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Preface

Research aims and outline

In my thesis | aimed to assess the role of climate change and land-use modification in
mediating mosquito invasions in biotic communities in lentic freshwater habitats. This thesis
has been written largely as two stand-alone scientific manuscripts (Chapters Two and Three)
intended for publication, with a review of relevant literature (Chapter One) giving initial
background. As a result, there is inevitably some overlap between chapters, but | have

attempted to keep repetition to a minimum.

In Chapter One, | review literature addressing the role of climate change, land-use
modification and biotic invasions on freshwater biotic communities, and address some

mechanisms for how these drivers can interact.

Chapter Two considers the role of two scales of habitat modification, land use at the
landscape scale, and abiotic and biotic characteristics of individual habitats, on freshwater

communities containing mosquitoes.

Finally, in Chapter Three, | examine effects of two aspects of climate change, habitat drying
and warming, on interactions between exotic Aedes notoscriptus and native Culex pervigilans

mosquitoes and their predatory invertebrates.



Abstract

Ecosystems across the globe are facing a range of anthropogenically-driven changes,
including biotic invasions, urbanisation and land-use alterations, which can affect ecosystem
structure and stability. To manage both native species decline and invasive species spread it
Is imperative that we can accurately predict how current global environmental change will

affect biotic communities.

| examined effects of different land uses at both landscape- and habitat-scales on native
(Culex pervigilans) and exotic (Aedes notoscriptus) mosquito distributions in lentic (standing
water) freshwater habitats. Because of the importance of land use on habitat characteristics, |
expected different land uses would contain different biotic communities, and that mosquitoes
would more likely be present in simple communities with fewer predators. Moreover,
because habitat disturbance and modification can significantly influence community
structure, | expected less diverse pond communities in habitats within highly modified urban
and pasture land uses would also be more likely to contain mosquitoes. | found land use
affects mosquito presence, and was likely strongly linked with land-use effects on predator
presence and taxon richness. Predators were more common in habitats within native forest
and tussock grassland, and mosquitoes were almost entirely restricted to urban and pasture
habitats. Moreover, local habitat characteristics had a strong influence on both mosquito and
predator presence, with deeper and more open habitats supporting greater predator

abundance, thereby excluding mosquito larvae.

To further investigate the global of climate change on predator-prey interactions involving
Ae. notoscriptus and Cx. pervigilans, I conducted two experiments. Firstly, | measured effects
of habitat warming and short- and long-term habitat drying on interactions between the two
mosquito species and three predatory invertebrates, Anisops wakefieldi backswimmers,
Austrolestes colensonis damselflies, and Procordulia smithii dragonflies, which represented
predators characteristic of different habitat drying regimes. A second experiment further
tested interactions between A. wakefieldi and the two mosquito species in a wider range of
temperatures. There was little evidence that short-term habitat drying affected interaction
strengths of any of the predator-prey combinations, but strong evidence for the importance of
temperature-mediated predation rates which depended on both predator and prey identities.

Here, predators characteristic of more temporary hydroperiods showed temperature-mediated



predation responses on the two mosquito species: increasing temperature resulted in greater
predation on native Cx. pervigilans but not effect on predation on exotic Ae. notoscriptus.
The second experiment revealed, again, that predation depended on both temperature and
mosquito species with higher predation occurring at increased temperature, but also indicated

life history traits could mediate the overall effect of temperature-mediated predation.

Overall, I have shown that interactions between temperature, predator identity and mosquito
species will be very important in determining the potential for mosquitoes to invade under a
changing climate. Considering effects of both climate change and land-use-driven habitat
modification on the invasion potential of mosquitoes in freshwater communities will
therefore be important for managing both native species decline and spread of invaders.
Moreover, research and management decisions on critical species like mosquitoes will need

to encompass multiple drivers of climate change at both global and local scales.



Chapter One: General Introduction

INTRODUCTION

To manage both native species decline and invasive species spread (Didham et al. 2007), it is
imperative that we can accurately predict how current global environmental change will
affect biotic communities. Species extinction rates are already at one hundred times their
natural background rates due to anthropogenically-driven stressors, and are predicted to
increase to one thousand times that rate by the end of the century, if not earlier (Pimm 2009).
Global-change drivers including climate change, habitat modification, over-harvesting, biotic
invasions, increased atmospheric carbon dioxide (CO;) concentrations and nitrogen
deposition (MEA 2005, Strayer 2012, WMO 2013), have already resulted in extinctions and
altered distributions of species worldwide (MEA 2005, Tylianakis et al. 2008). Not only are
ecosystems facing pressures from novel stressors, but these stressors are predicted to increase
in intensity (Pimm 2009, Walther 2010). Therefore we need to understand how to manage

ecosystems in response to these global changes sooner, rather than later.

Invasions

Invasive species can have significant effects on biotic communities, and can alter both
ecosystem structure and functioning (Dukes and Mooney 1999, Melbourne et al. 2007,
Strayer 2012). Invasive species can have detrimental effects on native species, through
predation (Mack et al. 2000), competition (Dukes and Mooney 1999), disease transmission
(Derraik and Calisher 2004), and by altering fundamental characteristics of the ecosystem
itself (Strayer 2012). For example, invaders can affect nutrient cycling, habitat engineering
and even disturbance regimes (Strayer 2012). Effects of invaders will depend on a range of
factors, including habitat heterogeneity (Melbourne et al. 2007), disturbance regime (Diez et
al. 2012), propagule transport and pressure (Diez et al. 2012), and characteristics of the
invader itself (Melbourne et al. 2007). Understanding how invasions affect ecosystems is
important for both management and conservation of native species, especially because

invasions are increasing worldwide (Huang et al. 2011, Diez et al. 2012).



Interacting drivers

How ecosystems will respond to global change drivers has been investigated but much is still
unknown, especially regarding the effects of interactions between drivers, which can be
complex but important (Didham et al. 2007, Tylianakis et al. 2008, Pimm 2009, Greig et al.
2012). For example, Facon et al. (2006) suggest that to understand the effect and success of
invasions, they need to be examined in the context of other global change drivers, such as
climate change. Didham and colleagues (2007) show that interactions between global change
drivers can be both additive and synergistic (Figure 1.1). This means that the effect of one
driver on a biotic community, such as climate change, will depend on the effect of biotic
invasions, and vice versa (Dukes and Mooney 1999, Thomas et al. 2006, Didham et al. 2007,
Pimm 2009, Walther 2010, Greig et al. 2012). For example, an invader might increase in
competitiveness due to altered habitat temperature caused by changing climatic conditions
(Didham et al. 2007; Pimm 2009), or extreme climatic events that are predicted to increase in
frequency and magnitude could increase invasion success by enhancing propagule pressure

through transportation (for example in floods) (Diez et al. 2012).

Study system: ponds will be disproportionately affected by global environmental change

Both natural and artificial water bodies play an important role in regional biodiversity (Biggs
et al. 2005, Rosset et al. 2010), but are at risk from biotic invasions and have high extinction
rates (Dudgeon et al. 2006, Hamilton et al. 2013). In particular, the freshwater fauna of New
Zealand has high numbers of endemic species (Allibone et al. 2010), so conserving biotic
communities in these systems will be important for regional and global biodiversity.
Anthropogenically-driven habitat changes caused by climate change, land-use modification
and biotic invasions affect ecosystem structure and functioning, and native species diversity
in freshwater systems. Land-use changes such as urbanisation and agricultural intensification
can alter lentic habitat distribution and quality. For example, high nutrient levels associated
with land-use modification can have strong impacts on species richness and rarity in
freshwater pond ecosystems (Biggs et al. 2005). Land-use modification also alters habitat
characteristics such as habitat area, isolation, vegetation abundance and pH, which are
strongly correlated with species diversity and rarity (Biggs et al. 2005). Because changes to
climate also affect these ecosystems through altered hydroperiod regimes (Brooks 2009,
Zacharias and Zamparas 2010), there may be strong interactive effects of both land-use and
climate change on native biotic community within these habitats.
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Freshwater-based studies on anthropogenic impacts are more scarce than those in terrestrial
systems (Rosset et al. 2010), so more research on the interactive effects of global
environmental change will be important for the conservation of freshwater native species and
management of invaders. Moreover, because of their small size and simple community
structure, ponds can be used as early indicators of anthropogenic effects on larger aquatic
systems (De Meester et al. 2005, Hulsmans et al. 2008).

To investigate this further, 1 will first outline likely current and future effects of climate
change. | then review how these changes can affect biotic communities, especially in relation
to biotic invasions in modified land use. | conclude with a short summary of areas for future

research.

Climate change

‘L Ecosystem structure
A

Biotic invasions .
and function

Land-use modification

Figure 1.1. Climate change, land-use modification and biotic invasions can have direct effects on
ecosystem structure and function. Climate and land-use change can also increase biotic invasions
directly, and the magnitude of the per capita effect an invader has on an ecosystem. Figure adapted
from Didham et al. (2007)



CLIMATE CHANGE: Global and New Zealand impacts

The planet is already experiencing precipitation and temperature changes associated with
climate change (IPCC 2014, WMO 2013), and these are predicted to alter at increasing rates
(Sala et al. 2000, WMO 2013). The most recent decade (2001 — 2010) was the warmest on
record (WMO 2013), and mean global temperature is predicted to increase approximately 1 -
3.5°C by the end of the century (Dukes and Mooney 1999, IPCC 2014). Moreover, climate
change will increase the likelihood of weather extremes such as droughts, heat waves, severe
storms and floods, which are predicted to increase in frequency, intensity and duration (MfE
2008, Pimm 2009, Diez et al. 2012, WMO 2013, IPCC 2014). Although general predictions
can be made about impacts of these climate changes on biotic communities (Strayer 2012),
effects will not be homogeneous, resulting in varied conditions in both quality and intensity
between different locations (Dukes and Mooney 1999; IPCC 2013). Although climate change
is not novel, biotic communities in the past may have been more equipped to deal with
climate-induced habitat changes because historical warming rates, such as in the post-
Pleistocene warming (Pimm 2009), were usually slower than the current rate of climate
warming (Pimm 2009, WMO 2013). Moreover, the impacts of climate change are now also
amplified by other global change drivers such as biotic invasions and habitat loss (Sala et al.
2000).

Climate in New Zealand

Increases in both drying and precipitation are predicted for New Zealand, and the magnitude
of these changes is likely to vary between seasons (Reisinger et al. 2010, IPCC 2013).
Temperature in New Zealand is expected to increase at about 70 % of the global rate of
increase, due to the buffering capacity of the oceans surrounding the country (IPCC 2013).
Extremes of temperature and precipitation have the potential to be more important to biotic
communities than changes to means (Reisinger et al. 2010). However, global climate models
still do not have the resolution to make accurate within-region predictions in New Zealand,
especially in relation to precipitation, which will be arguably more important for freshwater
ecosystems than just temperature change (MfE 2008, Reisinger et al. 2010). Local studies on
the effects of climate change on biotic communities will therefore be important for accurately

predicting ecosystem responses to these perturbations.



CLIMATE CHANGE: Interactions with biotic invasions

There are a variety of ways that the changing climate can affect biotic communities.
Temperature and habitat alteration put pressure on individual organisms which can affect
populations, communities and also whole ecosystem structure and functioning (Greig et al.
2012, Diez et al. 2012, Strayer 2012, Rall et al. 2012). Consequently the predicted changes in
climate will likely have a variety of complex effects on biodiversity (e.g. Dossena et al. 2012,
Greig et al. 2012).

Climate and invasion process

Climate also plays an important role in mediating the invasion process, thereby directly and
indirectly influencing the structure and function of ecosystems (Strayer 2012, VVaz-Pinto et al.
2013). Increasing establishment success of invaders can be partly attributed to increased
transport associated with increased human movements, however increased invasion success is
also likely to be associated with climate change, especially extreme climatic events (Rahel
and Olden 2008, Huang et al. 2011, Diez et al. 2012). For example, Diez et al. (2012) showed
that disturbances and resource pulses were linked, and therefore climate change, especially
ECEs, will potentially affect rates of invasion, through processes such as increased propagule
transport through floods (Walther et al. 2009). Extreme climatic events may also decrease
resistance of the local community to invaders, facilitating invasive species establishment
(Melbourne et al. 2007, Rahel and Olden 2008, Diez et al. 2012). For example, Petes et al.
(2007) showed that a heat wave resulted in much greater mortality of native compared to
introduced mussels in a New Zealand marine ecosystem, enhancing populations of invasive

mussel, even after recovery from the weather event.

