affect dispersal within our

metacommunity and that overall fungal diversity metrics were robust to host extinction are

aligned with those by Resetarits et al. (2018). Conducting patch extinctions in an experi-

mental protist metacommunity, they found that these habitat extinctions had little effect on

metacommunity richness, evenness, and biomass. Their study found evidence that follow-

ing the loss of habitat patch, the metacommunity was structured more by spatial processes

(i.e., the distribution of habitat types and stochastic patch extinctions) than by species sort-

ing across habitat patches. However, the reduction we identified in bacterial diversity con-

trasts with their findings by providing evidence that loss of a specific patch type can affect

metacommunity diversity through the loss of host-specific taxa. Additionally, this finding

parallels that of previous work that identified homogenization of microbial communities

due to the loss of endemic, range-restricted species following land-use conversion (Ro-

drigues et al., 2013).

Bacterial and fungal microbial metacommunities had differing responses to the loss of

a host species. Following the extinction of H. tortuosa, fungal diversity measures were

robust, while bacterial species richness, species turnover, and total number of species were

reduced. One possible mechanisms that may explain these different responses between
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fungal and bacterial metacommunities is that floral nectar as an environmental filter may

act differently on fungi than on bacteria. More similar fungal communities across floral

plant species could arise if nectar is either a harsher or more lenient filter on fungi than

on bacteria. A harsher environment may serve as a fine-grain filter that may select for

a very specific subset of fungal taxa, while a more benign environment may serve as a

more porous filter and allow more fungal community members to be shared across plant

species. But in both of these cases, nectar acts as a general environmental filter for fungi

across plant species, while for bacteria nectar appears to function as a filter specific to plant

species. Our result that a subset of microbial taxa carried by hummingbirds is found in

floral nectar aligns with previous findings that nectar selects for a subset of both fungal and

bacterial taxa introduced by floral visitors (Herrera et al., 2010; Samuni-Blank et al., 2014;

Vannette and Fukami, 2017); however, it remains unclear if nectar as an environmental

filter acts differently on fungi than it does on bacteria. Future work, should characterize

nectar components of different plant species and conduct experiments to couple the nectar

characteristics with fungal and bacterial community filtering.

Our contrasting results of fungal and bacterial metacommunity responses to host loss,

likely apply generally to host-microbe systems and advance our understanding of when and

how host extinction may affect microbial metacommunity diversity. For instance, myriad

plant and animal species have been characterized as associating with specific microbial taxa

(Engel et al., 2018; Cleary et al., 2019; Fridman et al., 2012; von Arx et al., 2019; Canto

et al., 2017; Schnitzer and Klironomos, 2011; Knowles et al., 2019; Reveillaud et al., 2014;

Osman et al., 2020). We also see this clearly in our results of differentially abundant bacte-

rial and fungal taxa specific to each of plant species considered. Depending on the exclu-

siveness of this host-specificity and overall diversity within the metacommunity, the loss of

a host species could either have a negligible (our fungal results) or detrimental (our bacte-
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rial results) effect on microbial metacommunity diversity. As we show here, the extinction

of the same host species may have varied effects depending on the taxonomic or func-

tional classifications of the associated microbial partners. Given the ongoing extinctions of

flora and fauna, attention should be paid not only to the losses of these more charismatic

organisms, but also to their microbial partners. While the risk of coextinction for tightly

associated partners has been flagged as a critical focal point for conservation efforts (Koh

et al., 2004), our work suggests this consideration should be extended beyond parasites

and mutualists to include the microbial partners, whose functions may be important and

diverse, but as of yet are unknown. Microbial partners can play key roles in affecting host

fitness (Vannette et al., 2013; Schaeffer and Irwin, 2014) and structuring diversity within

host communities (Klironomos, 2002; Afkhami and Strauss, 2016; David et al., 2018), yet

discovering the function of the majority of these microbial partners is still in its infancy.

Future work should identify the impacts these microorganisms have on their hosts, which

may provide insight into patterns of host species diversity within communities.

With any experimental study, our results should be interpreted in light of the follow-

ing limitations and caveats. First, while our results support the concept of species sorting

across different host taxa that has previously been identified (Canto et al., 2017; Fridman

et al., 2012), this pattern could also arise from biotic interactions (Cadotte and Tucker,

2017). Floral nectar of different plant species often differs in sugar concentration (Wykes,

1952; Antoń et al., 2017), amino acids (Baker and Baker, 1982) and secondary metabolites

(Roy et al., 2017), all of which can affect microbial growth within the nectar (Letten et al.,

2018). If microbial species population growth rates covaried within nectar of different plant

species, then outcomes of competitive exclusion should also covary with plant species iden-

tity. Thus, the pattern of different microbial taxa associated with specific plant species may

be driven by competition amongst microorganisms in addition to environmental filtering by
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the floral nectar. Indeed, growth rates of and competition between different microbial taxa

vary with sugar and amino acid concentrations (Álvarez-Pérez et al. In review, Peay et al.

2012, Letten et al. 2018). Future work, should combine compositional data, such as those

presented here, with experimental work to determine covariation of competition and popu-

lation growth with the environment. Second, we focused on hummingbirds as the primary

dispersers of nectar microorganisms, yet microorganisms may also be introduced to nectar

by wind, rain, insects, mites, and other animals. Our characterizations of the microbial

communities found in floral nectar include those introduced by these additional dispersal

vectors. As we did not detect differences in the overall number of hummingbird visitations

nor in microbial species turnover within host plant species across control and treatment

sites, it is unlikely that our experiment manipulated microbial dispersal. However, as we

pooled visitation counts across all hummingbird species, it is possible that individual hum-

mingbird species adjusted their visitation patterns. As microbial composition varied across

hummingbird species (Fig. B.1 and B.2), specific microbial taxa may have experienced

changes in dispersal. Future work could employ a network approach to link microbe-plant-

hummingbird interactions to better understand the distributional patterns of microbial taxa

across host microbiomes.

2.6 Conclusions

To conclude, we show that the local extinction of a plant species can affect nectar microbial

metacommunity diversity via the coexinction of specific bacterial taxa rather than through a

reduction in microbial dispersal. The consequences of the coextinctions to the communities

and ecosystems of which they are a part remain unexplored, yet as host-specific microbial

taxa are common across host systems and can play important roles on host fitness and in

structuring host communities, these outcomes require attention.
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Chapter 3

Urbanization increases diversity in a nectar microbe
metacommunity

3.1 Abstract

Understanding how urbanization affects biodiversity is a key ecological goal as cities ex-

pand in both human population density and footprint. In contrast to the common trend

of decreasing biodiversity with urbanization, suburban gardens can function as hotspots

of bird, insect, and plant diversity. Yet, little is known about how microbial diversity as-

sociated with floral visitors and flowers responds to urbanization. Here, we characterized

suburban and rural microbial metacommunities vectored by nectar-feeding brids and found

in floral nectar and sugar-water bird feeders. We first asked if the dispersing microbial

species pools carried by nectar-feeding birds differed in composition and diversity between

suburban and rural sites. Then we asked whether nectar microbial metacommunity compo-

sition mirrored the compositional and diversity patterns observed in the suburban and rural

bird-vectored microbial communities, or if nectar acts consistently as a filter to select for

similar microbial compositions and diversity. We also asked if host identity (floral species

and sugar-water feeders) were important predictors of microbial metacommunity compo-

sition and diversity. We found that despite suburban birds vectoring different and more di-

verse microbial communities compared to rural birds, floral nectar of plant species common

to suburban and rural sites hosted microbial communities that were similar in composition

and diversity, suggesting that nectar acts as a strong filter. However, beta diversity was
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elevated in the suburban bacterial metacommunity compared to the rural metacommunity.

This was driven by bacterial taxa sorting across host types, resulting in increased bacterial

beta diversity at suburban compared to rural sites due to the presence of additional floral

host species and sugar-water feeders at the suburban sites. Fungal metacommunity compo-

sition and diversity was similar across suburban and rural sites. These results emphasize the

interdependence of host and microbial symbiont diversity and demonstrate that human de-

cisions, such as provisioning food for wildlife and planting diverse floral taxa, shape nectar

microbial metacommunity diversity in contrasting ways for bacteria and fungi. The conse-

quences of these shifts in microbial diversity are unknown but may affect plant-pollinator

interactions and plant fitness.

3.2 Introduction

Nearly 70% of the world’s population is projected to live in urban settings by mid-century

(United Nations Department of Economic and Social Affairs Population Division, 2018),

and cities are one of the few habitat types that are currently expanding (Grimm et al., 2008;

Angel et al., 2011). Understanding how urbanization affects biodiversity is therefore a

pressing ecological goal. Despite the general trend of urbanization decreasing biodiversity

(McKinney, 2008; Faeth et al., 2011; Seto et al., 2012), some taxonomic groups seem to

benefit from it. For instance, urban and suburban areas – particularly gardens – have been

documented as hotspots of bird, insect, and plant diversity compared to non-urban, rural

areas (Hope et al., 2003; Thompson et al., 2003; Leveau and Leveau, 2005; Wania et al.,

2006; Angold et al., 2006; Baldock et al., 2019; Theodorou et al., 2020).

Cities and suburbs differ from non-urban, rural environments in many ways. These

differences include higher levels of light and air pollution (Landsberg, 1981; Owens et al.,

2020), and higher temperatures (Oke, 1982), all of which are abiotic factors that can affect
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the fitness of plants and animals and may contribute to differences between urban and rural

communities (Honour et al., 2009; Villalobos-Jiménez et al., 2016; Franzén et al., 2020).

