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1 | ABSTRACT
Bats are crucial members of their ecosystems despite the common fears and
misconceptions that many people believe. Their wide range of feeding types allows them to
provide many effective ecosystem services through seed dispersal, pollination, and pest control,
among others (Kunz et al., 2011). Frugivorous bats can disperse seeds over far distances and
manage ecosystem regeneration (McConkey & Drake, 2006). Nectarivorous bats are key
pollinators of many economically relevant plant species (Rapidel et al., 2011). Additionally,
insectivorous bats save hundreds of thousands of dollars each year in pest control costs while
minimizing the use of potentially harmful pesticides (Cleveland et al., 2006).
However, habitat change presents a severe threat to a multitude of bat species, their prey,
and their homes. Threats to North and South American bat populations are ever increasing, but
there are many viable solutions that have been presented and implemented on smaller scales in
recent years. This thesis highlights the dangers of a variety of prominent habitat threats to bat
populations including climate change, habitat fragmentation, wind turbines, habitat loss, and
wildfires. Further, this project offers conservation solutions that have been suggested to combat
these changes including bat box construction, prioritization of vulnerable species, compilation of
big data on bat populations, and virtual training for conservationists. This thesis provides a
comprehensive review of the current state of conservation as it pertains to bat response to habitat
threats.
Bats comprise 1,419 species and are found across many types of ecosystems over six
continents (Simmons & Cirranello, 2020). Mapping these populations is a monumental task
which can have significant outcomes for the study of bats and their conservation. Maps
constructed for this project show relationships between bat species presence in North and Central
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America in relation to environmental variables and ecosystem services. These provide a
framework for the analysis of ecosystem services provided by local bat species and can be used
as a stepping-stone for estimating quantifications of these services.

2 | INTRODUCTION
2.1 | Habitat Threats
Threats to habitat are a major ecological concern for biodiversity, with far-reaching
impacts on all taxa. Investigating the impacts of habitat threats to bats, which are widely
prevalent and critical ecosystem servicers, is of great importance for human societies. Some of
the main ecosystem services provided by bats include pollination, seed dispersal, and pest
control, all of which have been considerably more well-researched in recent years with the rise in
ecological economics (Kunz et al., 2011).
If the thus far unyielding mechanisms behind habitat change continue to infringe upon
the specific habitat needs of bats, their population numbers will drop and the ecosystem services
that they provide for societies will be disturbed. Preserving biodiversity is of great importance
for humans and animals alike, but preserving keystone species like bats, which have a high
impact on their ecosystem and relatively low proportional biomass, is critical when it comes to
the regeneration of forests, (Reuter et al., 2016).
Most bat species are highly dependent on particular habitat characteristics for their
survival. For example, two insectivorous bat species in an area undergoing forest degradation
and fragmentation have been shown to change their previously overlapping diets significantly as
a result of resource partitioning to minimize competition (Reuter et al., 2016). Further, bat
activity has been shown to be significantly lower in agricultural areas as compared to less
anthropogenically altered habitat types including rivers and vegetated wetlands (Blakey et al.,
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2017). Habitat threats such as fragmentation and conversion to farmland have the potential to
shift coevolutionary patterns that have been in place for many years in a strikingly short amount
of time and push bats out of natural areas, again increasing competition.
Bats provide a multitude of important ecosystem services for human societies.
Neotropical nectarivorous bats alone are responsible for pollination of fruit-producing cacti,
plants used in the production of bedding, ornamental plants, and tequila (Rapidel et al., 2011).
Without bat presence, the production of tequila is reduced to less than 5% of the original amount
(Molina-Freaner, F. & Eguiarte, L., 2003). With such a variety of feeding types, many other
ecosystem services are gained through bat activities as well. Frugivorous bats often serve as
long-distance seed dispersers and their dispersal abilities significantly decrease with diminishing
population sizes as seen in Figure 1 (McConkey & Drake, 2006).