Changes at the species level

Habitat warming has direct effects on individual organisms, such as increases in activity,
metabolism, respiration, digestion and growth (Vucic-Pestic et al. 2011, Lang et al. 2012,
Grigaltchik et al. 2012, Wagner et al. 2013), but these effects of habitat warming are unlikely
to be the same for all species (Vucic-Pestic et al. 2011, Greig et al. 2012, Rall et al. 2012).
For example, larger species are often more susceptible to altered environmental conditions
driven by climate change due to their large body size and associated energetic demands
(Woodward et al. 2005, Rall et al. 2012).
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Altered interactions between species

Because climate change will affect species in different ways, interactions between species
will also change (Lang et al. 2012, Rall et al. 2012, Wagner et al. 2013). Species interactions
may be altered through the increasing competitiveness of one species, by increasing predation
of one species on another, or by altering the spread of diseases (Dukes and Mooney 1999,
Rahel and Olden 2008). Climate change will also influence species’ abiotic environment and
again these abiotic changes will not affect all species in the same way (Rahel and Olden
2008, Walther et al. 2009). For example, Ewald et al. (2013) found Chirocephalus
diaphanous fairy shrimp grew best at higher temperatures, but that when an ostracod
predator, Heterocypris incongruens, was introduced, prey had reduced growing time and
increased predation rate. This resulted in the optimal temperature for C. diaphanous growth
being less when predators were present compared to when absent. This sort of interaction
also has implications for the effect of invasions, because the same abiotic changes may cause
the habitat to become more appropriate for other species, allowing them to invade (Walther et
al. 2009). This creates challenges in making accurate predictions about how global change
drivers might alter interactions between species, because changes to individual organisms as
a result of climate change will have flow-on effects to the rest of the community (Grigaltchik
et al. 2012, Rall et al. 2012). These are likely to be most identifiable as changes in predator-
prey interactions, such as altered consumption rates (Wagner et al. 2012, Rall et al. 2012),

prey handling time (Lang et al. 2012), and encounter rates (Rall et al. 2012).

Range shifts

Interactions between species can also occur due to range shifts, which are spatially and
temporally altered species distributions (Dukes and Mooney 1999, Walther et al. 20009,
Gallardo and Aldridge 2013). Range shifts occur when species move either spatially or
temporally to stay in ideal habitats, such as their thermal optima (Walther et al. 2009,
Gallardo & Aldridge 2013), because either habitat becomes unsuitable for an organism or
opportunities are provided in the form of new suitable habitat (Walther et al. 2009). Many
species are already responding to the changing climate by shifting ranges (Walther et al.
2009).

It is predicted that warmer temperatures will cause the ranges of species to shift poleward or
higher in elevation (Dukes & Mooney 1999). For example, Hongoh et al. (2012) modelled

11



climate effects on mosquito populations in Canada, finding that a Culex species’ range
expanded northward as a result of warming. Such range shifts have implications for spread of
diseases, because species like mosquitoes are vectors for a range of diseases and parasites,
including malaria and West Nile virus (Derraik and Calisher 2004, Hongoh et al. 2012).

Not all species can, or will, shift range with the shifting climate, however (Dukes and
Mooney 1999). For example, because of the rate of current climate change, fast-moving
species will likely be more successful in expanding to new habitat than slow-moving species
(i.e. there will be a difference in the responses of species with short generation times
compared to long generation times) (Dukes and Mooney 1999). Species will also have
different responses to change. For example, Loarie et al. (2008) predicted the Californian
flora would react in a variety of ways to altered climate. While some species ranges will shift
up in altitude, others will shift in latitude, resulting in novel species interactions and altered
ecosystem structure. Because there are species in already restricted ranges, either through
living in a naturally constricted habitat such as mountaintop or habitat loss, climate change

will, at the minimum, cause significant declines in species (Pimm 2009).

Climate change may also cause temporal range shifts, primarily caused by temperature
increases (Harper and Peckarsky 2006, Greig et al. 2012).Temporal shifts are already
occurring due to increases in spring air temperature (Walther 2010). For example, for
migratory pied flycatchers, changing temporal ranges have resulted in a key food resource for
nestlings, caterpillars, peaking in population size earlier than in the past, leading to
population declines of the bird species (Both et al. 2006). Harper and Peckarsky (2006) also
demonstrated that warming resulted in mayfly emergence occurring earlier in spring. Change
in temperature can either directly affect the thermal optimum of a species (Walther 2010), or
may affect their food supply (Winder and Schindler 2004), and effects may be non-linear in
response (Walther 2010). Range shifts may also have implications for invasive species,
because local communities will lose some species and gain others (Walther et al. 2009).
Implications of this may be either a loss of ecosystem functioning due to key species losses,
or losses to native biodiversity due to exotic species’ expansion into new habitats (Walther et
al. 2009). These examples show the importance of considering indirect impacts of range-

shifts on species assemblages.

12



Effects on local communities

Although some studies have found no direct effects of climate on biodiversity (e.g. Dossena
et al. 2012), global change drivers do not act in isolation (Didham et al. 2007). Climate
change is occurring both in conjunction with and enhancing biotic invasions. For example, as
mentioned earlier, extreme climatic events, which are predicted to increase in frequency and
magnitude, can increase invasion success by enhancing propagule pressure through
transportation (e.g. floods) (Diez et al. 2012). Extreme climatic events may also cause a
decrease in resistance of the local community to invaders, enabling invasive species
establishment where it may not have occurred before (Melbourne et al. 2007, Diez et al.
2012). For example, Kane and colleagues (2010) showed that drought in North America
suppressed invasive grasses, but was only short-term. With fast recovery the non-native
grasses were expected to invade areas of juniper or pine die-off after the drought. Climate-
moderated invasions will therefore need to be considered when predicting both climate and

invasion community impacts because of their capacity to interact.

Ecosystem effects

Effects of climate change and biotic invasions can also occur at an ecosystem level. For
example, range shifts cause novel species interactions which can have whole-ecosystem
effects. Changing interactions can affect ecosystem functioning, such as through altered
nutrient cycling and trophic cascades (Walther 2010, Dossena et al. 2012). Warmer spring
water temperatures over the last few decades in Lake Washington in North America have
resulted in a timing mismatch between when phytoplankton bloom and zooplankton
herbivores are present. This resulted in significant declines in Daphnia abundance, a keystone

herbivore, affecting whole lake nutrient cycling (Winder and Schindler 2004).

Climate may also moderate invasion success through indirect ecosystem effects. Because
ecosystems are linked through the exchange of resources (Nakano and Murakami 2001),
changes to one ecosystem can affect adjacent ecosystems (Massol et al. 2011, Greig et al.
2012). Greig et al. (2012) showed that warming increased the strength of the interaction
between terrestrial and aquatic pond systems by increasing flux of aquatic insect emergence
due to a decrease in fish predation. Thus, a potential increase in temporary ponds associated
with climate change may result in an overall decrease in proportion of ponds containing fish,

and therefore increase flux of aquatic insect emergence from ponds into terrestrial habitat
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(Greig et al. 2012). This insect flux may include species such as mosquitoes, which would

have implications for human health (Derraik and Calisher 2004).

Ecosystems themselves can also differ in how they respond to the interaction of climate
change and biotic invasions (Rahel and Olden 2008, Thomas et al. 2008, Sorte et al. 2013).
When climate change is taken into account, aquatic systems may be more affected by biotic
invaders than terrestrial systems (Sorte et al. 2013). These researchers found that in terrestrial
systems native and non-native species responded similarly to environmental changes, while
in aquatic systems non-native species had increased performance compared with native in
increased temperature and CO; scenarios (Sorte et al. 2013). Rahel and Olden (2008) also
found that warming can increase growth rates in temperate systems, but may exacerbate
drought in more arid systems, promoting drought-tolerant species. These examples show that
the interaction between invasions and climate change can be more pronounced for aquatic
than terrestrial systems.

LAND-USE MODIFICATION: Interactions with biotic invasions

Land-use modification through urbanisation and agricultural intensification is another
important driver of ecosystem change in freshwater systems, because it can alter habitat size,
permanence and conditions which directly impact biotic community structure (Malmgvist and
Rundle 2002, Saunders et al. 2002). For example, agricultural intensification has resulted in
increased nitrate inputs to freshwater systems globally (Edwards et al. 2000, Bleken et al.
2005), altering primary production and species assemblages within affected habitats
(Thompson and Townsend 2005, McHugh et al. 2015). Land-use modification can also alter a
range of other habitat characteristics, including habitat connectivity, disturbance regime,
shade intensity, pH, temperature, decomposition, terrestrial subsidies and hydrology (Wetzel
et al. 1995, Leisnham et al. 2004, Patz et al. 2004, Derraik & Slaney 2005, Thompson and
Townsend 2005, Leisnham et al. 2006). This can alter biotic community structure (Murrell
and Juliano 2008, Rahel and Olden 2008, Murrell et al. 2014), which combined with altered
abiotic habitat characteristics can increase the invasion potential of the community (Kennedy
et al. 2002, Byers and Noonburg 2003, Pokorny et al. 2005). The range of effects of changing
land-use need to be considered when assessing impacts on biotic communities in freshwaters,

as effects can be multiplicative and extensive (Griffiths et al. 2014).
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Land-use-driven habitat modifications such as urbanisation and agricultural intensification
directly affect freshwater habitats and can increase the potential for biotic invasions
(Gonzéalez-Moreno et al. 2015), which can occur through increased propagule pressure
associated with areas of high human activity (Lockwood et al. 2009, Blackburn et al. 2013),
or through altered habitat disturbance regimes (Bennett et al. 2012). Land-use can alter both
duration and size of lentic freshwater habitats, and this will impact biotic communities by
altering the structure of the food-web within that community. For example, in a large survey
of bromeliad aquatic habitats, Srivastava et al. (2008) showed that habitat size was more
important for predicting predator diversity than diversity of prey species. Smaller habitats
were less likely to contain predators, so invasion could be more successful if the invader were
otherwise limited by predation. Habitats in modified land-uses also often have more frequent
disturbance regimes than natural areas, which is correlated with increased invader presence
(Bennett et al. 2012). Understanding the mechanisms that permit invader presence in a
community will be an important step in mitigating or managing potential ecological

consequences.

Land-use modification affects mosquito invasion success

Mosquitoes are an invasive taxon of global relevance, and modification of aquatic habitats
through changes in land use can affect invasion success. Many mosquitoes have the potential
to vector viruses and parasites that can cause serious human illness, and land-use
modification can increase risk of invasion. Human-alteration of the natural environment
increases the potential for mosquito invasions by creating novel mosquito habitats (Norris
2004), or by altering current habitat characteristics so they become suitable for mosquitoes
(Dian and Changxing 2001, Norris 2004). For example, urbanisation can support both Aedes
and Culex invasion success because of increased habitat availability, such as artificial
containers and storm-water drains (Kay et al. 2000, Norris 2004), and sedimentation
associated with agricultural development and deforestation can slow or block stream flow,
increasing habitat suitability for mosquitoes (Dian and Changxing 2001).

Different land uses affect larval mosquito densities (Leisnham et al. 2005), with mosquitoes
being more common in highly disturbed environments with high propagule pressure
(Lockwood et al. 2009, Blackburn et al. 2013). Land use also affects the abiotic environment
of larval mosquitoes. For example, temperature changes with increased solar radiation in

pasture compared to forested land use decrease mosquito development time (Clements 2000,
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Norris 2004). Leisnham et al. (2004) found that both shade intensity and detritus level altered
Cx. pervigilans abundances in a study conducted in the North Island of New Zealand. Greater
mosquito densities were found in open habitats, rather than shaded or forested, and medium
detritus loads also resulted in increased mosquito abundance. Land-use-induced changes to
biotic characteristics of habitats also affect mosquito distribution and development, and have
been found to have increased presence with increasing bacteria and dissolved organic carbon
(Leisnham et al. 2005), and decreased presence with increasing predator presence (Leisnham
et al. 2005). Thus, land use modification will likely affect mosquito invasion success, and

will be important at both landscape and local habitat scales.