Communities in urbanized areas are also under specific pressures created by human activi-

ties, values, and preferences (Williams et al., 2009). A common and widespread example of

such a pressure is the provisioning of food, such as seed and sugar-water feeders, to draw

birds into urbanized areas, which can have consequences for avian community diversity

(Galbraith et al., 2015), including possible negative impacts on wildlife heath if the feeders

serve as a common ground at which disease transmission occurs (Sorensen et al., 2014;

Galbraith et al., 2017). Further, suburban gardeners select diverse plant species (Hope

et al., 2003; Grimm et al., 2008), often with the express purpose of attracting birds and

insects to their gardens (Garbuzov and Ratnieks, 2014). Rural areas are also under anthro-

pogenic pressures that impact biodiversity (Maestas et al., 2003), yet these pressures are

often markedly different from those applied to suburban areas.

Compared to the effects of urbanization on bird, insect, and plant diversity, we under-

stand little about the consequences of urbanization on plant and animal associated micro-

bial diversity. Studies on leaf associated microbiomes reveal varied effects of urbanization.

Researchers detected an increase in species richness (alpha diversity) and turnover (beta

diversity) for leaf associated microbiomes of several plant species in urban compared to

non-urban environments (Laforest-Lapointe et al., 2017; Smets et al., 2016), while a sep-

arate study identified decreased richness and species turnover for urban compared to non-

urban trees (Jumpponen and Jones, 2010). Urbanization was also linked to higher species

richness and turnover in bird gut microbiomes (Phillips et al., 2018). For flowering plants

that produce nectar as a reward to attract animal pollinators, the microbial community that

forms in the nectar links plant and animal associated microbiomes. Birds and insects vec-

tor microorganisms to floral nectar during visitation (Brysch-Herzberg, 2004; Herrera et al.,
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2010; Belisle et al., 2012; Jacquemyn et al., 2013; Schaeffer and Irwin, 2014; Vannette and

Fukami, 2017; Morris et al., 2020). Since these microorganisms can play key roles in me-

diating plant-pollinator interactions (Vannette et al., 2013; Good et al., 2014; Schaeffer and

Irwin, 2014) and may spill over from gardens into natural plant communities, it is important

to understand if these microbial communities follow the same diversity trends observed for

certain plant and pollinator communities in urbanized compared to non-urban settings.

Floral visitors, such as nectar-feeding birds and insects, disperse microorganisms across

flowers and sugar-water feeders during visitation, thereby linking these individual micro-

bial communities together into a metacommunity (Leibold et al., 2004). Metacommunity

diversity arises from the interplay of regional processes, like dispersal, and local drivers,

such as habitat type. (Ricklefs, 1987; Leibold et al., 2004). Dispersal is essential for mi-

croorganisms to reach potentially suitable floral nectar sites, which may cause nectar micro-

bial metacommunities to mirror the microbial compositional and diversity patterns carried

by the animal dispersal agents. As previous work identified increased species turnover (beta

diversity) of urban compared to rural gut microbiota of sparrows (Phillips et al., 2018), it

is possible that, compared to rural birds, suburban birds may carry and therefore vector a

wider variety of microorganisms to floral nectar. Yet, as flowering plants and sugar-water

feeders attract bird and insect visitors, this may lead to increased visitation and a higher

dispersal rate in suburban compared to rural environments. An increased dispersal rate

may counteract variability that might otherwise be introduced by birds. This is because

high dispersal is expected to lead to biotic homogenization of the communities (Kneitel

and Miller, 2003; McKinney, 2006; Mouquet and Loreau, 2003), but also see Vannette and

Fukami 2017 for increased dispersal leading to increased species turnover). If dispersal is

not sufficiently high to homogenize the communities, local processes should also contribute

to shaping metacommunity diversity.
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Species sorting is one paradigm commonly invoked to explain metacommunity diver-

sity. It posits that certain habitat types are better suited for specific species (Leibold et al.,

2004). This may mean that floral nectar selects for specific microorganisms from the larger

microbial pool carried by the bird and insect dispersers. If this occurs, floral nectar may

select for similar microbial community composition and diversity, thereby filtering out

variation in microbial composition that animal vectors may carry in suburban and rural

areas. Indeed, previous studies in the northern hemisphere identified that only subsets of

fungal and bacterial taxa vectored by floral visitors established in floral nectar (Herrera

et al., 2010; Vannette and Fukami, 2017). However, it remains unclear whether urban-

ization introduces additional microorganisms physiologically suited to survive and thrive

in nectar. Additionally, microbial taxa may also sort across different floral plant species

and sugar water feeders. Recent work has demonstrated that nectar microbial communities

can be host-plant specific (Fridman et al., 2012; Canto et al., 2017; von Arx et al., 2019),

and sugar-water feeders can host microbial communities distinct from those found in nec-

tar (Lee et al., 2019), indicating that nectar microorganisms may exhibit species sorting

amongst habitat patches of plant species and sugar-water feeders. Association of specific

microbes with different plant species and sugar-water feeders should increase the micro-

bial species turnover across (beta diversity) microbial communities hosted by flowers. Yet

whether the microbial species pool along with the outcomes of animal vectored microbial

dispersal and microbial species sorting across floral species and sugar-water feeders differ

between suburban and rural environments remains unknown. Thus, there is need to resolve

the impacts of urbanization on nectar microbial metacommunity composition and diversity.

In this study, we asked how urbanization shapes fungal and bacterial metacommuni-

ties found across four plant species and sugar-water feeders in and around Auckland, New

Zealand. Differences in microbial metacommunity composition and diversity between sub-
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urban and rural areas may reflect several underlying processes, such as differences in the

species pools being dispersed and/or species sorting across different floral species and

sugar-water feeders. We addressed the following two main questions. 1) Do dispersal

differences between suburban and rural sites shape nectar microbial metacommunity di-

versity? To address this question, we split it up into two parts. We first characterized the

microbial community composition and diversity carried by nectar-feeding birds – the dis-

persal agents – in suburban and rural habitats. With the expectation that due to more varied

resources and higher habitat heterogeneity in suburban compared to rural areas, suburban

birds would host compositionally different microbial communities that have higher species

richness (alpha diversity) and were more variable (higher beta diversity) than those car-

ried by rural birds. Second, we asked if the nectar microbial composition and diversity

mirrors the compositional and diversity patterns found on the birds, or if nectar acts as a

filter to select for similar composition and diversity across suburban and rural sites. To

test this question, we focused on the nectar microbial communities of two plant species

that are commonly found in both suburban and rural sites, which allowed us to control for

host-plant species effects. 2) Does microbial species sorting across different hosts – flo-

ral plant species and sugar-water feeders – drive microbial metacommunity composition

and diversity? As microbial community composition may be specific to plant species and

sugar-water feeders, we expected additional plant species and sugar-water feeders present

at suburban sites to result in compositional differences and an increase in alpha and beta

diverstiy.
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3.3 Methods

3.3.1 Site selection

We conducted this study at 11 private properties within the Auckland Region of New

Zealand. Of these properties, eight were within the urban boundary, as designated in the

Auckland Unitary Plan, and three were rural (Fig. 3.1). The suburban sites were represen-

tative of residential properties located in the central Auckland suburbs, all consisting of a

stand-alone house and garden/backyard area and were selected from a pool of 30 proper-

ties volunteering to be part of a larger study of urban bird ecology. The rural sites were

primarily farmland and were private properties of volunteers located to the north of the

urban boundary. These properties ranged in size from 2.5–28 ha, all consisting of a main

building, garden area, and varying tree and shrub cover over the rest of the property. Pas-

ture made up a large proportion of land cover at two of the rural properties, whereas the

other was predominantly covered in regenerating vegetation as part of a restoration project.

However, the properties adjacent to this site were primarily pasture. Thus, all three rural

sites were representative of the typical rural habitat matrix in northern Auckland. In addi-

tion to differences in land use, population density within the urban boundary (Fig. 3.1 blue

shading) is 1,346 people/km2 compared to 27 people/km2 in the rural area of the Auckland

region (Stats NZ, 2018).

3.3.2 Natural history and study system

Of the limited pool of nectar-feeding bird species – and therefore nectar microbial disper-

sal agents – in mainland Auckland, we selected three focal species for this study, which

were expected to have sufficient capture rates in the field: tui (Prosthemadera novaesee-

landiae), silvereye (Zosterops lateralis), and house sparrow (Passer domesticus). Of these
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Figure 3.1 : Map of study sites in the Auckland Region of New Zealand. The eight urban
sites (black points) are within the urban boundary (blue shading) as designated by the
Auckland Unitary Plan (Stats NZ, 2017), and the three rural sites (gray points) are outside
of this boundary. Inset shows the approximate location within the New Zealand.
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species, the tui and silvereye are native to New Zealand, and the house sparrow was intro-

duced in the mid-1800s (Thomson, 2011). Excluding flower predators, there are two other

introduced bird species in the study region known to regularly feed on nectar: common

myna (Acridotheres tristis), and common starling (Sturnus vulgaris), both of which were

introduced to New Zealand, yet were captured in low abundances (2 common myna and 0

common starlings).

Nectar producing plant species were flowering at eight of the sites and sugar-water bird

feeders were present at two of these sites. Two plant species, Harakeke – New Zealand flax

– (Phormium tenax) and bottlebrush (Callistemon sp.), were present at both suburban and

rural properties. Frangipani (Hymenosporum flavum), pōhutukawa (Metrosideros excelsa),

and sugar-water bird feeders were present only at the suburban sites. Of these four plant

species, harakeke and pōhutukawa are native to New Zealand, while frangipani and bot-

tlebrush are introduced species. These plant species all produce nectar and are visited by

birds and insects.