Figure 1: Diaspore dispersal distances are highest when flying fox abundance is highest.
Studies have even found that methods to exclude other large vertebrates (e.g., primates)
from eating crops often exclude bats as a byproduct. This decreases crop yields even more
(>60%) than the previous reduction by crop-eating monkeys due to this unintentional exclusion
of bats and birds (Linden et al., 2019). Other suggestions for the benefit of crop production and
ecosystem servicing include the establishment of buffer zones in between natural ecosystems and
crop growth areas, and the use of fences as opposed to the mesh cages used in this study to
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ideally allow for access to crops by flying pollinators and excluding access to terrestrial
primates.
The benefits that the presence of bats provide in these crop areas are derived from their
roles as pollinators, seed dispersers, and crop pest controllers. A study on the economic value of
Brazilian free-tailed bats in an eight-county region in Texas estimated a saved $741,000 annually
from pest control services for cotton crops, in comparison to the annual income from the crops of
between $4.6 to $6.4 million (Cleveland et al., 2006). The benefits of bat-provided pest services
compared to pesticide use are that the social and environmental costs of pesticides are
minimized, as pesticides lead to contamination of groundwater that impacts all levels of the food
chains in the area.
2.2 | Ecological Economics
Natural systems are able to provide a great deal of services to humans, but only if people
act wisely and do not overwork these naturally occurring ecosystems. The types of ecosystem
services provided can be broadly grouped into three categories: provisioning (directly from the
ecosystem), regulating (indirectly provides stable living conditions), and cultural services (nonmaterial aspects) (Training & Learning). Environmental economics is a burgeoning field and
there are quite a few resources dedicated to compiling data on economic valuation of naturallyproduced goods and systems, such as the World Bank Wealth Accounting and the Valuation of
Ecosystem Services (WAVES) and the UNSD System of Environmental-Economic Accounting
(SEEA) for example (World Bank; United Nations). Bats are a prime example of extraordinarily
important ecosystem servicers that are left out of nearly all studies evaluating the economic value
of ecosystems.
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The majority of North American bat species are primarily insectivorous, and they can
consume vast quantities of insects in a small period of time. The phenomenon of large roosts of
bats emerging to feed has even led to large bouts of tourism such as the accumulation of tourists
in Austin, Texas coming together to watch over a million Mexican free-tailed bats leave the
Congress Avenue Bridge to feed at dusk (Visit Austin). This brings money from tourists to
Austin as they eat at local restaurants, shop in the area, and buy merchandise advertising the bats.
But even after the bats fly far away from these tourists, they continue to bring money into Austin
as they consume insects from local crops and save products that would otherwise be eaten. They
also save money for farmers as they buy less pesticides this way. In addition, using less pesticide
products means that insects develop resistance to these pesticides more slowly, which saves
money otherwise spent on developing new pesticides. In short, the presence of bats both saves
and makes money for individuals in numerous ways, as this individual colony example shows.
Studies on the economic valuation of the quantitative impacts of bats regarding their
ecosystem services are few and far between, but some estimates have been proposed by leaders
in the bat field. The pollination and seed dispersal services provided for Old World tropical
plants by bats in turn lead to the production and sale of timber, medicine, dyes, ornamental
plants, fibers, and more. One study estimates that the fiber from kapok trees alone is worth $4.5
million annually, money which would be lost without the presence of bats (Fujita & Tuttle,
1991). Incredibly popular and economically valuable fruits in Southeast Asia such as the durian,
the sale of which makes up a $230 million annual industry, are nearly exclusively pollinated by
fruit bats (Kasso & Balakrishnan, 2013). The world’s largest producer of macadamia nuts, South
Africa, faces the stink bug as their main pest but 9-23% of costs due to stink bug induced
damage are avoided due to bats (Taylor et al., 2018).
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Other goods produced by bats are less commonly thought of but still hold great economic
importance. Guano is extracted from caves and used at fertilizer, netting market prices of up to
$12 per half kilogram. Bats are also, unfortunately, consumed as bushmeat in some areas of the
world, and a single bat can cost up to $10 at a market (Kasso & Balakrishnan, 2013). Individuals
interested in bats can pay around $10 per person to view cave flight exits by bats at popular
locations, making bats responsible for cultural and touristic purposes. The total annual value of
ecotourism related to bats is estimated to be up to $3 million (Kunz et al., 2011).
North American bat species are not frugivorous but are rather primarily insectivorous.
These insectivores are estimated to save in the range of $3.7-53 billion in costs associated with
minimizing pesticide use due to their ecosystem servicing of pest control (Kasso & Balakrishnan,
2013). Further, this estimate does not encapsulate the effects of reduced pesticide application on
the local and global ecosystems. Additionally, while some work has been done on the extent of
pest control of insects in agricultural areas, the extent of insect control in forests has yet to be
studied sufficiently and likely saves much more money in this ecosystem as well.
North American bats consume incredibly economically destructive insect pests such as
june beetles, planthoppers, and spotted cucumber beetles which destroy an estimated $1 billion
in crops each year alone (Kunz et al., 2011). The introduction of white-nose syndrome to North
America could therefore cost the agriculture industry billions of dollars (Boyles et al., 2011). Of
the twenty genera of bats investigated for the purposes of mapping and investigating contributed
ecosystem services, nearly all genera were responsible for pest control and three genera
contributed pollination and seed dispersal services (Table 1). The level of classification here
means that many more species are contributing these services and act upon different groups of
insects and plants for these services depending on species and location.
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Table 1:

Table 1: Table displaying the type of ecosystem service (pollination, pest control, seed
dispersal) provided by each North American bat genus in the leftmost column as indicated by
Y for yes (in green) and N for no (in grey).
3 | METHODS

3.1 | Habitat Threats
This thesis aims to examine the impacts of important threats to the habitat of North and
South American bats along with the current conservation methods in place to combat these
problems. I observe what bats require to suit their habitat needs in a time period when extreme
change in habitats is now the norm rather than an anomaly. I focus on several disturbances (e.g.,
habitat fragmentation, rising temperatures, wind turbines) that are both highly impactful and
temporally relevant as they have increased in frequency in the recent past. In this thesis, I cite
sources found primarily through Web of Science as references to provide a background on the
highly relevant and dynamic topic of bat population dynamics in response to habitat threats.
8