Mosquitoes in NZ

There are currently twelve endemic mosquito species present in New Zealand, and three
exotic species. While there has not yet been any local transmission of mosquito-borne human
disease in New Zealand, some of the species present may have the potential to vector disease
in the future (Weinstein et al. 1997). Aedes notoscriptus (Skuse), an exotic mosquito from
Australia, is a known vector of Barmah Forest virus and Ross River virus (Kay et al. 2007)
and has been implicated as a dengue fever vector (Watson and Kay 1999). Native Culex
pervigilans Bergroth is a known vector of Whataroa virus in Westland, which infects birds
(Dumbleton 1968), and may be a vector for avian malaria (Holder 1999). Although these
species do not currently vector human disease in New Zealand, habitat alterations driven by
climate change, land-use modification and increased globalisation mean that it is likely that
New Zealand will host mosquito-borne disease at some stage in the future. This is supported
by the establishment and subsequent eradication of Aedes camptorhynchus (Disbury and
Cane 2011), and the interception of more than 30 other mosquitoes at ports (Derraik 2004).
Because mosquitoes spend the early stages of their life cycle in standing water habitats,
identifying how factors which mediate mosquito invasions alter with climate in these habitats

is integral to understanding mosquito invasion risk.
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WHERE TO NOW? Future research directions overview

Broader focus for climate research

Although there are a wealth of studies looking at the effects of temperature change on
ecological communities (e.g. Walther et al. 2009, Dossena et al. 2012, Greig et al. 2012) there
are far fewer looking at how altered precipitation regimes will affect ecosystems, in particular
freshwater systems (Pimm 2009, Walther et al. 2009, but see Chase 2007). Because drying
directly affects habitat area, and indirectly affects water temperature, dissolved oxygen and
evapotranspiration, it could be considered a more important influence on biotic systems than
just temperature change (Chase 2007, Aldous et al. 2011). This is one area that would be
useful to develop further, as it would broaden the scope of the knowledge about climate

change effects on ecosystems.

Local knowledge

Because there is so much variability in species’ responses to changing climate, if we are to
gain an adequate understanding of how to manage climate change effects it is important that
we rely not just on global models, but also on local experiments and predictions (Pimm 2009,
Rosset et al. 2010, Walther 2010, Greig et al. 2012). For example, although predictions might
show an increase in mean rainfall, there will be local precipitation variation (IPCC 2013,
Diez et al. 2012, WMO 2013). The Intergovernmental Panel on Climate change (IPCC)
(2007) show that coastal areas in Argentina have had an increase in mean rainfall, while areas
closer to the Andes have not. This shows that local climate predictions need to be combined
with local empirical studies to gain an accurate understanding of how the changing climate

can affect specific ecosystems (Pimm 2009).

SUMMARY

This literature synthesis demonstrates the importance of a holistic approach to understanding
and managing ecosystem change. By integrating climate change knowledge with that of
biotic invasions we will be more able to make accurate predictions about species’ responses
to ecosystem change, which will help inform effective management and conservation of

native species.
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Chapter two: Habitat modification influences invasion

success by altering biotic interactions

INTRODUCTION

Ecosystems across the globe are facing a range of anthropogenically-driven changes,
including biotic invasions, urbanisation and land-use alterations, which can affect ecosystem
structure and stability (Sala et al. 2000, Malmgvist and Rundle 2002, Saunders et al. 2002,
Melbourne et al. 2007). Species extinction rates are already at one hundred times natural
background rates due to anthropogenically-driven stressors, and are predicted to increase to
one thousand times that rate by the end of the century (Pimm 2009, Barnosky et al. 2011).
There can be strong interactive effects of environmental drivers on invasion success.
(Didham et al. 2007, Griffiths et al. 2014). Therefore, considering effects of both land-use-
driven habitat modification and biotic invasions on native biotic communities will be
important for managing both native species decline and spread of invaders (Kennedy et al.
2002, Didham et al. 2007).

Changes to land use through deforestation, agricultural intensification, damming, and
urbanisation are especially influential in freshwater ecosystems, and can alter both the
structure and functioning of biotic communities within those systems (Malmqvist and Rundle
2002, Saunders et al. 2002, Dudgeon et al. 2006). Effects of these changes can be observed at
multiple scales, from regional land-use changes altering the dispersal potential of species, to
micro-habitat changes affecting the ability of a species to persist in that habitat (Yeiser and
Richter 2015). For example, Thompson and Townsend (2005) found a gradient of algal
productivity in streams in different land uses which altered which functional feeding groups
were present in the community. Moreover, land-use-driven changes to habitats can interact,
generating complex outcomes. In a study manipulating multiple habitat characteristics,
Griffiths et al. (2014) found species responses depended on the magnitude of change of other
environmental characteristics. These examples illustrate the importance of considering the
range of possible effects of changing land use when assessing impacts on biotic communities
in freshwaters; changes to abiotic habitat characteristics will have flow-on effects to local

biotic community structure and can be complex (Griffiths et al. 2014).
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Habitat modifications such as urbanisation and agricultural intensification directly affect
freshwater habitats and can increase the potential for biotic invasions (Gonzalez-Moreno et
al. 2015). This can occur through increased propagule pressure associated with areas of high
human activity (Lockwood et al. 2009, Blackburn et al. 2013), as well as through altered
habitat disturbance regimes (Bennett et al. 2012). Habitats in modified land uses often have
more frequent disturbance regimes than natural areas, and invasive species are often more
common in these disturbed habitats (Bennett et al. 2012). More frequent disturbance can
change both the strength and pattern of interactions between species within those habitats
(Zacharias and Zamparas 2010), altering the potential for an exotic species to become
established. For example, in aquatic systems frequent drying disturbances and increased
solar radiation can decrease habitat size and permanence (Brooks 2009), which decreases
biotic community size (McHugh et al. 2015). Smaller and more temporary aquatic
communities are also less likely to include top predators than large permanent habitats
(Srivastava et al. 2008). This thereby may increase the potential for an invader to persist in
communities in small, temporary habitats, especially if the invader is tolerant to disturbance
(Romanuk et al. 2009). Thus, there is a large potential for land-use-driven alteration to also

affect biotic interaction, and ultimately invasion potential.

Identifying the scale at which these interactions occur and at which species distribution is
determined is important for managing invasive species spread and native species decline
(Byers and Noonburg 2003, Saunders et al. 2002, Urban 2004, Hogg and Daane 2013, Yeiser
and Richter 2015). For example, Weaver et al. (2012) found altitude and annual precipitation
determined Cygnus olor mute swan distribution at large scales, but that local distribution was
determined by habitat size, road density and percent forest. Moreover, Nolen et al. (2014)
found native and exotic crayfish distribution in southern Missouri and Northern Arkansas to
be both species- and scale-dependent. At the landscape scale, land-use change can alter
habitat connectance, thereby affecting dispersal potential (Urban 2004, Chase 2007, Massol
et al. 2011), and can also alter fundamental characteristics of biotic communities, such as
species diversity (Hogg and Daane 2013). On a smaller scale, abiotic characteristics such as
habitat temperature and shade level will affect the potential for a species to persist in the
habitat (Thompson and Townsend 2005, Shurin et al. 2012). This will be important for
invasion success by affecting not only the potential of the invader to persist in the abiotic
environment, but also the potential to persist as part of the biotic community that is present
(Murdoch et al. 1984).
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Many biotic invaders threaten both natural biodiversity and human health, and freshwater
systems have particularly high rates of biotic invasions (Dukes and Mooney 1999, Sala et al.
2000, Melbourne et al. 2007). Of particular importance are invaders that carry human disease,
such as mosquitoes, which spend part of their life cycle in standing water habitats (Derraik
and Calisher 2004, Norris 2004, Strayer 2012). Aedes and Culex are two mosquito genera that
have high invasion potential worldwide, and can carry viruses that cause serious human
diseases such as Ross River Virus, West Nile virus, and dengue virus (Norris 2004). Risk of
infection by mosquitoes is increasing worldwide, through frequent international air travel and
mosquito range expansions (Gubler 2002, Dauphin et al. 2004, Semenza et al. 2014). For
example, Aedes albopictus is a competent vector of dengue fever; originating from Southeast
Asia it is now considered one of the world’s worst invaders, present in 15 countries and

almost all continents (Lowe et al. 2000, Semenza et al. 2014).

Species interactions are an important determinant of invasion success, and biodiversity can
sometimes be an effective barrier to invasions (Kennedy et al. 2002, Byers and Noonburg
2003, Pokorny et al. 2005). Habitat size and permanence directly affects biotic community
size, with smaller habitats supporting fewer species (Thompson and Townsend 2005,
McHugh et al. 2010, McHugh et al. 2015), which is important for mosquitoes, because they
spend part of their life cycle in standing water habitats such as ponds. Because smaller
habitats are likely to have lower species diversity, the potential for invasion of small,
temporary ponds is likely to be higher than that of larger, more permanent habitats. For
example, because predators are more likely to occur in larger habitats, and because predators
in standing water habitats often prefer dipteran prey, especially mosquito larvae (Murdoch et
al. 1984, Klecka and Boukal 2012), the effectiveness of a mosquito invader will in part
depend on the predator community in the habitat, which will be affected by habitat size.
Therefore, understanding how habitat size changes with land-use will be an important step in

managing invasive species such as mosquitoes.

To investigate the potential for land use and associated abiotic characteristics to alter both
community diversity and mosquito presence, | surveyed for two mosquitoes, exotic Aedes
notoscriptus and endemic Culex pervigilans, in standing water habitats across different land
uses in the South Island of New Zealand. Both Culex and Aedes genera have global
distributions, so using two representatives of these genera currently established in New
Zealand is an effective way of investigating population responses of future invaders to

different land use. It is also useful towards enhancing understanding about how these current
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species distributions are affected by land use. Because land use directly affects abiotic habitat
characteristics, | expected different land uses would contain different biotic communities, and
that mosquitoes would more likely be present in simple communities with fewer predators.
Moreover, because habitat disturbance and modification can significantly influence
community structure, | expected less diverse pond communities in habitats within highly

modified urban and pasture land uses would also be more likely to contain mosquitoes.

METHODS

Survey design

| surveyed standing water habitats and measured both biotic communities and a range of key
abiotic variables in 190 potential mosquito habitats. The survey took place during early
summer (October to December) in 2013 in Canterbury and Westland, in the South Island of
New Zealand (Figure 2.1). Both regions support a range of land uses, including native forest
(primarily beech and podocarp/broadleaved forests), pasture, urban and natural tussock
grasslands, and sites sampled were spread across these four categories. In total, 34 sampling
sites were visited, with a maximum of seven habitats sampled at each site (Table 2.1).
Number of habitats sampled at each site was determined by randomly locating a point within
the property to sample, and sampling up to seven habitats within a 100 m radius. | visually
searched the area for standing water, and if there were more than seven standing water
habitats within the 100 m radius, the closest seven to the centre point were sampled.
Potential mosquito habitats were defined as any standing water habitat, either temporary or
permanent (Laird 1988, Norris 2004).

Land uses at sampling sites were classified as either: (1) pasture, consisting of open
cultivated exotic pasture grasses, generally stocked with cattle; (2) urban, consisting of
mainly suburban land-use with a range of exotic and native flora and fauna; (3) native forest,
being either beech or podocarp forest with few exotic species, or (4) grassland, consisting of
mainly ungrazed natural grasslands, primarily native but with some invasive grass species.

Land uses were defined using visual assessments both on-site and with Google Earth.