3.3.3 Microbial sampling

To characterize the microbial species pools potentially being dispersed to flowers and

sugar-water feeders in suburban and rural sites, we sampled the microbial communities

carried by nectar-feeding birds at all eleven properties from 9 December 2018 to 8 Jan-

uary 2019. We captured birds using mist nets for 1–3 days at each property (total mist

netting effort = 16 days; urban = 10; rural = 6), depending on capture rates and weather

conditions. We used 12 mm mesh mist nets (Ecotone, Gdańsk, Poland) to catch birds from

07:30–17:30, with total net length used at each property constrained by available space.

Birds were extracted from mist nets and placed in clean cotton holding bags for process-

ing. Bags were washed with Trigene® (MediChem International, Kent, UK) between uses
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to minimise cross-contamination of microbial sampling. Bill microbial samples – hereafter

mouthwashes – were taken preferentially, before all other processing. Birds were allowed

to drink from 20% sterile sucrose (w/v) solution to sample the microbial community present

on their bills and tongues. Tubes were sealed, stored on ice in a cooler in the field, and then

at -20 °C until DNA extraction. Individual birds were banded with numbered steel bands

(New Zealand Department of Conservation banding scheme) to prevent re-sampling. In to-

tal, we captured and collected mouthwashes from 120 nectar-feeding birds (58 silvereyes,

49 sparrows, and 13 tui) across the urban (N = 63) and rural (N = 54) properties. Sampling

techniques were approved by the University of Auckland Animal Ethics Committee and

the Department of Conservation wildlife permit (69319-FAU).

To determine nectar microbial metacommunity composition and diversity at suburban

and rural sites, we collected nectar from plant species and sugar-water feeders present at

eight properties (three suburban properties did not have flowering plants during our sam-

pling) during our 5-week sampling period of December 2018 to January 2019. When pos-

sible, we collected nectar from eight flowers from three individual plants of each species

present at each site. This resulted in a total of 215 nectar samples from suburban (N =

71) and rural (N = 144) sites. Nectar was extracted from flowers using a sterile pipette tip

and placed in a sterile PCR tube. When the extracted nectar was less than ca. 50 µL, we

washed the nectary with sterile water. When sugar-water feeders were present at a property,

we collected three 1 mL samples from each feeder using a sterile pipette.

In addition to the nectar, sugar-water, and mouthwash samples, we included eight

mouthwash solution samples that had not been fed to birds and five samples of the wa-

ter used to wash the nectary as controls for background contamination. All samples were

stored at -20 °C prior to DNA extraction.
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3.3.4 DNA extraction, PCR amplification, sequencing, and bioinformatic processing

We characterized microbial communities from bird mouthwash nectar and sugar-water

feeder samples with community metabarcoding. Specifically, total gDNA extracts were

prepared by incubating nectar and sugar-water feeder (10 µL) and bird mouthwash (50 µL)

samples with 0.5U/µL zymolyase enzyme (Zymo Research, Irvine, CA) for 30 minutes at

30 °C followed by an inactivation stage of 60 °C for five minutes and heat lysis at 95 °C

for five minutes. gDNA template (1 µL) per sample was used in a duplexed amplicon PCR

approach (Podolyan unpublished), simultaneously targeting the bacterial 16S ribosomal

DNA and fungal internal transcribed spacer 1 (ITS1) region using specific primer pairs,

515f (5’ - GTG YCA GCM GCC GCG GTA A -3’) 806rB (5’- GGA CTA CNV GGG

TWT CTA AT -3’) (Caporaso et al., 2012) and ITS1F KYO1 (5’- CTH GGT CAT TTA

GAG GAA STA A -3’) (Tanabe and Toju, 2013), respectively. We also included 23 PCR

negative controls. Each forward and reverse primer included 3-6mer N spacer for increased

barcode base diversity (Lundberg et al., 2013) and an Illumina sequencing primer region

(forward, (5’- TCG TCG GCA GCG TCA GAT GTG TAT AAG AGA CAG-3’); reverse,

(5’- GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA G -3’), as described

previously (Toju et al., 2018). We performed duplex PCR using the Kapa 3G Plant Taq

Polymerase Mastermix with temperature profile of 95 °C for two minutes followed by 32

cycles of 95 °C for 20 seconds, 50 °C for 20 seconds, and 72 °C for 30 seconds with a final

extension step at 72 °C for one minute. We added P5/P7 Illumina adapters and 8-mer tags

in a subsequent PCR using fusion primers (Hamady et al., 2008). Combinations of forward

and reverse 8-mer tags were used for sample identification in downstream demultiplexing.

The temperature profile was 95 °C for two minutes followed by eight cycles of 95 °C for

20 seconds, 50 °C for 20 seconds, and 72 °C for 30 seconds with a final extension step of

72 °C for two minutes. The PCR amplicons of the samples were pooled with equal vol-
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ume after a purification and equalization process with Thermo Scientific Serra-Mag beads

solution (Fremont, California, U.S.A.) (Rohland and Reich, 2012). We assessed fragment

distribution of the pooled library via High-sensitivity DNA assay on the bioanalyzer and

sequenced the library using the Illumina MiSeq platform of the Auckland Genomics facil-

ity at the University of Auckland (2 x 250 cycle sequencing kit) with 10% PhiX spike-in.

We used a bioinformatics pipeline to process the Illumina sequencing data. Briefly, we

converted the raw bcl files to fastq using Illumina’s bcl2fastq (v2.20) tool, demultiplexed

the reads by forward and reverse index combinations and target primer sequences using

clsplitseq script (Claident v0.2.2018.05.29). Forward and reverse sequences from each

sample were merged using PEAR (Zhang et al., 2014) and filtered using clfilterseq script

(Claident) (Tanabe and Toju, 2013). Clustering was performed and chimeric reads were

removed using reference based Vsearch (Rognes et al., 2016) as implemented in Claident.

Taxonomic assignment was assigned using the RDP classifier (Wang et al., 2007) trained

on the 16S rRNA training set 16 and the Warcup Fungal ITS database for fungi (Deshpande

et al., 2016) with a bootstrap cutoff of 80%.

We joined this resulting data matrix depicting samples in rows and operational taxo-

nomic units (OTUs) in columns (sample x OTU matrix) with sample metadata, and OTU

taxonomic classification in the R-package phyloseq v.1.3 (McMurdie and Holmes, 2013).

We used the R-package decontam (Davis et al., 2017) to statistically evaluate the preva-

lence of contaminated OTUs from the dataset in the negative controls (sugar-water and

water samples and PCR controls) based on the proportional abundance of reads with a

threshold of 0.5. OTUs identified with this method and OTUs with fewer than 10 sequenc-

ing reads were removed from the dataset to minimize the possibility of reads containing

sequencing errors. OTUs identified as chloroplasts and cyanobacteria were also removed.

This resulted in 1 889 369 bacterial sequences corresponding to 914 taxa that were recov-
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ered from 117 avian, five sugar-water feeder, and 196 floral nectar samples, and 176 319

fungal sequences corresponding to 154 taxa from 89 avian, one sugar-water feeder, and

48 floral nectar samples. During during normalization and ordination, thirteen outliers,

which prevented the normalization process from completing or prevented ordination from

converging, were detected in the fungal dataset and were excluded.

3.3.5 Dispersal differences

To address whether suburban birds host compositionally different, more variable, and richer

microbial communities compared to those hosted by rural birds, we characterized the mi-

crobial community composition and alpha and beta diversity carried by suburban and rural

birds. Prior to our analyses of community composition and beta diversity, we normalized

OTU counts using the geometric mean of pairwise ratios method, which was developed

specifically for zero-inflated sequencing data (Chen et al., 2018). Following this trans-

formation, we used non-metric multidimensional scaling (NMDS) in three dimensions for

bacterial communities and two dimensions for fungal communities with Bray-Curtis dis-

tances to visualize differences between microbial communities in urban and rural settings.

We selected three dimensions for the visualization of the bacterial communities, as it re-

duced the stress of the ordination below .2, giving a more faithful representation of the rela-

tionship across communities. We used permutational analysis of variance (PERMANOVA)

to determine differences in microbial community composition due to suburban/rural con-

text. We characterized microbial alpha diversity using the Chao1 diversity index, which

estimates the number of taxa present within sample, and beta diversity as the distance of

each community within a sample the group centroid (with group being rural or suburban).

Prior to fitting linear mixed effect models, we log-transformed the Chao1 diversity esti-

mates. We tested for differences in alpha and beta diversity between rural and suburban
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metacommunities using linear mixed effects models. We also fit a null model with only

location-to-location variance. We calculated the likelihood ratios of these two nested mod-

els and used a χ2 test to determine whether including the rural/suburban context improved

our model fit and understanding of the microbial species richness and community variabil-

ity carried by suburban and rural birds.

As previous studies have indicated that host identity can be important in shaping nectar

microbial composition and diversity, we focused the next part of our analyses on nectar

from harakeke and bottlebrush samples, which were collected from both suburban and ru-

ral sites. To determine whether nectar microbial metacommunities mirror the microbial

compositional and diversity patterns carried by birds or if nectar acts as a filter to select for

similar composition and diversity across suburban and rural sites, we again visualized the

microbial communities using ordination and tested for differences in composition between

suburban and rural groups using a PERMANOVA and alpha and beta diversity using linear

mixed effects models. We modeled the alpha and beta diversities of harakeke and bottle-

brush nectar samples separately, and because bottlebrush samples were only collected from

two rural and one suburban site, we used a linear model instead of a linear mixed effects

model. We fit null models with only location-to-location variance for harakake and an in-

tercept only model for bottlebrush and each of the two diversity measures, and used a χ2

test to compare these models. Linear mixed effects modelling relied on the R-package lme4

(Bates et al., 2015), Chao1 alpha diversity indices were caluclated in the R-package phy-

loseq, and NMDS, PERMANOVA, and beta diversity analyses all relied on the R-package

vegan (Oksanen et al., 2019) v.2.5-6.
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3.3.6 Microbial species sorting

To determine if microbial species sorting across plant taxa and sugar-water feeders drives

differences in metacommunity composition and beta diversity, we visualized microbial

communities from the four plant species and sugar-water feeders, used PERMANOVA to

determine if microbial metacommunity composition responded to host identity across rural

and suburban sites. We calculated the Chao1 alpha diversity index for each host identity

(plant species and sugar-water feeder) within each environmental context (rural/suburban)

and the distance to centroid for each of the hosts within their suburban or rural group. We

then tested for differences in alpha and beta diversity of microbial communities across hosts

in suburban and rural sites using ANOVAs and Tukey post-hoc tests.