For each habitat, surface area (m?), mean depth (m) and shade level were estimated, and
dissolved oxygen (mg O, L, £ 0.01, DO), pH (£ 0.01), specific conductivity (uSzs cm™, +
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0.01), and temperature (= 0.1°C) were measured. Latitude, longitude and altitude were also
recorded at each habitat. Shade was measured by visually assigning one of three levels, 1
(full shade), 2 (medium shade) or 3 (full sun) (Figure 2.2). Surface area was estimated by
measuring width and length of each habitat at approximately middle widths and lengths, and
depth was measured by taking three random depth measurements and taking the average. For
habitats too large to measure, a visual estimate was made of both area and depth.
Conductivity and pH were measured using a YSI 63 meter, and temperature and DO using a
YSI 55a meter (YSI, Yellow Springs, USA). Latitude, longitude and altitude were measured

using a Garmin GPS.

Biotic communities were measured through three D-net (1 mm mesh; for habitats 0.3 m wide
or larger) or aquarium net (1 mm mesh; for habitats between 0.13 and 0.3 m wide) sweeps
targeted in different representative micro-habitats. For habitats that were too small for either
of the nets (< 0.13 m wide), the entire contents of the habitat were removed using a turkey
baster and washed through the aquarium net. Samples were stored in 70 % ethanol, and all
invertebrates counted and identified in the laboratory using relevant keys (mosquitoes: Belkin
1968; other insects: Winterbourn et al. 2006; Crustacea: Chapman et al. 2011). Invertebrates
were classified as predators based on a review by Greig (2008). For habitats where fish were

present, fish captured in nets were restrained briefly for visual identification purposes.

Statistical analyses

To initially evaluate the differences in community composition in different regions and under
different land-use scenarios, a non-metric multidimensional scaling (NMDS) ordination of
communities was carried out using Bray-Curtis dissimilarity with 50 restarts, using the
‘vegan’ package in R (Oksanen et al. 2013). Environmental variables were related to the
NMDS ordination axes using an analysis of similarities (ANOSIM) to identify underlying
habitat gradients in community structure, and ellipses representing the 95 % C.1. of sites with

and without predators were fitted.

To further unravel impacts of land use on biotic communities, | investigated the effect of
habitat characteristics at two scales, surrounding land use and local abiotic characteristics, on
species diversity, predator presence and mosquito presence, after testing all abiotic variables
for correlation (to avoid multicolinearity in multivariate models). To investigate the effects of

land use and associated abiotic variables on species diversity, | used a generalised linear
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model (GLM) with quasi-Poisson distribution, and for both mosquito and predator presence

at both land-use and local abiotic scales | used GLMs with binomial distributions.

Mosquitoes were found almost entirely in pasture and urban sites, so | subsequently tested
how abiotic variables determined mosquito and predator presence in these two land uses
using GLMs with binomial distributions. All statistical analyses were performed in the

programme ‘R’ version 3.1.1 (R Core Team 2014).

Table 2.1. Number of sites, samples and percent of sampled habitats containing mosquitoes and
mosquito predators from four land-use types in a survey of potential mosquito habitats in Canterbury
and Westland, New Zealand.

Land use Pasture Urban Native forest Grassland
n sites 11 11 5 6

n samples 65 69 30 26

% samples containing mosquitoes: 40 % 23 % 0% 3%
% samples containing predators: 26 % 7% 35% 83 %

Figure 2.1. Survey sampling site locations in Westland and Canterbury, New Zealand (yellow
symbols). A maximum of seven habitats were sampled at each of these site locations.
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Figure 2.2. Examples of habitats in different shade levels (low, medium and high) of standing water
habitats surveyed in Canterbury and Westland, New Zealand, including: (a) temporary pond in natural
grassland, Canterbury (full sun), (b) pond in urban land use in Canterbury (medium shade) and (c)
tyres in urban land use, Westland (full shade).

RESULTS

The NMDS ordination plots of the small standing water body communities sampled and
associated ANOSIM showed communities with predators differed significantly from those
without, and communities with predators were more likely to occur in habitats in natural
grassland, forest and pasture, and unlikely to occur in habitats in urban land use (NMDS, k =
2, stress = 0.233; Table 2.2; Fig. 2.3a). Predators included a range of taxa, including odonate
nymphs (Aeshnidae, Corduliidae, Lestidae and Coenagrionidae), and both adult and larval
Hemiptera (Anisops sp.) and Coleoptera (Dytiscidae and Hydrophilidae). When fish were
seen or known to be in the habitat they were also included. Mosquito larvae presence or non-
detection in communities was not strongly associated with land use; mosquitoes were very
rare in forest and grassland land use and common in pasture and urban areas (Table 2.2; Fig.
2.3b). Moreover, plotting only sites containing mosquitoes showed predators were generally
rare within those communities; predators only co-occurred with mosquitoes in five out of 190
total habitats, 41 which contained mosquitoes (Fig. 2.3c). The species ordination (Fig. 2.4)
indicated both mosquito species were associated with high axis 1 scores, and communities
associated with native Cx. pervigilans although variable were similar to those associated with

exotic Ae. notoscriptus mosquitoes (Fig. 2.3c).
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ANOSIM indicated habitat depth, area, pH, shade, altitude and longitude were associated
with the NMDS axes, with altitude and shade negatively associated with axis 1, and depth
(+), area (+), longitude (-) and pH (-) associated with axis 2 (Table 2.2b; Fig. 2.4). Thus,
mosquito presence was associated with open lower altitude habitats. Testing indicated strong
correlation among abiotic variables with habitat shade, depth and conductivity providing

relatively independent measures of abiotic conditions (Table 2.4).

To investigate effects of land use on pond invertebrate taxon richness, a generalised linear
model (GLM) was conducted. This revealed richness was significantly related to land use.
Richness declined across the land-use gradient from grassland to forest, pasture and urban
land use (Table 2.3a; Fig. 2.5a). A subsequent GLM analysis showed this relationship was
similar for predator presence with predators more common within the grassland and forest
land use habitats (Table 2.3a).

Subsequent analyses of the effects of abiotic habitat characteristics within all land uses on
both taxon richness and predator presence showed both habitat depth and habitat shade were
independently and positively associated with taxon richness and a greater likelihood of
predator presence. Moreover, taxon richness and likelihood of predator presence were greater
in deeper and more open habitats (Taxon richness: Table 2.3a; Figure 2.5b & c; Predator

presence: Table 2.3a; Figure 2.6a & b).

To further tease apart the effects of land use and predator presence on mosquito presence, a
GLM was conducted. This showed mosquito presence was significantly affected by both land
use and predator presence when all four land uses were considered (Table 2.3a; Fig. 2.7). As
previously mentioned, there were only five habitats that contained both mosquitoes and
predators. Also, mosquitoes were found almost exclusively in habitats within pasture and
urban land use: only one habitat in natural grassland contained mosquitoes, and no
mosquitoes were found in native forest (Table 2.1). The one grassland habitat that contained
mosquitoes was excluded from further analyses due to its proximity to a large urban centre
(within 2 km). Predators were more abundant in grassland and forested locations (Table 2.1).
Thus, mosquitoes were largely absent from standing water habitats in more natural land uses,
possibly due to predation being more common in standing water habitats occurring in more

natural land uses.
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Further insight into the drivers of mosquito and predator distribution was gained by
investigating mosquito and predator presence separately in the urban and pasture land uses
where mosquitoes were most common. Mosquito presence was significantly affected by
depth in urban habitats, but there was no relationship with depth in pasture (GLM with
binomial distribution and logit link, p = 0.003 and p = 0.524, respectively; Figure 2.8a & c).
This pattern was possibly driven by the relationship between predator presence and habitat
depth (Fig. 2.9b): habitats in pasture were generally deeper than those in urban (Table 2.3b;
Fig. 2.9b), and because predator presence was significantly affected by habitat depth,
predators were less common in habitats in urban compared to pasture land uses (Table 2.1;
Fig. 2.6b). This weaker relationship between depth and predator presence in urban compared
to pasture (GLM with binomial distribution and logit link, p = 0.003 (urban) & p = 0.006
(pasture); Figure 2.8b & d) was probably due to the small numbers of urban sites containing

predators, which in turn allowed mosquito density to respond to depth in urban areas.

Analyses using further GLMs showed shade intensity probably also influenced both predator
and mosquito presence, with mosquitoes being more common in fully shaded habitats, and
predators more common in open (Table 2.3a). In analyses examining pasture and urban land
uses individually, shade was important for predator presence in urban but not pasture habitats
(GLM with binomial distribution and logit link, p = 0.001 [urban]; p = 0.112 [pasture]; Fig.
2.10b & d), and shade did not have a significant effect on mosquito distribution when
individual land uses were examined (GLM with binomial distribution and logit link, p = p =
0.131 [urban]; p = 0.176 [pasture]; Fig. 2.10a & c). Thus, the overall effects of shade and
habitat depth on both mosquito and predator presence are likely due to the strong effect of
land use on shade at a habitat (Fig 2.9a), with only pasture sites having enough un-shaded
open sites to influence the effect of shade on predator presence.
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Table 2.2. ANOSIM analysis of land use (a), abiotic (b), and biotic variables (c) contributing to
differences in community structure a survey of standing water habitats in Canterbury and Westland,
New Zealand. Variables significantly contributing to community structure are indicated with *, and
continuous variables significantly correlated with NMDS ordination axes 1 or 2 are indicated.

NMDS ordination

Variable R-squared P value axis correlation
(@ Land use (4 types) 0.22 0.001~*
(b) Depth 0.18 0.001~* AXis 2 (+ve)
Area 0.18 0.002 * AXis 2 (+ve)
DO 0.04 0.147
Temperature 0.03 0.312
Conductivity 0.03 0.275
pH 0.17 0.001 * Axis 2 (-ve)
Shade 0.23 0.001 * Axis 1 (-ve)
Altitude 0.29 0.001 * Axis 1 (-ve)
Latitude 0.05 0.090
Longitude 0.12 0.005 * Axis 2 (-ve)
(c) Predator presence 0.33 0.001 *
Mosquito presence 0.02 0.211
Mosquito species 0.04 0.116

Units: Temperature (°C), DO (mg O, L™), Conductivity (uS,s cm™), Area (m?),
Depth (m), Shade (3 levels).
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Table 2.3. Analysis of taxon richness, predator presence and mosquito presence (a), and abiotic
variables (b), in four land-use types, pasture, urban grass and forest and with two abiotic variables,
habitat depth and shade intensity, using generalised linear models, or analyses of variance. All GLMs
used logit link function. When number of land uses is 4 analyses included pasture, urban, grass and
forest, and when 2, only pasture and urban were included in the analyses.

Response Variable Number of Testused  Distribution P value
land uses

(@)  Taxon richness Land use 4 GLM Quasi-Poisson < 0.001 *
Habitat depth 4 GLM Quasi-Poisson < 0.001 *
Shade 4 GLM Quasi-Poisson 0.001 *

Conductivity 4 GLM Quasi-Poisson 0.864
Predator presence Land use 4 GLM Binomial <0.001 *
Habitat depth 4 GLM Binomial <0.001 *
Shade 4 GLM Binomial <0.001 *

Conductivity 4 GLM Binomial 0.235
Mosquito presence  Predator presence 4 GLM Binomial 0.002 *
Land use 4 GLM Binomial <0.001 *
Habitat depth 2 GLM Binomial 0.026 *
Shade 2 GLM Binomial 0.021*

Conductivity 2 GLM Binomial 0.632
Predator presence Habitat depth 2 GLM Binomial <0.001 *
Shade 2 GLM Binomial <0.001 *

Conductivity 2 GLM Binomial 0.741
(b)  Habitat depth (m) Land use 4 ANOVA F <0.001*
Habitat area (m?) Land use 4 ANOVA F <0.001*
Shade intensity Land use 4 ANOVA F <0.001*

Note: F = F statistic and P is significant at < 0.05; units: Temperature (°C), DO (mg O, L™), Conductivity (uSzs
cm™), Area (m?), Depth (m), Shade (3 levels).
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Table 2.4. Correlations between variables measured in the survey of 141 potential mosquito habitats.

Significant correlation indicated with *. Conductivity and pH were not measured at all sites.