3.3.7 Microbial compositional differences across birds, plants, and sugar-water feed-

ers

To identify differences in composition across host species and sugar-water feeders, we char-

acterized the taxonomic composition within microbial communities carried by the three

bird species, four host plant species, and sugar-water feeders by pooling all samples by host

identity (e.g., all samples collected from harakeke nectar were combined). We converted

the sequence counts to relative abundance within phyloseq, and considered any genera that

comprised less than 10% of the total relative abundance across all host types to be low

abundance.
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3.4 Results

3.4.1 Dispersal differences

Suburban birds host different and more diverse microbial communities than do rural

birds

Compared to rural birds, suburban birds hosted different bacterial and fungal community

compositions (Fig. 3.2 a, fungal: F = 3.616, R2 = 0.041, p = 0.002; d, g, j, bacteria:

F = 4.9735, R2 = 0.04146, p = 0.001). Alpha and beta diversity of bacterial and fungal

communities differed in their responses to suburban and rural bird hosts. Suburban bac-

terial communities hosted by birds had higher species turnover (beta diversity) across the

communities compared to those hosted by rural birds (Fig. 3.3a χ2 = 7.6106, df = 1, p

= 0.0058). However, bacterial species richness (alpha diversity) was similar between the

suburban and rural bird-associated microbial communities (Fig. 3.3c χ2 = 1.9209, df = 1, p

= 0.1658). Suburban fungal communities hosted by birds had higher species richness com-

pared to communities hosted by rural birds (Fig. 3.3d, χ2 = 4.1538, df = 1, p = 0.0415), yet

species turnover was similar across communities hosted by suburban and rural birds (Fig.

3.3b, χ2 = 3.0627, df = 1, p = 0.0801).

Nectar acts as a filter

Despite clear differences in composition and diversity in the microbial communities carried

by suburban and rural birds, nectar microbial composition of harakeke and bottlebrush

nectars were compositionally similar across suburban and rural sites (Fig. 3.2 b, fungal: R2

= 0.06097, p = 1; e, h, k, bacterial: F = 1.5644, R2 = 0.00862, p = 0.066). Additionally,

comparing microbial species richness and turnover between rural and suburban sites, we

did not detect any strong differences in bottlebrush or harakeke nectars (Fig. 3.3e-k p
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Figure 3.2 : NMDS ordiantion of fungal (a-c) and bacterial (d-l) metacommunities. The
first vertical panel (a, d, g, j) depicts bird-associated microbial communities. The sec-
ond vertical panel (b, e, h, k) shows the harakeke and bottlebrush microbial communities,
which were used to determine if nectar microbial communities mirror the composition and
diversity found on birds or act as a filter. The third vertical panel (c, f, i, l) depicts the
communities hosted by different floral plant species and sugar-water feeders within rural
(R: light colours) and suburban (S: dark colours) locations, which were used to determine
if microbial taxa sorted across host types. We used Bray-Curtis dissimilarities and three
dimensions for bacterial communities and two dimensions for fungal communities. We in-
cluded 95% ellipses when the community composition was significantly different between
rural and suburban groups.
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Figure 3.3 : Bacterial and fungal beta and alpha diversities for bird, bottlebrush, and
harakeke samples at rural and suburban sites.

> 0.05), with the exception of fungal alpha diversity of harakeke nectar being higher in

suburban compared to rural harakeke nectar samples (Fig. 3.3l, χ2 = 6.7581, df = 1, p =

0.0093).

3.4.2 Microbial species sorting

We found that host identity was an important predictor of bacterial composition (Fig. 3.2f,

i, l PERMANOVA bacteria: F = 3.0684, R2 = 0.08667, p = 0.001), but not fungal compo-

sition (Fig. 3.2c PERMANOVA fungal: F = 1.3597, R2 = 0.173, p = 0.264). Beta diversity

differed across bacterial nectar communities (Fig. C.1 χ2 = 39.756, df = 4, p <0.001) from

host plants and sugar-water feeders in suburban compared to rural sites, but did not differ
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across fungal nectar communities (Fig. C.1 χ2 = 1.35, df = 4, p = 0.8527). These differ-

ences in beta diversity were driven by suburban sugar-water feeder, pōhutukawa and bot-

tlebrush samples having higher beta diverstiy than suburban harakeke samples (Fig. 3.4 c).

Rural bottlebrush samples also had higher beta diversity when compared to rural harakeke

samples (Fig. 3.4a). Alpha diversity of fungal and bacterial communities were similar

across sugar-water feeders and plant species (Fig. 3.4f, g, h), with one exception. Rural

harakeke nectar samples hosted higher bacterial species richness than did rural bottlebrush

nectar samples (Fig. 3.4e, Tukey post-hoc p < 0.05).

3.4.3 Microbial compositional differences across birds, plants, and sugar-water feed-

ers

Floral nectar, sugar-water feeders, and birds all hosted Sphingomonas and Raoutella in

relatively high abundance. Sugar-water feeders, frangipani, and pōhutukawa hosted higher

abundances of specific bacterial taxa (Pantoea, Luteibacter, Leptobacterium, Caldisericum,

and Asaia) than did bottlebrush or harakeke nectar samples (Fig. 3), indicating that these

are likely the taxa underlying the increase in bacterial beta diversity between suburban and

rural sites. Notably, the fungal taxa Kabatiella dominated the sugar-water feeder sample,

and was also found across nectar and bird samples in both suburban and rural environ-

ments. Suburban harkeke and bird samples hosted Candida, Rhodoporidium, Hanaella,

Exophiala, Cystofiliobasidium and Pseudozyma, all of which likely account for the increase

in fungal species richness in these suburban samples. Low-abundance bacterial and fungal

taxa were common across samples from all hosts. Birds also hosted fungal and bacterial

taxa that were not commonly seen in nectar samples.
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Figure 3.4 : Bacterial and fungal beta and alpha diversities for sugar-water feeders, frangi-
pani, pōhutukawa, bottlebrush, and harakeke nectar samples at rural and suburban sites.
Letters denote Tukey post-hoc significance p < 0.05.
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Figure 3.5 : Relative abundance of fungal and bacterial genera that were greater than 10%
of the total abundance across feeders, frangipani, pōhutukawa, bottlebrush, harakeke, tui,
silvereye, and sparrow. Genera that were < 10% of the total relative abundance are grouped
as low abundance. Genera are shown in different colours, note that colours repeat across
fungal and bacterial groupings.
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3.5 Discussion

As nectar microorganisms can play key roles in mediating plant-pollinator interactions,

understanding how urbanization affects nectar microbial metacommunity diversity is im-

portant. We asked if nectar microbial composition and diversity mirrors the patterns found

on avian disperses and if microbial species sort across floral taxa and sugar-water feeders

in suburban and rural sites shapes microrobial metacommunity composition and diversity.

Our results showed that while suburban birds hosted different and more diverse microbial

communities than rural birds did, nectar microbial communities in general did not mirror

these microbial compositional and diversity patterns carried by these dispersal agents. This

suggests that nectar can act as a strong filter, selecting for compositionally similar microbial

communities across suburban and rural sites. Bacterial beta diversity of nectar and sugar-

water feeders was elevated in suburban compared to rural sites, while fungal beta diversity

of these samples was similar across site types. Additional nectar resources at suburban

sites (pōhutukawa and sugar-water feeders) contributed to the increased suburban bacterial

beta diversity. However, rural bottlebrush nectar samples had higher bacterial beta diver-

sity than rural harakeke nectar samples, indicating that host types, rather than urbanization

alone, drives the increase in beta diversity. Placing these results in the broader context of

ongoing urbanization, it is likely that increased nectar-producing plant diversity may coin-

cide with increased nectar microbial beta diversity due to microbial species sorting across

plant species.

Urbanization can have varied impacts on plant, animal and microbial diversity, and our

findings of varied responses of bird-associated and nectar-associated microbial diversity

contribute to understanding the underlying drivers of microbial diversity. Previous studies

identified homogenization of dust and animal-associated bacterial communities (Barberán

et al., 2015; Barnes et al., 2020) in urban compared to rural environments. However, similar



79

to a previous study that identified increased species turnover of avian gut microbiomes in

urbanized compared to rural areas (Phillips et al., 2018), we found bacterial communities

carried by suburban birds were more variable than those carried by rural birds. Despite

suburban birds hosting more variable bacterial communities and richer fungal communi-

ties than rural birds did, the nectar microbial communities across surburban and rural sites

generally did not mirror the diversity of these bird associated communities, suggesting that

nectar can act as a strong filter. This result supports previous findings of nectar as an envi-

ronmental filter, selecting for specific fungal (Herrera et al., 2010) and bacterial (Vannette

and Fukami, 2017) taxa from the larger microbial species pool carried by floral visitors,

such as birds and bees. This environmental filtering may be due to high osmotic pres-

sure, low nitrogen, and various antimicrobial compounds in nectar (Roy et al., 2017), all

of which may select for a specific subset of fungal and bacterial taxa able to physiologi-

cally tolerate and grow under these conditions. Additionally, as bottlebrush and harakeke

nectars in suburban and rural sites hosted similar communities, our findings suggests that

nectar inhabiting micoorganisms represent a consistent subset of microbial taxa across both

suburban and rural environments.