Shade  Mean temp DO Conductivity pH Area Depth
Temperature 0.21*
DO 041* 0.26 *
Conductivity -0.19 -0.19 -0.12
pH 0.47* 0.36 * 0.58 * 0.17
Area 0.19* 0.04 0.25* -0.01 0.29 *
Depth 0.12 -0.09 -0.1 0.09 -0.06 0.32*
Latitude -0.13 0.25* -0.18* 0.17 -0.03 0.03 -0.12
Longitude -0.13 0.23* -0.05 -0.14 0.08 0.11 -0.05
Altitude -0.05 0.09 -0.06 -0.04 -0.08 -0.06 -0.10
n df
Mean temp 141 139
DO 141 139
Conductivity 69 67
pH 69 67
Area 141 139
Depth 141 139
Latitude 141 139
Longitude 141 139
Altitude 141 139

Units: Temperature (°C), DO (mg O, L™), Conductivity (1S5 cm™), Area (m?), Depth (m)
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Figure 2.3. Plot of a non-
metric multidimensional
scaling (NMDS) ordination
based on a Bray-Curtis
matrix of dissimilarities
from invertebrate
abundance of aquatic
communities inhabiting
standing water habitats in
native forest (green, n =
26), tussock grassland
(blue, n = 30, urban (red, n
= 69) and pasture (yellow,
n = 69) land uses in relation
to (a) mosquito presence,
(b) predator presence and
(c) for only sites containing
Ae. notoscriptus (circles) or
Cx. pervigilans (squares)
mosquitoes with (yellow)
and without (green and
blue) predators. Ellipses
show significant
differences in communities
containing predators
compared to those without,
according to ANOSIM.
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Figure 2.5. Taxon richness in habitats differing in (a) land use, (b) depth and (c) shade intensity from
a survey of 190 standing water habitats in Canterbury and Westland, New Zealand. Error bars are SE
and taxon richness is number of taxa found in a habitat.
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Figure 2.6. Predator presence in standing water habitats in (a) different shade intensities and (b)
different depths in a survey of 190 potential mosquito habitats in Canterbury and Westland, New
Zealand. Dashed grey lines are 95 % CI.
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Figure 2.7. Number of habitats containing mosquitoes in relation to mosquito predator presence in a
survey of 190 standing water habitats in Canterbury and Westland, New Zealand.
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DISCUSSION

Land-use modification is altering natural ecosystems worldwide, and may increase invasion
potential of important invaders in aquatic systems like mosquitoes. To investigate the
importance of land use and associated abiotic characteristics on biotic control of communities
potentially containing mosquitoes, | surveyed potential mosquito habitats in Canterbury and
Westland, New Zealand. My hypothesis, that different land uses would contain different
biotic communities, and that mosquitoes would be present in more simple communities with
fewer predators, was supported by my results. Taxon richness was highest in natural land
uses (forest and grassland), and lowest in more human-modified land uses (pasture and
urban), and the opposite relationship was true for mosquitoes. Mosquitoes, both native and
exotic, were almost entirely restricted to habitats in pasture and urban land uses. Within these
habitats, habitat depth and shade intensity were important in determining mosquito presence
likely via their effects on the predators of mosquitoes. These same abiotic characteristics had
a strong influence on overall taxon richness and predator presence. Predators were more
common in habitats in natural land uses, forest and tussock grassland, and less common in
modified land uses, urban and pasture. This relationship with land use in-part driven by
altered habitat depth and shade associated with the different types of aquatic habitat available

in these areas.

Thus, overall the ultimate driver of mosquito distribution appeared to be land use and its
associated high taxon richness and predator presence. Predation pressure is a known
determinant of mosquito persistence in freshwater habitats (Murdoch et al. 1984), and
predator presence was significantly greater in forest and grassland sites, compared to pasture
and urban, with the opposite true for mosquitoes. My finding, that predator presence
depended on habitat depth, supports other research indicating habitat size is an important
influence on aquatic community structure (Greig 2008, McHugh et al. 2010, McHugh et al.
2015), but also highlights the importance of applying this knowledge in an invasion context.
Because urban areas had smaller freshwater habitats than other land uses, the potential for
invasion success of a mosquito species in urban areas is likely greater than in other land uses
characterised by deeper or more permanent habitats. Moreover, shallower habitats are more
likely to dry more often than deeper habitats (Brooks 2009), which can exclude species that
need longer hydroperiods to complete their life cycles, such as many predatory aquatic

invertebrates (Wissinger et al. 2009, Chapter 3). Because invasion potential can be dependent
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on the top predator within a habitat (Murdoch et al. 1984, DeRivera et al. 2005), the altered
habitat depths associated with changes in land use that | found will be an important influence
on invasions. If habitat physical characteristics exclude predators, then they also increase the
chance that an exotic species strongly affected by biotic interaction will successfully invade.

Habitat size is also important to biotic communities in freshwater systems because it affects
community structure (McHugh et al. 2015), which could subsequently alter the invasion
resistance of the community. Higher species diversity can increase invasion resistance of a
community (Kennedy et al. 2002, Byers and Noonburg 2003, Pokorny et al. 2005). However,
because community structure and diversity alter along habitat permanence gradients in
aquatic systems, with increasing predator diversity associated with more permanent habitats
(Poff et al. 1996, Wellborn et al. 1996, Greig 2008), the decreased habitat size and increased
disturbances associated with modified land uses may mean food webs in urban and
agricultural land uses are likely to be affected. For example, in drying streams McHugh et al.
(2015) found smaller webs with shorter food chains, lower species diversity and fewer
predators as streams got smaller. This has implications for biotic community in shallow
habitats, such as those | found in urban land use, because they generally had lower taxon
richness than large habitats. More permanent and larger habitats have, in general, greater
species diversity than temporary habitats, and more food-web complexity, and this increased
food-web complexity likely affects interaction strength between species (Greig 2008,
McHugh et al. 2010, Greig et al. 2013, McHugh et al. 2015) possibly stabilising food webs.

Weak interactions can be stabilising factors in food-webs (May 1972, McCann 2000,
Kokkoris et al. 2002, Greig et al. 2013), due to the presence of interactions such as intraguild
predation and omnivory (Emmerson and Yearsley 2004, Sdnchez-Carmona et al. 2012). The
stability that is associated with large biotic communities with many weak interactions
between species may thereby increase invasion resistance (Case 1990). My finding, that
urban environments contain more shallow habitats than those in natural landscapes, and that
these smaller habitats contained fewer taxa than larger habitats, show that these sort of food-
web dynamics are likely to be highly relevant in modified urban systems where invasion risk
is high. Increasing characteristics that promote large communities, such as increasing habitat
depth of aquatic systems, may enhance the likelihood of more diverse communities that are

more resistant to invasion and are more likely to contain predators.
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Other physical factors were also important (e.g., shade) in driving the land-use affected
patterns of biotic interactions which drove mosquito distribution. Shade was likely important
for taxon richness, as well as predator and mosquito presence, because of the variety of biotic
and abiotic factors it influences, including microbial decomposition, water temperature,
evapotranspiration, and if generated by foliage cover, effects on terrestrial subsidies into the
habitat (Thompson et al. 2012). Shade can also be an indicator of shelter from wind, which
affects adult mosquito oviposition ability (Reiter 2001). Wind facilitates adult mosquito
dispersal (Midega et al. 2012), but oviposition is not possible in sites that are too windy
(Clements 1999). Thus, predators were present in a smaller proportion of shaded habitats than
mosquitoes, especially in habitats located within urban land use. It is also likely that predators
were limited from more shaded habitats in urban habitats, thereby increasing the potential for
mosquitoes to persist.

Neither habitat depth nor shade intensity associated with land use fully explained predator
presence. Predator presence was positively associated with habitat openness and depth, but
while habitats in forest and pasture had similar depths, forest habitats were much more
shaded. This pattern was likely driven by habitat characteristics that alter with shade, but
were not measured, such as habitat productivity and terrestrial detritus input. These
influences likely directly impact which invertebrate functional feeding groups are present
(Cummins et al. 1989, Remor et al. 2013), and may also influence mosquito development.
This is especially relevant where shade is generated by riparian cover, because riparian
habitat regularly influences species composition within the freshwater habitat (Kennedy et al.
2000, Lecerf et al. 2005, Remor et al. 2013). For example, Yee and Juliano (2006) showed
that mosquito development and competitive ability was affected by terrestrial subsidies, and
that the relative proportion of leaf compared to insect food subsidy addition to the habitat was
important. Thus, while there were likely strong land-use influences on mosquito presence due
to altered predator-prey interactions this was not the whole story and other land-use related

effects on mosquitoes were also likely to have contributed.

Another mechanism by which mosquito presence in habitats within forest and natural
grassland land-uses may have been limited is through the lack of habitat connectivity. Habitat
connectivity can limit invasive species distributions in both terrestrial and freshwater
environments (Benjamin et al. 2007, Minor et al. 2009, Pilliod et al. 2013). Suitable standing

water habitats in urban and pasture were often more common and evenly spread than those in
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grassland and forest. Although there can be many habitats in one location in grassland and
forest, these land uses often have greater distances between habitat complexes (S. Hunt,
personal obs.). Unless carried by wind, adult mosquitoes are limited to short dispersal
distances (Clements 2000), so any lack of habitat connectance may account for their absence,

and this is an area that would benefit from further research.

Even though other physical characteristics associated with land use will be influential, biotic
interactions between mosquitoes and their competitors and predators, and the effects of land
use on these, will likely be of primary importance in determining their invasion success
because they are very strong interactions. The two mosquito species found in my survey,
while found in a similar range of habitat types (Figure 3c), only co-occurred in one habitat.
Competition occurs between Aedes and Culex mosquitoes (Winters and Yee 2012, Yee and
Skiff 2014), and likely explains this lack of co-occurrence. Moreover, for the five sites where
predators were present together with mosquitoes, these co-occurrences only involved native
Cx. pervigilans, and not exotic Ae. notoscriptus mosquitoes. Thus Ae. notoscriptus may be
more vulnerable to predation than Cx. pervigilans. These observations highlight the
importance of biotic interactions for mosquitoes, and were investigated further with

experimental manipulation of predator-prey interactions (Chapter 3).

Overall, small pond communities, in part because they have more simple food webs, play an
important role in biotic invasions, especially those involving mosquitoes. Pond communities
worldwide are important sources of regional biodiversity (Biggs et al. 2005, Céréghino et al.
2013), but because of their small size and frequent drying regimes they typically have fewer
species than larger habitats. This means the invasion potential of small ponds is greater than
large habitats, especially for species such as mosquitoes that have life-histories adapted to
frequent habitat drying (Norris 2004). Because higher species richness and the associated
many weak trophic interactions are both mechanisms for community resistance to invasions,
focusing habitat restoration efforts on maintaining water in small ponds will have the benefit
of both increasing native biodiversity and decreasing the change of invasions of species such
as mosquitoes. Public education about the potential for standing water habitats to support
mosquito populations, combined with increased establishment of larger habitats that support
predators, will also help to both decrease invasion potential and increase native biodiversity
in these important habitats.
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Finally, although my study has focused on mosquitoes, an important invader of small
standing water habitats, it illustrates a more important general issue: habitat modification due
to land-use change, which affects biotic interactions, can have a profound influence on
biodiversity. In an era where multiple global changes are happening, there is a need to learn
more about them and how biotic communities may respond. In general, habitat size changes
which affect predators will be very important for both the spread of invasive species and the

decline of native biodiversity.
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Chapter three: Climate change mediates mosquito success

by affecting life history and predation dynamics

INTRODUCTION

Global-change drivers such as climate change, urbanisation, and biotic invasions are
increasingly altering natural ecosystems and may interact, generating unexpected outcomes
for biological communities (Sala et al. 2000, Didham et al. 2007, IPCC 2014). The most
recent decade (2001 — 2010) was the warmest on record (WMO 2013), and mean global
temperature is predicted to increase approximately 1 - 3.5°C by the end of the century (Dukes
and Mooney 1999, IPCC 2014). Moreover, climate change will increase the likelihood of
weather extremes such as droughts, heat waves, severe storms and floods, which are
predicted to increase in frequency, intensity and duration (MfE 2008, Pimm 2009, Diez et al.
2012, WMO 2013, IPCC 2014). To manage both native species decline and invasive species
spread it is imperative to accurately predict how these climate changes affect biotic
communities at risk of invasion (Didham et al. 2007). Making local predictions about
extreme climatic events is difficult, and natural climate variability caused by events such as
El Nifo-Southern Oscillation (ENSO) make predicting ecological responses to climate
change even more challenging (Pall et al. 2006, Pimm 2009, WMO 2013). Climate
predictions for New Zealand show large inter-regional variability in both temperature and
precipitation, so making accurate predictions about climate effects on biological communities

will require consideration of this variability (Heino et al. 2009).