One notable exception to the general similarities in diversities between shared host taxa

in suburban and rural sites, was the elevated fungal species richness in suburban harakeke

nectar, which mirrored the elevated fungal richness found on suburban birds. Consider-

ing the taxonomic composition of harakeke suburban and rural communities, this differ-

ence appears to be driven by the presence of Candida and Rhodoporidium taxa, which are

found both in suburban harakeke nectar and bird samples. While certain Candida yeast

species can be human pathogens, other species are readily isolated from insects, flowers,

and floral nectar (Lachance et al., 1998; Manson et al., 2007; Belisle et al., 2012). Addi-

tionally, the fungal genera Hanaella, Exophiala, Cystofiliobasidium and Pseudozyma were
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predominately found on suburban birds, likely accounting for the observed increase in fun-

gal richness. All four of these genera are basidiomycetous yeasts and have previously been

isolated from plants and birds. Hanaella spp. have previously been identified from plants

(Surussawadee et al., 2015; Kaewwichian et al., 2015) and butterflies (Lin et al., 2018) in

Asia, as well as nectar-feeding birds in Central America (Belisle et al., 2014). Exophiala

spp. have previously been isolated from plants and frugivorous bird faeces (Sudhadham

et al., 2008), and Exophiala dermatitidis is considered pathogenic in humans (Kirchhoff

et al., 2019). Cystofiliobasidium and Pseudozyma spp. have been isolated from floral nec-

tar (Mittelbach et al., 2015), butterflies (Lin et al., 2018), and nectar-feeding birds (Belisle

et al., 2014) These additional basidiomycetous yeast taxa present in the suburban sites may

be supported there by additional floral and faunal host species not present at the rural sites.

Microbial species sorting across different host types has been identified across a wide

range of host species (Cleary et al., 2019; Osman et al., 2020; Schnitzer and Klironomos,

2011; Engel et al., 2018) and can be important driver of beta diversity within metacom-

munities (Leibold et al., 2004). Our findings that bacterial communities associate with

specific plant hosts and sugar-water feeders and have increased nectar bacterial metacom-

munity beta diversity in suburban compared to rural sites is aligned with the predictions of

the species sorting paradigm. As we did not see a change in the beta diversities of harakake

or bottlebrush bacterial metacommunities between suburban and rural sites, this suggests

that microbial dispersal occurred at similar rates in suburban and urban sites. If dispersal

rates had differed, a corresponding shift in beta diversity would be expected to materialize –

with increased beta diversity following a decrease in dispersal and decreased beta diversity

coinciding with an increase in dispersal. Following this vein of reasoning, this suggests

that bird visitation occurs at similar rates to bottlebrush and harakeke in both suburban and

rural sites and/or that microbial dispersal is not affected by urbanization, and that differ-
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ences in beta diversity are due to microbial species sorting across host types, rather than

dispersal limitation. Our observations of bacterial species sorting across floral plant species

and sugar-water feeders are in agreement with previous studies on neotropical (Canto et al.,

2017), temperate (Fridman et al., 2012), and desert plant species (von Arx et al., 2019), as

well as on sugar-water bird feeders (Lee et al., 2019) that have also identified host-specific

microbial communities, and more broadly with studies on bacterial taxa sorting across dif-

ferent lakes (Van der Gucht et al., 2007) and plant species sorting across coastal dunes

(Brunbjerg et al., 2012). Microbial species sorting may be driven by nectar characteristics

of different plant species, which likely vary in their sugar concentrations and secondary

metabolites that may function as antimicrobial compounds (Roy et al., 2017). Experimen-

tal studies are necessary to determine which aspects of nectar act as selecting agents on

the microbial communities are necessary. Additionally, microbe-microbe interactions may

also result in the observed community patterns. Previous studies have identified exclusion

and signals of facilitation of microbial taxa following the early arrival of another microor-

ganism (i.e., priority effects) (Tucker and Fukami, 2014; Vannette and Fukami, 2014; Tsuji

and Fukami, 2018), which would also serve to select for specific microbial communities.

We detected varied relative abundances of specific bacteria genera across plant species

and sugar-water feeders that likely underlie the higher beta diversity in suburban compared

to the rural sites. Specifically, we identified higher relative abundance of the bacterial

genera Pantoea, Luteibacter, Leptobacterium, Caldisericum, and Asaia in the pōhutukawa,

frangipani, and sugar-water feeder samples from suburban sites compared to nectar samples

from rural sites. Pantoea species have been identified previously from floral nectar samples

(Álvarez-Pérez et al., 2012; Samuni-Blank et al., 2014). Pantoea agglomerans was recently

shown to emit volatiles that in field experiments increased plant seed set, suggesting that

this bacteria is attractive to pollinators (Farré-Armengol and Junker, 2019); however, its
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function in sugar-water feeders is currently unexplored. Asaia bacteria were found in high

relative abundance from pōhutuaka nectar samples compared to samples from the other

hosts. These bacteria are in the acetic acid family and have been associated with reduced

pH in sugar-water feeders (Lee et al., 2019). Hummingbirds have been shown to consume

less nectar when the pH is low with negative consequences for plant seed set (Vannette

et al., 2013), and these findings may extend to this plant-pollinator system. Lutibacter has

been associated with Varroa mites (Hubert et al., 2015), and the presence of this genus

may serve as an indication for bee visitation, yet this genus was also identified from bird

samples.

We did not detect common bird pathogens, such as Salmonella, Chlamydophila, or As-

pergillus in sugar-water feeders, which suggests that these feeders may not harbor avian

diseases. However, the fungal plant pathogen Kabitella dominated sugar-water feeders. Its

presence in feeders may result in increased dispersal opportunity, and thus disease spread.

Yet, we add a note of caution to this interpretation as following post-processing for fungal

taxa only a single sugar-water feeder sample remained. To our knowledge, our study is the

first to characterize microbial communities across floral nectar, sugar-water feeders, and

birds in the southern hemisphere. Notably, we did not detect high relative abundance of

the bacterial genus Acinetobacter nor of the fungal genus Metschnikowia, which are com-

monly described from floral nectar samples in the northern hemisphere (Belisle et al., 2012;

Fridman et al., 2012; Álvarez-Pérez et al., 2012; Jacquemyn et al., 2013; Álvarez-Pérez and

Herrera, 2013; Vannette and Fukami, 2017), suggesting there may be biogeographical pat-

terns of nectar microbial diversity.

As with any observational study, we interpret our results with respect to several caveats

and limitations. First, we focused on nectar-feeding birds as dispersal agents, as they are

an important guild of pollinators in New Zealand (Anderson, 2003). However, insects are
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also key pollinators and visit all of the flowering plants in this study. While we did not sam-

ple the microbial communities carried by insects, it is possible that they differ from those

carried by birds (Morris et al., 2020) and constitute part of the larger dispersing species

pool that was not considered within this study. Including insect-vectored microbes could

increase overall taxonomic richness, but would likely not change our findings regarding

nectar microbial metacommunity composition and species turnover, as any insect-vectored

microbes are currently included within samples from floral nectar and sugar-water feed-

ers. Second, our sampling of the nectar microbial communities was limited to three rural

sites and five suburban sites. Future research should expand data collection to include

to multiple cities and their adjoining suburban and rural areas to determine how gener-

ally these findings apply. It would also be particularly useful to expand data collection on

nectar microbial communities in the southern hemisphere to understand whether the bio-

geographical patterns of potentially restricted ranges observed here hold. Finally, our study

focused on characterizing taxonomic diversity, yet taxonomic diversity often does not cor-

relate with functional diversity (Gilbert et al., 2010; Widder et al., 2016). Characterization

of the microbial functional diversity could yield new insights into how nectar microbial

metacommunity diversity influences plant-pollinator interactions.

3.6 Conclusions

In summary, we show that plant species and sugar-water feeders harbor specific consortia of

bacteria, and additional plant species and sugar-water feeders drives the increased species

turnover across the nectar bacterial metacommunity in suburban compared to rural envi-

ronments. While we detected microorganisms that can influence plant attractiveness, the

consequences of this increased bacterial beta diversity in suburban areas on plant-pollinator

interactions remain unknown. Considering that nectar microorganisms can mediate plant-
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pollinator interactions in light of the recent finding that pollinator-dependent plants in ur-

banized areas experience the greatest pollen limitation globally (Bennett et al., 2020), future

work on the impacts of nectar microorganisms on pollination in urbanized areas is likely an

important line of inquiry. Effects of urbanization on biodiversity can vary based on the tax-

onomic groups considered and human decisions, such as selecting diverse plants for urban

gardens and provisioning birds with sugar-water feeders, can have cascading consequences

on nectar microbial diversity.
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Appendix A

Supplementary Materials

S1 Methods

Additional details of the methods.

Statistical analysis of individual-level vital rates The following estimates of individual-

level vital rates were based on data from 12 census plants per plot per year (4 census plants

in each of three sub-plots per plot). For the analyses that follow, we pooled data across

sub-plots within plots and did not explicitly model variation at the sub-plot level. In all

cases, these were fit as fixed effects. Priors for random effects ε jk, specific to each vital

rate, population, and year, were drawn from a Normal distribution with mean zero and vari-

ance σ2. Year was denoted as k. In all cases, population j was associated with precipitation

treatment l; when j is denoted, l is implied. Year, population, and precipitation treatment

were denoted as subscripts. Also, for readability, we drop the sub-script notation for year

(k) and precipitation treatment (l) in the presentation of the models.