Climate change will affect ecosystems at multiple levels, from changing behaviour, size and
life history of individual species (Dossena et al. 2012, VVaz-Pinto et al. 2013, Mas-Marti et al.
2014), to whole community changes, by altering nutrient cycling and trophic cascades
(Walther 2010, Greig et al. 2012, Kratina et al. 2012, Dossena et al. 2012). These changes
can result in a variety of complex effects on ecosystems, such as range shifts, creating novel
species interactions (Greig et al. 2012, Dossena et al. 2012, Gallardo and Aldridge 2013), and
altering native community resilience to disturbances (Macdougall and Turkington 2005).
Climate change will influence all ecosystems, but freshwater systems are particularly
vulnerable to predicted changes in precipitation and temperature (Heino et al. 2009, Sorte

2013). Altered freshwater habitat size, availability and conditions will directly influence the
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biotic communities in those habitats (Norris 2004, Thompson and Townsend 2005, McHugh
et al. 2015), and in particular, lentic systems that rely on rainfall rather than groundwater
inputs will be more sensitive to changes in climate than other freshwater systems (Bates et al.
2008, Brooks 2009).

Understanding how communities respond to climate-driven habitat changes is important,
because it may mediate the success of an invader. This is particularly relevant in freshwater
systems because not only are they vulnerable to climate change, but they also have high rates
of biotic invasions (Dukes and Mooney 1999, Sala et al. 2000, Melbourne et al. 2007). A
wealth of evidence shows that climate plays an important role in mediating invasion,
especially through increased weather extremes and habitat modification that accompanies
such events. Moreover, freshwater systems are more sensitive to the combined pressures of
climate change and biotic invasions than terrestrial ecosystems (Sala et al. 2000, Rahel and
Olden 2008, Heino et al. 2009, Diez et al. 2012, Bennett et al. 2012, Sorte 2013). For
example, Sorte et al. (2013) found that in terrestrial systems, native and non-native species
responded similarly to environmental changes, whereas in aquatic systems non-native species
had increased performance compared with native in increased temperature and CO,
scenarios. Furthermore, Rahel and Olden (2008) found that while warming can increase
growth rates in temperate systems, it may also exacerbate drought in more arid systems,
promoting drought-tolerant species. These examples show that not only will climate change
likely result in an increase in invasion success, but subsequent effects will likely be more

pronounced in freshwater that terrestrial systems.

New Zealand has a disproportionately large number of exotic species due to both deliberate
and accidental introductions (Atkinson and Cameron 1993, Laird 1995, Lee et al. 2008,
Norton 2009). Some of these species are beneficial to humans, but a vast majority have
resulted in losses to native flora and fauna (Atkinson and Cameron 1993, Norton 2009).
Because invasion is an ongoing process, understanding how local communities respond to
invaders is important. Of particular importance are invaders that carry human disease, such as
mosquitoes (Derraik and Calisher 2004, Strayer 2012). Globally mosquitoes vector a range of
serious human diseases, including dengue fever, Ross River virus, West Nile virus and
chikungunya fever, and risk of infection is increasing in many areas (Gubler 2002, Dauphin
et al. 2004, Charrel et al. 2007). New Zealand has twelve native and three exotic mosquitoes,
none of which currently are vectors for serious human diseases in New Zealand (Weinstein et

al. 1997). However, as was shown by the invasion and subsequent eradication of the salt
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marsh mosquito, Aedes camptorhynchus, and interceptions of many more non-native
mosquitoes at ports, the likelihood that countries like New Zealand will receive more
mosquito invaders is high (Weinstein et al. 1997, Disbury et al. 2008, Disbury and Cane
2011). Because mosquitoes spend the early stages of their life cycle in standing water
habitats, identifying how factors which mediate mosquito invasions alter with climate in

these habitats is integral to understanding mosquito invasion risk.

Both habitat drying and warming are likely to alter the potential for invasion of freshwater
habitats, but effects of warming have received significantly more attention than habitat drying
(Walther 2010, Dossena et al. 2012, Kratina et al. 2012, Strayer 2012, Vaz-Pinto et al. 2013,
but see Chase 2007, Greig et al. 2013, Strachan et al. 2014). Examining both short- and long-
term drying in these systems is important, because short-term drying affects prey density,
habitat size and duration, resource availability and water chemistry, and alters encounter rates
between predators and their prey (Brooks 2009, Greig et al. 2013, Strachan et al. 2014), while
long-term drying, or drought, can remove the habitat entirely, affecting which species can
persist (Wissinger et al. 2009). For freshwater habitats that have the potential to dry, such as
temporary and semi-permanent ponds, and artificial habitats (e.g. stock water containers and
urban rubbish), intra-annual rainfall variability will likely play a more important role in
determining the duration of the habitat than will mean annual rainfall. New Zealand’s climate
already results in more unpredictable hydroperiods than other, well-studied areas such as
North America and Europe (Schneider et al. 2014, Wellborn et al. 1996, Brooks 2009, Greig
2008, MfE 2008). Moreover, climate models for New Zealand predict increasing inter- and
intra-regional variability in precipitation, meaning that what is already a variable,
unpredictable system will likely become more so (MfE 2008, IPCC 2013). Smaller water
volumes also experience greater temperature fluctuations, with potential for higher upper
temperatures and lower cold temperatures than do larger water volumes (Carrington et al.
2013). Thus, New Zealand’s high invasion rates of exotic species and unpredictable
hydroperiods make its ponds and other small water bodies particularly vulnerable under

global climate change.

Examining predator-prey interactions, especially those involving invaders, will help reveal
how these freshwater communities will be affected by climate change (Dukes and Mooney
1999, Rall et al. 2010, Thompson et al. 2012). Climate change will affect species in different
ways, such as by directly affecting species’ metabolism, or indirectly affecting species
through altered habitat characteristics (Lang et al. 2012, Rall et al. 2012, Wagner et al. 2013).
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These changes to individual organisms will subsequently alter interactions between species,
which will affect whole community dynamics, including the community’s response to an
invader (Rahel and Olden 2008, Walther et al. 2009). These changes are likely to be most
identifiable as changes in predator-prey interactions, such as altered consumption rates (Rall
et al. 2012, Wagner et al. 2013), prey handling time (Lang et al. 2012), and encounter rates
(Rall et al. 2012). Because climate change will alter predator-prey interactions both directly,
through climate effects on habitats, and indirectly, through altered prey life-history strategies
(van Uitregt et al. 2013), it will be important to consider both direct and indirect mechanisms
determining the outcome of climate change on predator-prey interactions, and therefore

communities.

To unravel effects of both short- and long- habitat drying and warming on biotic interactions
potentially affecting mosquitoes, | conducted two predator-prey experiments involving native
(Culex pervigilans) and exotic (Aedes notoscriptus) mosquitoes and their invertebrate
predators. Backswimmers (Anisops wakefieldi), damselfly nymphs (Austrolestes colensonis)
and dragonfly nymphs (Procordulia smithii) all prey on mosquito larvae in freshwater
habitats (Graham 1939, Zuharah and Lester 2010, Klecka and Boukal 2012), and were chosen
for this study because they vary in habitat drying tolerance (Greig 2008, Wissinger et al.
2009). Backswimmers are found in a large range of freshwater habitats, from very temporary
to permanent, whereas A. colensonis are rarer in temporary compared to permanent habitats
(Greig 2008, Wissinger et al. 2009). P. smithii are restricted to even more permanent habitats
(Wissinger et al. 2009; Fig. 3.1). Thus, altered precipitation regimes predicted for New
Zealand will likely alter the distributions of these predatory insects by changing the
proportion of temporary to permanent habitats, thereby affecting the potential for predator-

prey interactions involving these species to affect mosquito invasion success.

The two mosquito species | chose for these experiments, Cx. pervigilans and Ae.
notoscriptus, were selected to allow comparison of native and exotic mosquito species’
responses to climate change and associated effects on species interactions. The two species
have similar habitat preferences and are the most common mosquitoes in New Zealand (Laird
1995, Derraik 2005a, Derraik and Slaney 2007). However, while native Cx. pervigilans
mosquitoes have evolved in the variable New Zealand climate with both frequent rainfall and
drying events, exotic Ae. notoscriptus have invaded from Australia, where in most regions
periods between rainfall events are typically longer than in New Zealand (Williams and Rau

2011, van Uitregt et al. 2013). Thus, | predicted that introduced Ae. notoscriptus mosquitoes
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may more successfully respond to habitat drying than Cx. pervigilans by altering behaviour
and growth rate (Williams and Rau 2011, Melbourne et al. 2007). | also predicted that native
and introduced mosquito larvae would respond differently to the combined pressures of
temperature change, habitat drying and predation, with overall success, or emergence, of Ae.

notoscriptus being greater than that of Cx. pervigilans.

METHODS

Experimental design

Experiment One: Drying

Firstly, I conducted a mesocosm experiment to investigate the effects of both short- and long-
term drying on vulnerability of exotic Ae. notoscriptus and native Cx. pervigilans mosquito
larvae to predation by P. smithii dragonfly larvae, A. colensonis damselfly larvae and A.
wakefieldi backswimmers. These predators were selected to represent predation pressures
experienced in temporary, semi-temporary and semi-permanent habitats. Short-term drying
was simulated by applying three different drying rates: no drying, slow and fast drying, to the

Mesocosms.

Each mesocosm contained one predator (either P. smithii, A. colensonis or A. wakefieldi), and
either 100 Cx. pervigilans or 100 Ae. notoscriptus (instars two to four, identified using the
Belkin (1968) key). Drying was manipulated twice a day, with the slow drying treatments
losing one litre of water per day, and the fast drying two litres per day. The fast drying
treatments finished the experiments with two litres of water left, because the aim was to
investigate the effects of drying, not drought, on the interaction between the predators and
their prey. Water level was manipulated by altering the angle of a pipe that drew water from
the bottom of the experimental container (Fig. 3.2a & b). Habitat structure was included in
each mesocosm to allow refuges for both Ae. notoscriptus and Cx. pervigilans (rocks and

plastic aquarium plants).

One replicate of all predator combinations was run at a time, including a predator-free control
for each drying and mosquito species combination, with a total of four replicates of all

treatment combinations conducted in total. Predators were starved for 24 hours prior to the
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experiment, and both predators and prey were acclimatised for one hour in closed containers
before being released into the mesocosm. Based on a preliminary trial which measured
predator satiation at different prey densities, 100 prey was selected as the optimum prey
density for this experiment to ensure that predation rate was not affected by changes in

encounter rate over time.

Experimental mesocosms were 24 15-L plastic containers, containing 12 L water, including a
2-L. microorganism inoculum (water collected from artificial container habitats containing
mosquito larvae and detritus filtered through a 40-ym sieve). Two crushed pellets of rabbit
food (Weston Milling Stock feed) were added to the water 24 hours prior to the experiment as

an additional food for mosquito larvae.

All predators were collected from the Groynes Recreation Reserve, Christchurch, New
Zealand (43°27'01.88"S, 172°36'20.32"E), through repeated D-net (1-mm mesh) sweeps in
the littoral zone. Second to fourth instar larvae of the two species of mosquito, Ae.
notoscriptus and Cx. pervigilans, were collected in a range of locations in the Christchurch
area using targeted D-net or aquarium net (< 1 mm mesh) sweeps. First instar larvae are

difficult to identify to species so were not used.

The experiment was set up outside in an enclosure on the University of Canterbury campus,
in Christchurch, New Zealand (43°31'22.77"S, 172°34'59.21"E). Because mesocosms were
subject to diurnal temperature and light fluctuations, I measured light intensity and
temperature hourly for the duration of the experiment, using data loggers (Onset HOBO
pendant loggers UA-002-64, Bourne, MA, USA).

Adult mosquitoes were removed daily using an aspirator for the six day experiment. At the
conclusion of the experiment dead mosquito larvae, pupae, live larvae and adults were
counted. Larvae and pupae were stored in 70% ethanol, and adults were frozen. Each
individual predator was photographed and measured, then released back to original habitat
(although samples of the predators were kept to verify identification).
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Figure 3.1. Established habitat permanence requirements for three predatory invertebrates, A.
wakefieldi backswimmer, A. colensonis damselfly, and P. smithii dragonfly, based on Wissinger et al.
(2009). Highly temporary habitats dry at least annually, and permanent habitats do not dry, and
increasing lentic freshwater habitat permanence is associated with greater predator diversity (Greig
2008, Wissinger et al. 2009).

Figure 3.2. Experimental mesocosm containers showing a) habitat structure and HOBO data logger in
a fast-drying container at the end of the drying experiment, b) mesocosm with pipe to release water
and emergence trap to catch adult mosquitoes, and c) water baths containing mesocosms for the
warming experiment, with aquarium heaters to provide warming.

Experiment two: Warming

To further investigate the effect of temperature on the interaction between the predatory A.
wakefieldi found in the most temporary habitats and the two mosquito species, | conducted a

habitat-warming experiment. Experimental mesocosms were constructed from 15 five-litre
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ice-cream containers containing 4.5 L tap water, each including a 1-L microorganism
inoculum and one pellet of rabbit food (Weston Milling Stock feed). The mesocosms were set
up in a temperature control room (photoperiod LD 14 : 10 hours, 13 °C) at the University of
Canterbury, Christchurch, NZ, where containers were placed in water baths heated using an
aquarium heater (Aqua One, 100-W Heater, Australia). Each bath contained two mesocosms,
one with a predator and one predator-free control (Fig. 3.2c). Five temperatures, each with
three replicates, were targeted (12, 20, 22, 26 and 30 °C). Due to the variability in the room
(proximity to fan, door and heaters), actual mean temperatures had a range evenly spread
from 13.5 °C to 30.4 °C. Thus, instead of three replicates at four levels we had a continuous
temperature gradient. Habitat structure (rocks and plastic aquarium plants) was included to

provide refuges for both Ae. notoscriptus and Cx. pervigilans.

Each mesocosm contained one predatory A. wakefieldi and 25 Cx. pervigilans and 25 Ae.
notoscriptus mosquito larvae as prey. Predators were starved for 24 hours prior to the
experiment, and both predators and prey were acclimatised for one hour in closed containers
before being released into the mesocosm. After 48 hours, the number of dead mosquito
larvae, pupae, live larvae and adults was counted. Larvae were counted and stored in 70%
ethanol, and adults frozen. Remaining pupae were kept and reared to adult stage, where they

were identified to species using the key of Belkin (1968).

Statistical analyses

For the drying experiment, the effects of three categorical (drying rate, predator identity and
mosquito species) and one continuous covariate (mean temperature) on predation and
mosquito pupation rates were analysed in a fully factorial design using analyses of variances.
After removing any non-significant interactions | conducted homogeneity of slopes tests
followed by either analyses of covariance (ANCOVA), for non-significant interactions, or
individual regressions, where interactions were significant. For the significant three-way
interaction | conducted three separate sets of analyses on the three predator treatments, with
subsequent homogeneity of slopes tests and either ANCOVA or individual regressions. Two
blocks experienced unusually cold temperatures well outside the range of the other blocks, so

were therefore excluded from the model (Table 3.1).

Due to low adult emergence, the number emerged was added to the number of pupae,

hereafter referred to just as pupae. Although predators do prey on pupae as well as larvae,
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pupation is often used as a measure of adult productivity, being the penultimate stage before
adult emergence (Leisnham et al. 2005). Therefore, I refer to ‘pupae’ as the total number of

pupae plus total number of adults.

Because | was interested in determining how pupation rates altered both additively and
independently of predation rate in changing conditions, | conducted my analyses using both
the final counts of both pupae (‘pupation rate’) and using responses adjusted to account for
changes in mosquito abundance due to predation (‘adjusted pupation rate’). Adjusted
pupation rate was calculated as

n pup
(npup + n larv)

Pup, =

where Pup , is the adjusted pupation rate for each mesocosm, n pup the number of pupae, and

n larv, the number of larvae remaining at the end of the experiment.

To confirm normality and homogeneity of variances of response variables Levene tests and
Shapiro-Wilk tests were conducted and ggnorm plots of all models were created. All
responses in the drying experiment met the assumptions of normality and homogeneity of

variances.

For the warming experiment, the effect of A. wakefieldi backswimmer predator on predation
and pupation rates of Ae. notoscriptus and Cx. pervigilans at different temperatures was
analysed using analyses of variance involving homogeneity of slopes tests followed by either
analyses of covariance (ANCOVA), for non-significant interactions, or individual
regressions, where interactions were significant. Levene tests and Shapiro-Wilk tests were
conducted to assess variances from normality and heterogeneity of responses, and where
responses did not meet normality or homogenous variances (‘predation rate’ and ‘adjusted
pupation rate’) they were transformed using an arcsine square root transformation. Blocking
was not deemed necessary, as the only significant variability in the room was temperature,
which was included in the statistical analyses. All statistical analyses were performed in the

programme ‘R’ version 3.1.1 (R Core Team 2014).
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Table 3.1. Total replicates in each level of microcosm experiment after removal of cold blocks

No drying Slow drying Fast drying
Cx. pervigilans Ae. notoscriptus | Cx. pervigilans Ae. notoscriptus | Cx. pervigilans Ae. notoscriptus
Austrolestes 4 3 4 3 4 3
Anisops 4 3 4 2 4 3
Procordulia 4 3 4 3 4 2

RESULTS

Experiment One: Drying, predator type and mosquito species

In Experiment One, the number of mosquito larvae consumed by predators was influenced by
a three-way interaction between predator identity, mosquito species and average temperature
(Fig. 3.3; Table 3.2a), but there was no effect of drying on predation rate (Table 3.2a).
Subsequent analyses indicated this three-way interaction occurred because the effects of
mosquito species and temperature changed according to predator. P. smithii consumed a
greater number of mosquito larvae than either A. colensonis or A. wakefieldi (predator main
effect Table 3.2a), but consumption increased with temperature and was similar for the two
mosquito species (Fig. 3.3a; ANCOVA of P. smithii expts: temperature, Fy 15 = 16.34, p =
0.001; species: F1, 15 = 0.03, p = 0.863). Austrolestes colensonis, on the other hand, consumed
slightly greater numbers of Ae. notoscriptus than Cx. pervigilans, with consumption of both
increasing with temperature (Fig. 3.3b; ANCOVA of A. colensonis expts: temperature, F1 15
=18.96, p < 0.001; species: F; 15 = 4.85, p =0.044). Finally, A. wakefieldi consumption of Ae.
notoscriptus increased with temperature, but consumption of Cx. pervigilans did not change
with temperature (Fig. 3.3c; homogeneity of slopes test, Fi 14 = 8.67, p = 0.011; Cx.
pervigilans liner regression: F; 10 = 1.04, p = 0.332; Ae. notoscriptus linear regression: Fy ¢ =
16.19 p = 0.007). Thus, each predator had a different pattern of interaction with temperature

and mosquito species, and consistently no effect of drying.

The number of mosquito larvae to pupate (adjusted) depended mostly on mean temperature,
and an interaction between mosquito species and drying rate (Table 3.2b). Although there
was a significant drying x mosquito species interaction, this had relatively little effect on
pupation rates (Fig. 3.4). Tukey HSD post-hoc tests showed that drying rate did not

significantly affect adjusted pupation rates for either Cx. pervigilans or Ae. notoscriptus. The
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significant interaction appears to be driven by the slight but not significant decrease of Ae.
notoscriptus pupation rate, and the slight but not significant increase of Cx. pervigilans

pupation at slow drying rates (Fig. 3.4).

In a separate analysis considering mosquito species and temperature, Ae. notoscriptus
pupated at faster rates than Cx. pervigilans, with similar increases in pupation rates associated
with temperature in both species (ANCOVA: temperature: Fy 53 = 8.94. p = 0.004; mosquito
sp.: F1 53 =259.42, p < 0.001; Fig. 3.5a).

The number of pupae remaining at the end of the experiment (i.e. unadjusted) depended only
on mosquito species, with Ae. notoscriptus pupating at significantly faster rates than Cx.
pervigilans (Fig. 3.2b; Table 3.2c). Thus, predator identity, drying rate and mean
temperature all had no effect on overall, unadjusted for predation, pupation rate, but mosquito

species had a large influence (Table 3.2c).
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Table 3.2. Results of analyses of variance on a) predation rate, b) adjusted pupation rate and c)
pupation rate of Ae. notoscriptus and Cx. pervigilans mosquitoes (mosquito sp., categorical treatment)
subjected to predation by A. wakefieldi, A. colensonis and P. smithii predators (Predator treatment,
categorical treatment) over a six day mesocosm experiment in which temperature varied (mean temp,
continuous covariate). Pupation rate is final number of pupae, and adjusted pupation is rate adjusted
for predation. P values < 0.05 are indicated with *.

a) Predation rate

Variable MS df F P value
Predator type 691.72 2 23.22 <0.001*
Mean temperature 847.07 1 28.43 <0.001*
Drying rate 11.29 2 0.38 0.687
Mosquito species 11.62 1 0.39 0.535
Mosquito species x Mean temp 11.53 1 0.39 0.537
Mosquito species x Predator 115.07 2 3.86 0.028 *
Mean temperature x Predator 64.34 2 2.16 0.127
Mean temp x Mosquito sp. x Predator 147.63 2 4.96 0.011*
Error 29.79 46

b) Adjusted pupation rate

Variable MS df F P value
Predator type 0.008 2 1.59 0.214
Mean temperature 0.051 1 9.75 0.003 *
Drying rate 0.003 2 0.50 0.611
Mosquito species 1.492 1 283.12 <0.001*
Mosquito species x Drying 0.018 2 3.42 0.040 *
Error 0.005 51

c) Pupation rate

Variable MS df F P value
Predator type 71.0 2 2.00 0.145
Mean temperature 9.6 1 0.27 0.606
Drying rate 0.5 2 0.01 0.986
Mosquito species 11260.0 1 317.45 <0.001*
Error 35.5 53

Note: MS = Mean Squares, df = degrees of freedom, F = F statistic and P is significant at < 0.05
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Figure 3.3. Predation rate by a) P. smithii, b) A. colensonis, and c) A. wakefieldi on two mosquito
species (Ae. notoscriptus: black triangles and Cx. pervigilans: grey circles) across different
temperatures in a mesocosm feeding experiment. Regression lines were fitted by either ANCOVA (a
& b) or linear regression (c). Solid line indicates significant effect and dashed line is mean response
across the temperature range where linear regression was not significant. Multiple R*= 0.480, 0.543,
and 0.520 for a) to c), respectively.
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Figure 3.4. Adjusted pupation rates of Ae. notoscriptus (dark bars) and Cx. pervigilans (light bars)
mosquitoes across different drying treatments, in a six day mesocosm feeding experiment. Fast drying
treatments lost 2 L water per day, slow drying, 1 L and no drying none. Error bars are 95 % CI.
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Figure 3.5. Pupation adjusted for predation (a) and unadjusted pupation rates (b) of Aedes
notoscriptus (black triangles) and Culex pervigilans (grey circles) across different temperatures in a
six day mesocosm feeding experiment. Adjusted pupae are the proportion of mosquitoes to pupate of
those remaining to pupate (i.e. controlling for predation), and unadjusted pupae are counts of pupae
remaining at the end of the experiment. Regression lines fitted by ANCOVA (Ae. notoscriptus: black
and Cx. pervigilans: grey line). Multiple R*=0.821
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Experiment two: Warming and mosquito species

In the experiment investigating A. wakefieldi predation on the two mosquito species over a
wider range of temperatures, the number of prey consumed was influenced by mosquito
species and temperature (Fig. 3.6; Table 3.3a), and there was a possible interaction between
mean temperature and mosquito species in the homogeneity of slopes test (Fig. 3.6; Table
3.3a). To further investigate temperature effects for the two mosquito species given the
possibility of an interaction, |1 conducted separate linear regressions for each species.
Increasing temperature significantly enhanced backswimmer predation rate on Cx.
pervigilans (Fy, 13 = 14.24, p = 0.002; Fig. 3.6), but temperature did not significantly affect
predation on Ae. notoscriptus mosquitoes (F1, 13 = 1.16, p = 0.301). Predation by A. wakefieldi
was consistently higher for Ae. notoscriptus than Cx. pervigilans regardless of temperature
(Fig. 3.6).