Survival Individual survival of A. hyemalis of known symbiont status yso was mod-

eled as a Bernoulli process. For plants of known symbiont status m (assigned based on

seed or tiller scoring), survival of individual i with symbiont status m (i(m)) in plot j was

modeled as:
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yso
i(m) jk ∼ Bernoulli(pso

jkm), (A.1)

logit(pso
jkm) = µ

s
mlk + ε

s
jk (A.2)

We included a population and year specific random effect (εs
jk) to reflect population-to-

population heterogeneity in survival for a given year. For individuals of unknown sym-

biont status, we applied a weighted mean of E+ and E− survival rates based on population

prevalence estimates. Given Nu
jk individuals of unknown symbiont status in population j,

the number of these that survived to the following year (ysu
jk) was binomially distributed

according to:

ysu
jk ∼ Binomial(psu

jk,N
u
jk), (A.3)

where psu
jk is the survival probability of unscored plants in population j. We defined this

probability by weighting µ
sk
mlk according to the estimated symbiont prevalence in population

j, p+jk:

logit(psu
jk) = µ

s
+lk ∗ p̃+jk +µ

s
−lk ∗ (1− p̃+jk)+ ε

s
jk, (A.4)

where µs
+lk and µs

−lk give the survival rates of E+ and E− plants, respectively, on the logit

scale, and the population and year specific random effect (εs
jk) is applied as above. The logic

of this approach is that, as population prevalence approaches 100% (or 0%) symbiotic, the

mean survival rate of unscored plants should approach the E+ (or E−) rate. For mixed

populations, the mean survival rate of unscored plants should be given by the weighted

mean of the two, assuming that symbiont-specific vital rate processes do not depend on

the symbiont prevalence of the population (i.e., no frequency dependence). The weighted

mean relies of prevalence estimates ( p̃+jk) that were adjusted from the base estimates (p+jk) to
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account for known-status individuals. Consider a population with p+jk = 0.5. The expected

composition of 12 census plants in this population is six E+ and six E−. If six of 12 census

plants were scored as E+ and the remaining six were unscored, the expected symbiont

prevalence in the remaining six plants is p̃+jk = 0, since the expected 6-out-of-12 E+ plants

were already accounted for. By adjusting the expected symbiont status of unscored plants

in this way, we account for the possibility that symbionts affected our ability to assess

symbiont status (e.g., by promoting survival or seed production). To calculate the adjusted

prevalence, we generated a probabilistic expectation for the number of E+ plants (N̂+
jk)

among the total census plants in each population (N jk) based on the population’s symbiont

prevalence, which was estimated independently (see main text).

N̂+
jk ∼ Binomial(p+jk,N jk) (A.5)

We then calculated adjusted prevalence as the expected fraction of unscored plants that

were E+.

p̃+jk =



0, N+
jk > N̂+

jk

1, N̂+
jk−N+

jk > Nu
jk

N̂+
jk−N+

jk
Nu

jk
, otherwise

(A.6)

The conditions in Eq. A.6 set adjusted prevalence to 0 if there are more observed than

expected E+ census plants, and 1 if the difference between observed and expected exceeds

the total number of census plants with unknown symbiont status.

Host reproduction Reproduction was comprised of two vital rate two components:

the probability of flowering and the fecundity (seed production) of flowering plants. Flow-

ering status was modeled as a Bernoulli process in which individuals were treated as suc-
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cesses or failures based on whether or not they produced at least one inflorescence. The

flowering model was similar to the survival as it included data from individuals of known

and unknown symbiont status (Eqs. A.1–A.6). A key difference was that in addition to

the census individuals, we used data from all of the individuals within the sub-plots in this

model to generate estimates for p f
jkm, the symbiont-specific flowering probability. We were

able to do this because we counted flowering and non-flowering plants.

We estimated fecundity (per capita production of seeds by flowering plants) from lower-

level components: the number of inflorescences and the mass of seeds per inflorescence.

Inflorescence production by individual i with symbiont status m in population j (ylo
i(m) jk)

was modeled as a negative binomial process, parameterized with mean λ and dispersion

parameter r:

ylo
i(m) jk ∼ NB(λ lo

jkm,r
lo) (A.7)

log(λ lo
m jk) = µ

l
mlk + ε

l
jk (A.8)

Here, we used the log-link transformation and incorporated a population and year specific

random effect (ε l
jk). Symbiont-specific mean inflorescence production is given by µ l

mlk.

The negative binomial distribution was zero-truncated, since we included only individuals

that produced one or more inflorescences.

For flowering individuals of unknown symbiont status, we followed the approach de-

scribed above to estimate weighted mean inflorescence production in population j in year

k.

logit(λ lu
jk) = µ

l
+lk ∗ p̃+jk +µ

l
−lk ∗ (1− p̃+jk)+ ε

l
jk, (A.9)

where adjusted prevalence p̃+jk was given by Eq. A.6.
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Seed mass per inflorescence was modeled as a Gaussian process. The observation

yd
i(m) jk was the natural logarithm of seed mass (g) per inflorescence for individual i with

symbiont status m in population j and was modeled as:

yd
i(m) jk ∼ Normal(µd

jkm,σ
2) (A.10)

µ
d
jkm = µ

d
mlk + ε

d
jk (A.11)

As before, we included a population and year specific random effect (εd
jk). Symbiont

status was known for all of these individuals, since status was based on seed scores. We

estimated symbiont-dependent fecundity fmlk as the product of inflorescences per plant

(eµ l
mlk) and mass of seeds per inflorescence (eµ

dmlk ):

fmlk = e
µ l

mlk+µd
mlk (A.12)

Vertical transmission The vertical transmission rate was estimated from up to 20

seeds collected from census plants that were designated E+ based on initial screening of

four seeds. Transmission was modeled as a beta-binomial process, such that the number of

endophyte positive seeds from individual i in population j was distributed according to:

yt
i jk ∼ BetaBinomial(wt ∗ pt

jk,w
t ∗ (1− pt

jk),N
t
i jk) (A.13)

logit(pt
jk) = µ

t
lk + ε

t
jk (A.14)

Mean transmission rate µ t
lk for precipitation treatment l and year k was modified by a

population and year specific random effect (ε t
jk). Nt

i jk was the total number of seeds scored

for individual i in population j. Parameter wt generated over-dispersion in the binomial

samples, which we found to improve model fit.
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Recruitment We estimated the per-seed recruitment rate of E+ and E− hosts as the

ratio of recruits to seeds produced in the preceding year. The recruitment rate in population

j, year k, and for symbiont status m was thus given by

c jkm =
n̂ jkm

d̂ j(k−1)m
(A.15)

where n̂ jkm and d̂ j(k−1)m give the expected densities of recruits in year k and seeds in year

k− 1, respectively. These latent state values were derived from the vital rate components

described above, combined with estimates for sub-plot density as follows. First, the total

density of plants per sub-plot was modeled as a negative binomial process parameterized

with mean λ n and over-dispersion parameter rn, using data collected from each of the three

sub-plots i within each population j:

yn
i jk ∼ NB(λ n

jk,r
n) (A.16)

log(λ n
jk) = µ

n
lk + ε

n
jk (A.17)

The mean sub-plot density was given by grand mean µn
lk for precipitation treatment l and

year k and population and year specific random effect εn
jk. The population-specific densities

of E+ and E− were therefore λ n
jk · p

+
jk and λ n

jk · (1− p+jk), respectively. Beyond the first year

of the study (k > 1), these densities included new recruits plus survivors from the previous

year. To isolate the new recruits (the numerator in Eq. A.15), we subtracted the expected

number of survivors. Thus, expected E+ recruit density was

n̂ jk+ = λ
n
jk p+jk−λ

n
j(k−1)p+j(k−1)ps

j(k−1)+ (A.18)

and expected E− recruit density was

n̂ jk− = λ
n
jk(1− p+jk−λ

n
j(k−1)(1− p+j(k−1))ps

j(k−1)−. (A.19)
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Second, we estimated the density of seeds produced in each population in each year

and of each symbiont type (the denominator in Eq. A.15). This was based on the sub-

plot density estimates combined with flowering, fertility, and transmission components.

Additionally, to convert mass of seeds to number of seeds we used data from an independent

study where we massed counts of 25, 50, 75, and 100 seeds. Each of these counts Nc were

replicated 12 times. We fit a linear regression to these data to estimate β c
1 , which gives

mass (g) per seed. Seed mass (g) yc was modeled as a Gaussian process, parameterized

with mean µc and a variance σ2c, and was modeled as:

yc ∼ Normal(µc,σ2c) (A.20)

µ
c = β

c
0 +β

c
1 Nc (A.21)

The intercept and slope parameters were sampled from a normal distribution with a disper-

sion of 1000. The expected density of E+ seeds per population was given by:

d̂ jk+ = λ
n
jk · p

+
jk · p

f
jk+ · f jk+ ·

1
β c

1
· pt

jk. (A.22)

The expected density of E− seeds per population was calculated similarly but addition-

ally included failed-transmission seeds from E− hosts:

d̂ jk− = λ
n
jk · (1− p+jk) · p

f
jk− · f jk− ·

1
β c

1
+λ

n
jk · p

+
jk · p

f
jk+ · f jk+ ·

1
β c

1
· (1− pt

jk). (A.23)

The recruitment rate c jkm is thus a composite estimate that reflects many lower level

parameters. We accounted for the propagation of uncertainty such that the posterior distri-

bution for c jkm reflects the combined uncertainties from the lower-level parameters.
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Supplementary Materials

Figure A.1 : Recruits per m2 across each of the three sampling years from each subplot
within ambient (orange) and elevated (blue) precipitation treatments.
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S2 results