There was no significant interaction in the homogeneity of slopes test, so the ANCOVA
indicated that adjusted mosquito pupation rate increased with temperature (Fig. 3.7a; Table
3.3b), and was significantly different for Aedes notoscriptus and Culex pervigilans (Fig. 3.7a;
Table 3.3b). Thus, based on adjusted pupation rates, Ae. notoscriptus pupated at slightly
faster rates than Cx. pervigilans across the ~ 20 °C range of temperatures. Overall mosquito
pupation rate (i.e. not adjusted) increased with temperature, but did not differ between
mosquito species (Fig. 3.7b; Table 3.3c).
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Figure 3.6. Predation rate on Ae. notoscriptus (black triangles) and Cx. pervigilans (grey circles)
mosquitoes by backswimmer predators across different temperatures. Lines fitted by linear regression
(Ae. notoscriptus: black and Cx. pervigilans: grey line). Solid line indicates significant effect and
dashed line is mean response across the temperature range for Ae. notoscriptus. Multiple R? = 0.753.
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Table 3.3. Results of homogeneity of slopes tests and ANCOVAs on a) predation rate by predatory A.
wakefieldi, on Ae. notoscriptus and Cx. pervigilans mosquitoes (arcsine square-root transformed data,
categorical treatment), b) adjusted pupation rate (arcsine square-root transformed data), and c)
mosquito pupation rate over a 48 hour laboratory mesocosm experiment where temperature
(continuous covariate) was manipulated. Adjusted pupae are the proportion of mosquitoes to pupate
of those remaining to pupate (i.e. controlling for predation), and unadjusted pupae are counts of pupae
remaining at the end of the experiment. P values < 0.05 are indicated with *.

a) Predation rate

Variable MS df F P

Mean temperature 0.036 1 11.92 0.002 *
Mosquito species 0.311 1 103.06 <0.001*
Mean temp x Mosquito sp. 0.011 1 3.79 0.062
Error 0.003 26

b) Adjusted pupation rate

Variable MS Df F P

Mean temperature 0.015 1 60.36 <0.001*
Mosquito species 0.002 1 6.81 0.015*
Error 0.0002 27

c) Pupation rate

Variable MS df F P

Mean temperature 349.6 1 63.64 <0.001~*
Mosquito species 9.6 1 1.75 0.197
Error 55 27

Note: MS = Mean Squares, df = degrees of freedom, F = F statistic and P is significant at < 0.05
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Figure 3.7. Adjusted pupation (a) and unadjusted pupation rates (b) of Aedes notoscriptus (black
triangles) and Culex pervigilans (grey circles) across different temperatures in a 48-hour laboratory
mesocosm experiment. Adjusted pupae are the proportion of mosquitoes to pupate of those remaining
to pupate (i.e. controlling for predation by A. wakefieldi), and unadjusted pupae are counts of pupae
remaining at the end of the experiment. Lines fitted by ANCOVA. Multiple R? = 0.713 and 0.689 for
a) and b), respectively.

DISCUSSION

Interacting global change drivers such as climate change and biotic invasions are altering
ecosystems at increasing rates, and their combined effect has received little attention in lentic
systems. | therefore investigated whether altered habitat drying and increased temperature
affected predation on native Cx. pervigilans and exotic Ae. notoscriptus mosquito larvae by
three predatory invertebrates. | found little evidence that short-term habitat drying affected
interaction strengths of any of the predator-prey combinations, but strong evidence for the
importance of temperature-mediated predation rates which depended on both predator and
prey identities. Predation rate generally increased with temperature, but the magnitude of the
change depended on both predator and prey identity. P. smithii dragonflies were the most
efficient predator, consuming both mosquito species at faster rates than the other two
predators. A. colensonis damselflies preyed on Cx. pervigilans faster than Ae. notoscriptus,
and the rate of predation on the two mosquito species by A. wakefieldi depended on
temperature. Due to the narrow range of temperatures experienced and the lack of drying
effects in the first experiment, | conducted a second experiment specifically investigating the

interaction between backswimmer predators and Ae. notoscriptus and Cx. pervigilans across
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a wide range of temperatures. | again found evidence for the importance of prey species in
determining the effect of predator-prey interactions at different temperatures; while predation
on Cx. pervigilans increased with temperature, predation on Ae. notoscriptus did not. These
results, together with other studies indicate temperature is an important factor in mediating
predator-prey interactions between mosquitoes and their predators (Williams and Rau 2011,
van Uitregt et al. 2013). However, they also demonstrate that interactions between
temperature, predator identity and mosquito species will be very important in determining the

potential for mosquitoes to invade under a changing climate.

The differential effect of temperature on the defensive strategy of the two mosquito species
likely explains these differences in predation rates. Metabolic activity increases with
temperature, which will increase predator and prey activity due to increased oxygen and food
demands (Reiter 2001, Lang et al. 2012). An effective behavioural defence against predation
by both ambush predators and visual predators such as A. wakefieldi is for mosquito larvae to
reduce activity in the presence of predators, but temperature-driven changes to metabolic
activity mediate both predation intensity and defensive activities (van Uitregt et al. 2013,
Culler et al. 2014). Ae. notoscriptus have significantly higher activity than Cx. pervigilans in
the presence of A. wakefieldi predation cues (Zuharah and Lester 2010), likely explaining
higher predation on Ae. notoscriptus than Cx. pervigilans in my experiment. However, van
Uitregt et al. (2013) showed that Ae. notoscriptus activity decreased in the presence of
predator cues, and this behavioural response increased with temperature (i.e., less activity at
warmer temperatures). In summary, if the increased predation associated with rising
temperature was balanced with an equal increase in defensive behaviour of Ae. notoscriptus
but not Cx. pervigilans, then predation of Cx. pervigilans, but not Ae. notoscriptus, should
increase with temperature, as | saw. Thus, even if native species appear better defended to
native predators, higher habitat temperature may increase the defensive ability of invaders. So
overall, species that may seem low-risk invaders due to efficient natural predation in recipient

habitats may become higher risk as the climate warms.

In my experiments, temperature increases were usually associated with increased mosquito
larvae pupation rates, with the magnitude of pupation increases depending on mosquito
species. Both species decreased development time in the warming experiment, but invasive
Ae. notoscriptus pupated faster than native Cx. pervigilans. Temperature increases affect
both short- and long-term life history strategies (Peckarsky et al. 2002, Ewald et al. 2013),

which has implications for mosquito fitness. Although increased development rates could
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result in mosquitoes escaping predation faster and increased population productivity, faster
development could decrease adult size, thereby decreasing adult fitness (McPeek and
Peckarsky 1998, Williams and Rau 2011). Therefore, because Ae. notoscriptus developed
faster than Cx. pervigilans, short-term results imply greater Ae. notoscriptus fitness through
increased productivity. Long-term effects of this may mean Cx. pervigilans could have
overall greater fitness, however, if the slower development resulted in greater adult fecundity.
Further research on the long-term effects of habitat warming on mosquito populations would
need to be conducted to identify which mosquito species would have greater fitness in

prolonged warming.

Development rate will be a key factor in determining the survival of mosquito species,
because this will affect how long they are exposed to predation as juveniles, but predation
rate will also be important. The combined effects of predation and pupation in the warming
experiment meant that overall success (i.e. development to penultimate adult stage) of the
mosquito species was equal. In other words, the faster pupation rate of Ae. notoscriptus
compared to Cx. pervigilans was balanced by the greater rate of predation on Ae. notoscriptus
compared to Cx. pervigilans. My results highlight the need to incorporate life-history effects
into predictions about climate warming effects on predator-prey interaction strengths. While
considerable research has been conducted on climate effects on interaction strengths
(Kokkoris et al. 2002, Rall et al. 2010, Vucic-Pestic et al. 2011), few address life history
dynamics of prey species that spend part of their development in the terrestrial environment,
such as mosquitoes (but see McPeek and Peckarsky 1998). Thus, my experiments highlight
the importance of temperature-driven life history and behaviour differences in determining
predation on mosquitoes. Moreover, climate warming effects on life history have the
potential to alter community structure and function (Dossena et al. 2012), so understanding
how climate affects combined life history and predation dynamics will be important for

managing invasions.

To understand how mosquito distributions will change with climate change, we also need to
know how altered habitat permanence, will affect predator abundance and distribution.
Predicated temperature effects on predator-prey interactions involving mosquitoes will
depend on which predators are present in mosquito habitats. Despite there being almost no
effect of short-term habitat drying on predator-prey interactions in my first experiment,
predicted climate change will significantly impact lentic freshwater systems through long-

term drying, directly affecting which predators persist in a habitat. Climate models for New
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Zealand, for example, predict an increase in the variability and distribution of rainfall, and
this is likely to increase the proportions of temporary (i.e. subject to drying) freshwater
habitats (Bates et al. 2008, MfE 2008, NZCCC 2010). Decreases in the proportion of more
permanent habitats will exclude those species that require longer hydroperiod to complete
their life cycle, such as dragonflies (Greig 2008, Wissinger et al. 2009). My finding, that
predation rate on mosquitoes depended on predator species, highlights the importance of
knowing how climate-driven habitat permanence drives predator distributions and
abundances. Because predators consume mosquito species at different rates, knowing which
predators are present will be an important part of identifying overall mosquito invasion

success under a warming climate.

The context-dependent predator-prey interactions | have revealed are particularly relevant to
New Zealand, because although New Zealand does not currently have mosquito-borne
diseases (Derraik and Calisher 2004), warmer mean temperatures predicted for New Zealand
combined with increased urbanisation and globalisation (MfE 2008, Lau et al. 2012, IPCC
2013) mean more mosquito species are likely to invade. Mosquito species that are currently
excluded from New Zealand due to low temperature limitations, such as disease-transmitting
Aedes albopictus and Ochlerotatus japonicus, will have a greater potential to invade
successfully under climate warming (Reiter 2001, Disbury and Cane 2011). Moreover, while
Ae. notoscriptus in New Zealand do not currently transmit any human diseases (Derraik and
Calisher 2004), they have been implicated to do so in Australia (Kay et al. 2000). While local
mosquitoes do not currently vector human disease, if there are enough human carriers a
disease can become established in local mosquito populations (Lau et al. 2012). Culex
pervigilans is a competent vector of Ross River Virus, a disease endemic to Australia (Harley
et al. 2001, Kramer et al. 2011), so the risk of mosquito-borne diseases becoming established
in New Zealand is high. This highlights the importance of having a detailed understanding of
local habitat characteristics of potential invasion locations, because the effectiveness of

invasion will be mediated by both predator presence and identity, as well as climate warming.

Potential invasion will also depend on human-created habitats. In most countries the public is
largely unaware of the potential for standing water habitats to provide ideal habitats for both
native and exotic mosquitoes (Derraik 2005b). Therefore, public education about the
potential for mosquito-borne disease and awareness of the importance of native predators for
natural biocontrol of mosquitoes will be an important step in limiting and controlling

mosquito-borne disease. Moreover, understanding how native and exotic species responses
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differ in wvulnerability to predation by native species will be important in directing
management and control resources, especially in the context of mosquito invasions. Because
predators are an important control on mosquito populations, increasing the distribution of
habitats that can support predators, and maintaining cool temperatures in these habitats, will

increase biotic resistance to mosquito invaders.
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