Monthly ambient rainfall

Figure A.2 : (a) Total ambient rainfall (cm) for each month and (b) the precipitation deficit
as determined by the difference between the historical target and ambient rainfall within
the 2014-2015 (white) and 2015-2016 (dark gray) transition years. For the precipitation
deficit a negative value indicates that ambient rainfall exceeded that of the historical target,
while a positive value indicates ambient rainfall was less than that of the historical target.
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Vital rate mean and 95% CI estimates

Figure A.3 : Vital rate estimate for (a and e) probability of flowering, (b and f) fecundity
(seed mass per capita (g)), (c and g) probability of survival, and (d and h) probability of
recruitment (per seed); rows represent transition years. Open circles represent endophyte
negative and closed circles represent endophyte positive means with 95% CIs. Ambient
and elevated precipitation treatments are in orange and blue.
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Vital rate mean and 95% CI estimates model comparison

Figure A.4 : Vital rate estimate for (a and e) probability of flowering, (b and f) fecundity
(seed mass per capita (g)), and (c and g) probability of survival; rows represent transition
years. Circles represent the full model, triangles represent the model using only direct
observations. Open shapes represent endophyte negative and closed shapes represent en-
dophyte positive means with 95% CIs. Ambient and elevated precipitation treatments are
in orange and blue.
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Figure A.5 : Vertical transmission estimates under ambient (orange) and elevated (blue)
precipitation contexts. Points and bars represent mean estimates and 95% CIs. Panels
represent the 2014-2015 and 2015-2016 transition years.
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Frequency dependence

Figure A.6 : Plot specific means plotted against symbiont population prevalence for (a
and b) probability of flowering, (c and d) number of inflorescences, (e and f) probability of
recruitment, (g and h) seed mass per capita, and (i and j) probability of survival. Points rep-
resent individual endophyte-specific plot means (the endophyte specific grand mean with
the addition of the plot-specific random effect). Lines are fit from a linear regression. Open
circles and solid lines represent endophyte negative means, and filled circles and dashed
lines represent endophyte positive means. Plots under ambient and elevated precipitation
treatments are in orange and blue, respectively. Columns represent transition years.
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Figure B.1 : Hummingbird species host different bacterial community compositions (PER-
MANOVA F = 3.0052, R2 = 0.205, p = 0.001). Different colors represent the hummingbird
species. Hummingbird species are identified by the standard four letter code (Pyle and
DeSante, 2003)
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Figure B.2 : Hummingbird species host different fungal community compositions (PER-
MANOVA F = 1.2629, R2 = 0.111, p = 0.017). Different colors represent the hummingbird
species. Hummingbird species are identified by the standard four letter code (Pyle and
DeSante, 2003)
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Table B.1 : Table of plant species across the forest sites for which we recorded humming-
bird visitation using camera traps and collected nectar samples.

Species name

1 Costus woodsonii

2 Aphelandra golfodulcensis

3 Heliconia tortuosa

4 Calathea crotalifera

5 Scutellaria costaricana

6 Justicia oerstedii

7 Columnea polyantha

8 Centropogon granulosus

9 Psychotria poeppigiana

10 Palicourea padifolia

11 Pachystachys lutea

12 Starchytarphea frantzii

13 Costus sp.

14 Columnea raymondii

15 Hamelia patens

16 Salvia splendens

17 Burmeistera cyclostigmata

18 Drymonia sp.

19 Glossoloma tetragonus

20 Ctenanthe dasycarpa

21 Malvaviscus achanioides

22 Satyria warszewiczii

23 Elettaria cardamomum

24 Etlingera elatior

25 Costus barbatus

26 Musa x paradisiaca

27 Mucuna globulifera
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Table B.2 : Bacterial community comparison across floral species via pairwise PER-
MANOVA.

pairs Df SumsOfSqs F.Model R2 p.value p.adjusted sig

1 HETO vs RABO 1.000 4.458 13.180 0.041 0.001 0.010 *

2 HETO vs TUBO-AMA 1.000 5.023 14.600 0.043 0.001 0.010 *

3 HETO vs CEPO 1.000 10.497 31.256 0.084 0.001 0.010 *

4 HETO vs RUBY 1.000 4.220 12.456 0.040 0.001 0.010 *

5 RABO vs TUBO-AMA 1.000 1.023 2.682 0.019 0.001 0.010 *

6 RABO vs CEPO 1.000 3.074 8.565 0.052 0.001 0.010 *

7 RABO vs RUBY 1.000 1.701 4.532 0.038 0.001 0.010 *

8 TUBO-AMA vs CEPO 1.000 4.257 11.580 0.062 0.001 0.010 *

9 TUBO-AMA vs RUBY 1.000 2.441 6.344 0.046 0.001 0.010 *

10 CEPO vs RUBY 1.000 3.330 9.229 0.058 0.001 0.010 *
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Table B.3 : Fungal community comparison across floral species via pairwise PER-
MANOVA.

pairs Df SumsOfSqs F.Model R2 p.value p.adjusted sig

1 TUBO-AMA vs RUBY 1.000 0.683 1.569 0.014 0.024 0.240

2 TUBO-AMA vs HETO 1.000 0.978 2.243 0.008 0.002 0.020 .

3 TUBO-AMA vs CEPO 1.000 0.999 2.395 0.015 0.003 0.030 .

4 TUBO-AMA vs RABO 1.000 0.640 1.458 0.012 0.042 0.420

5 RUBY vs HETO 1.000 0.445 1.012 0.004 0.389 1.000

6 RUBY vs CEPO 1.000 0.957 2.279 0.019 0.005 0.050 .

7 RUBY vs RABO 1.000 0.582 1.287 0.015 0.107 1.000

8 HETO vs CEPO 1.000 1.130 2.628 0.009 0.001 0.010 *

9 HETO vs RABO 1.000 0.754 1.708 0.006 0.020 0.200

10 CEPO vs RABO 1.000 0.832 1.956 0.014 0.013 0.130
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Table B.4 : Comparison of control vs. treatment bacterial communities within and across
floral species via pairwise PERMANOVA.

pairs Df SumsOfSqs F.Model R2 p.value p.adjusted significance

1 HETO control vs RABO control 1.000 1.760 4.874 0.052 0.001 0.036 .

2 HETO control vs TUBO-AMA control 1.000 2.180 5.903 0.050 0.001 0.036 .

3 HETO control vs RABO treatment 1.000 2.223 6.386 0.063 0.001 0.036 .

4 HETO control vs CEPO treatment 1.000 2.124 5.992 0.064 0.001 0.036 .

5 HETO control vs CEPO control 1.000 2.467 6.998 0.080 0.001 0.036 .

6 HETO control vs TUBO-AMA treatment 1.000 1.295 3.596 0.043 0.001 0.036 .

7 HETO control vs RUBY control 1.000 1.505 4.246 0.050 0.001 0.036 .

8 HETO control vs RUBY treatment 1.000 1.987 5.710 0.073 0.001 0.036 .

9 RABO control vs TUBO-AMA control 1.000 0.606 1.544 0.020 0.024 0.864

10 RABO control vs RABO treatment 1.000 0.801 2.195 0.036 0.002 0.072

11 RABO control vs CEPO treatment 1.000 1.416 3.744 0.068 0.001 0.036 .

12 RABO control vs CEPO control 1.000 1.319 3.492 0.072 0.001 0.036 .

13 RABO control vs TUBO-AMA treatment 1.000 0.519 1.327 0.029 0.078 1.000

14 RABO control vs RUBY control 1.000 0.843 2.210 0.047 0.002 0.072

15 RABO control vs RUBY treatment 1.000 1.305 3.479 0.088 0.001 0.036 .

16 TUBO-AMA control vs RABO treatment 1.000 1.225 3.267 0.038 0.001 0.036 .

17 TUBO-AMA control vs CEPO treatment 1.000 1.607 4.171 0.053 0.001 0.036 .

18 TUBO-AMA control vs CEPO control 1.000 1.833 4.754 0.065 0.001 0.036 .

19 TUBO-AMA control vs TUBO-AMA treatment 1.000 0.520 1.319 0.019 0.075 1.000

20 TUBO-AMA control vs RUBY control 1.000 1.294 3.335 0.047 0.001 0.036 .

21 TUBO-AMA control vs RUBY treatment 1.000 1.542 4.005 0.064 0.001 0.036 .

22 RABO treatment vs CEPO treatment 1.000 1.124 3.168 0.052 0.001 0.036 .

23 RABO treatment vs CEPO control 1.000 1.357 3.858 0.069 0.001 0.036 .

24 RABO treatment vs TUBO-AMA treatment 1.000 0.730 2.007 0.037 0.004 0.144

25 RABO treatment vs RUBY control 1.000 1.190 3.354 0.061 0.001 0.036 .

26 RABO treatment vs RUBY treatment 1.000 1.364 3.965 0.084 0.001 0.036 .

27 CEPO treatment vs CEPO control 1.000 0.639 1.751 0.038 0.011 0.396

28 CEPO treatment vs TUBO-AMA treatment 1.000 0.819 2.160 0.047 0.006 0.216

29 CEPO treatment vs RUBY control 1.000 1.382 3.748 0.078 0.001 0.036 .

30 CEPO treatment vs RUBY treatment 1.000 1.449 4.038 0.103 0.001 0.036 .

31 CEPO control vs TUBO-AMA treatment 1.000 1.021 2.699 0.066 0.001 0.036 .

32 CEPO control vs RUBY control 1.000 1.420 3.873 0.092 0.001 0.036 .

33 CEPO control vs RUBY treatment 1.000 1.541 4.351 0.130 0.001 0.036 .

34 TUBO-AMA treatment vs RUBY control 1.000 0.970 2.535 0.063 0.001 0.036 .

35 TUBO-AMA treatment vs RUBY treatment 1.000 1.306 3.480 0.107 0.001 0.036 .

36 RUBY control vs RUBY treatment 1.000 0.763 2.122 0.068 0.003 0.108
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Table B.5 : Comparison of control vs. treatment fungal communities within and across
floral species via pairwise PERMANOVA.

pairs Df SumsOfSqs F.Model R2 p.value p.adjusted significance

1 TUBO-AMA control vs RUBY control 1.000 0.471 1.076 0.018 0.282 1.000

2 TUBO-AMA control vs HETO control 1.000 0.638 1.446 0.013 0.040 1.000

3 TUBO-AMA control vs CEPO control 1.000 1.039 2.403 0.036 0.001 0.036 .

4 TUBO-AMA control vs RABO control 1.000 0.478 1.073 0.015 0.304 1.000

5 TUBO-AMA control vs RABO treatment 1.000 0.667 1.512 0.019 0.031 1.000

6 TUBO-AMA control vs TUBO-AMA treatment 1.000 0.502 1.161 0.018 0.196 1.000

7 TUBO-AMA control vs CEPO treatment 1.000 0.570 1.327 0.019 0.102 1.000

8 TUBO-AMA control vs RUBY treatment 1.000 0.542 1.233 0.023 0.120 1.000

9 RUBY control vs HETO control 1.000 0.362 0.819 0.012 0.787 1.000

10 RUBY control vs CEPO control 1.000 0.794 1.885 0.070 0.014 0.504

11 RUBY control vs RABO control 1.000 0.483 1.066 0.033 0.305 1.000

12 RUBY control vs RABO treatment 1.000 0.480 1.083 0.026 0.286 1.000

13 RUBY control vs TUBO-AMA treatment 1.000 0.445 1.055 0.040 0.333 1.000

14 RUBY control vs CEPO treatment 1.000 0.396 0.948 0.031 0.483 1.000

15 RUBY control vs RUBY treatment 1.000 0.440 0.998 0.067 0.405 1.000

16 HETO control vs CEPO control 1.000 1.015 2.324 0.031 0.002 0.072

17 HETO control vs RABO control 1.000 0.612 1.367 0.017 0.066 1.000

18 HETO control vs RABO treatment 1.000 0.560 1.261 0.014 0.131 1.000

19 HETO control vs TUBO-AMA treatment 1.000 0.626 1.433 0.020 0.051 1.000

20 HETO control vs CEPO treatment 1.000 0.500 1.152 0.015 0.204 1.000

21 HETO control vs RUBY treatment 1.000 0.527 1.188 0.019 0.182 1.000

22 CEPO control vs RABO control 1.000 0.674 1.529 0.041 0.061 1.000

23 CEPO control vs RABO treatment 1.000 0.746 1.714 0.037 0.021 0.756

24 CEPO control vs TUBO-AMA treatment 1.000 0.764 1.852 0.058 0.022 0.792

25 CEPO control vs CEPO treatment 1.000 1.089 2.654 0.070 0.001 0.036 .

26 CEPO control vs RUBY treatment 1.000 0.677 1.604 0.078 0.034 1.000

27 RABO control vs RABO treatment 1.000 0.530 1.172 0.022 0.196 1.000

28 RABO control vs TUBO-AMA treatment 1.000 0.578 1.311 0.035 0.136 1.000

29 RABO control vs CEPO treatment 1.000 0.673 1.545 0.036 0.034 1.000

30 RABO control vs RUBY treatment 1.000 0.525 1.139 0.044 0.237 1.000

31 RABO treatment vs TUBO-AMA treatment 1.000 0.516 1.187 0.026 0.200 1.000

32 RABO treatment vs CEPO treatment 1.000 0.544 1.261 0.025 0.128 1.000

33 RABO treatment vs RUBY treatment 1.000 0.536 1.198 0.034 0.168 1.000

34 TUBO-AMA treatment vs CEPO treatment 1.000 0.447 1.090 0.030 0.284 1.000

35 TUBO-AMA treatment vs RUBY treatment 1.000 0.513 1.215 0.060 0.174 1.000

36 CEPO treatment vs RUBY treatment 1.000 0.559 1.341 0.053 0.115 1.000
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Figure C.1 : Beta diversity of (a) bacterial and (b) fungal communities within nectar and
sugar-water feeder samples across rural (gray) and suburban (black) sites.
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ment in shaping the microbiota of small mammals, may 2019.

R. Koga, X. Y. Meng, T. Tsuchida, and T. Fukatsu. Cellular mechanism for selective

vertical transmission of an obligate insect symbiont at the bacteriocyte-embryo interface.

Proceedings of the National Academy of Sciences of the United States of America, 109

(20):E1230–E1237, may 2012.

L. P. Koh, R. R. Dunn, N. S. Sodhi, R. K. Colwell, H. C. Proctor, and V. S. Smith. Species

coextinctions and the biodiversity crisis. Science, 305(5690):1632–1634, sep 2004.

S. Koh, M. Vicari, J. P. Ball, T. Rakocevic, S. Zaheer, D. S. Hik, and D. R. Bazely. Rapid

detection of fungal endophytes in grasses for large-scale studies. Functional Ecology,

20(4):736–742, aug 2006.



123

J. G. Kueneman, L. W. Parfrey, D. C. Woodhams, H. M. Archer, R. Knight, and V. J.

McKenzie. The amphibian skin-associated microbiome across species, space and life

history stages. Molecular Ecology, 23(6):1238–1250, mar 2014.

M.-A. Lachance, C. A. Rosa, W. T. Starmer, B. Schlag-Edler, J. S. F. Barker, and J. M.

Bowles. Wickerhamiella australiensis, Wickerhamiella cacticola, Wickerhamiella oc-

cidentalis, Candida drosophilae and Candida lipophila, five new related yeast species

from flowers and associated insects. International Journal of Systematic Bacteriology,

48(4):1431–1443, oct 1998.

I. Laforest-Lapointe, C. Messier, and S. W. Kembel. Tree Leaf Bacterial Community Struc-

ture and Diversity Differ along a Gradient of Urban Intensity. mSystems, 2(6), dec 2017.

H. E. Landsberg. The urban climate. Academic Press, 1981.

C. Lee, L. A. Tell, T. Hilfer, and R. L. Vannette. Microbial communities in hummingbird

feeders are distinct from floral nectar and influenced by bird visitation. Proceedings of

the Royal Society B: Biological Sciences, 286(1898):20182295, 2019.

M. A. Leibold, M. Holyoak, N. Mouquet, P. Amarasekare, J. M. Chase, M. F. Hoopes, R. D.

Holt, J. B. Shurin, R. Law, D. Tilman, M. Loreau, and A. Gonzalez. The metacommunity

concept: A framework for multi-scale community ecology. Ecology Letters, 7(7):601–

613, 2004.

A. D. Letten, M. K. Dhami, P. J. Ke, and T. Fukami. Species coexistence through simul-

taneous fluctuation-dependent mechanisms. Proceedings of the National Academy of

Sciences of the United States of America, 115(26):6745–6750, 2018.

C. M. Leveau and L. M. Leveau. Avian community response to urbanization in the pampean

region, Argentina. Ornitologia Neotropical, 16(4):503–510, 2005.



124

W. R. Lin, P. H. Wang, S. Y. Hsieh, C. H. Tsai, and S. C. Hsiao. Yeasts associated with

Euploea butterflies. Mycosphere, 9(1):149–154, 2018.

J. Linneman, D. Paulus, G. Lim-Fong, and N. B. Lopanik. Latitudinal Variation of a Defen-

sive Symbiosis in the Bugula neritina (Bryozoa) Sibling Species Complex. PLoS ONE,

9(10):e108783, oct 2014.

B. Longdon, J. P. Day, N. Schulz, P. T. Leftwich, M. A. de Jong, C. J. Breuker, M. Gibbs,

D. J. Obbard, L. Wilfert, S. C. L. Smith, J. E. McGonigle, T. M. Houslay, L. I. Wright,

L. Livraghi, L. C. Evans, L. A. Friend, T. Chapman, J. Vontas, N. Kambouraki, and

F. M. Jiggins. Vertically transmitted rhabdoviruses are found across three insect families

and have dynamic interactions with their hosts. Proceedings. Biological sciences, 284

(1847):20162381, jan 2017.

M. I. Love, W. Huber, and S. Anders. Moderated estimation of fold change and dispersion

for RNA-seq data with DESeq2. Genome Biology, 15(12):550, dec 2014.

D. S. Lundberg, S. Yourstone, P. Mieczkowski, C. D. Jones, and J. L. Dangl. Practical

innovations for high-throughput amplicon sequencing. Nature Methods, 10(10):999–

1002, oct 2013.

J. D. Maestas, R. L. Knight, and W. C. Gilgert. Biodiversity across a Rural Land-Use

Gradient. Conservation Biology, 17(5):1425–1434, oct 2003.

D. P. Malinowski and D. P. Belesky. Adaptations of endophyte-infected cool-season grasses

to environmental stresses: Mechanisms of drought and mineral stress tolerance, 2000.

J. S. Manson, M.-A. Lachance, and J. D. Thomson. Candida gelsemii sp. nov., a yeast of

the Metschnikowiaceae clade isolated from nectar of the poisonous Carolina jessamine.

Antonie van Leeuwenhoek, 92(1):37–42, apr 2007.



125

L. Margulis. Archaeal-eubacterial mergers in the origin of Eukarya: phylogenetic classifi-

cation of life. Proceedings of the National Academy of Sciences of the United States of

America, 93(3):1071–6, feb 1996.

M. McFall-Ngai, M. G. Hadfield, T. C. G. Bosch, H. V. Carey, T. Domazet-Lošo, A. E. Dou-
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