These sources primarily focus on studies of habitat disturbance but the types of disturbances
vary, including both anthropogenic and natural causes. These sources mostly comprise primary
research articles testing hypotheses on bat populations or evaluating compiled datasets. All
research articles referenced were published within the past twenty years (since 2000) with the
aim of including the most applicable findings in light of current climate and habitat threat
scenarios. I further evaluated the work of some conservation organizations to assess current
conservation practices and to allow me to recommend improved practices. Additionally, I
integrated findings from state-of-the art research on habitat threats presented at the North
American Society for Bat Research conference. I then suggest which conservation tactics I
propose would be best suited to meet the habitat requirements of bats from my review of the
current literature.

3.2 | Ecological Economics
Due to the role of bats as such important ecosystem servicers, I aim to investigate the
services that they provide in a quantitative and a spatial manner using the limited data which are
currently available. I have created maps detailing the distribution of bat species on the North
American continent spatially and in relation to both environmental variables and ecosystem
services. In conjunction with the compiled information about the quantification of monetary
value saved due to the presence of bats, these maps can be used in the planning of conservation
tactics for specific genera or species of bats. This thesis will review the available literature
relating to quantitatively measuring the value of bats in ecosystems and present an introduction
on using maps which can be used to aid in the way of environmental economics and
conservation.
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4 | RESULTS

4.1 | Habitat loss and fragmentation
A large-scale quantitative study on bats in the Brazilian Atlantic Forest sheds light on the
effects of major habitat destruction and fragmentation, as only 10% of the original forest cover as
of 500 years ago remains today. In the study, researchers compared continuous and fragmented
forest types and found significantly higher fruit richness in continuous forests while the species
richness of bats remained the same, an indication of the need for connected habitats for bats to
effectively disperse seeds. They also found that three primary bat genera (Artibeus, Carollia, and
Sturnira) were crucial players in ecosystem regeneration and able to handle continuous and
fragmented habitat types well (Laurindo et al., 2019). These results suggest protection of those
genera of bats that are more crucial for ecosystem functioning through their abilities to disperse
seeds into worse-quality habitats and keep the modularity of the bat-plant networks intact.
Researchers conducted a study in the Brazilian Cerrado-forest landscape to investigate a
hypothesized threshold of forest loss beyond which bat species richness would level off. They
found support for this previously hypothesized value (Andrén’s fragmentation threshold) as seen
in Figure 2. They also found varying sensitivity to habitat loss depending on bat guild. For
example, they found that Brazilian sanguivorous species abundances remained relatively
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unchanged by forest area but nectarivorous phyllostomids were highly impacted (Muylaert et al.,

2016).
Figure 2: Species richness of bats in the Brazilian Cerrado plotted with percentage of forest
cover remaining.
In an analysis of two keystone bat species that are sensitive to climatic changes,
researchers found evidence of high importance of forested areas away from roadways for
effective foraging. Roads can lead to bat mortality through direct collisions with vehicles but
also through habitat degradation and reduced connectivity among patches of suitable habitat (Le
Roux et al., 2017). Additionally, edge species such as Hypsugo savii are deterred from drinking
water by edges due to an increase of artificial illumination (Russo et al., 2017).
However, other studies have shown that bats’ dependence on forest cover varies greatly
by both species and by the scale of observation (e.g., 1 km vs 5 km radius). Feeding type seemed
to be a significant factor, with sanguivorous and one nectarivorous bat species in this study
preferring more deforested/open areas, but this result regarding the nectarivorous species
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(Glossophaga soricina) was contradictory to previous studies (Ávila-Gómez et al., 2015).
However these feeding guilds represent a much smaller proportion of total bat species than other
guilds like insectivores, as only 3 species out of 1,411 are sanguivorous (Simmons & Cirranello,
2019).

4.2 | Wind turbines
A less-often considered aspect of threats to habitat occurs through the construction of
wind turbines, the effects of which are felt through removal of wilderness to install the structures
in addition to mortality via collisions. Further, their implementation often leads to minimization
of available foraging grounds in the surrounding area, as species often prefer to avoid close
interactions with the turbines. Researchers found strong deterrence of bats from the areas
surrounding turbines for a distance of at least 1,000 meters. In 2008, recommendations were put
forth by the organization EUROBATS to place turbines > 200 meters from wooded edges but the
authors recommend that this distance be increased. The authors also created an impact
assessment method that they recommend be considered by energy stakeholders and propose that
either hedgerows surrounding the area be pushed back to minimize collision risk, or ideally
turbines are built in areas far away from hedgerows (Barré et al., 2019).
Another study examining these indirect effects of wind turbines found that bat activity at
control sites was up to 20 times higher than at turbine sites, indicating significant decrements in
bat activity at these locations as seen in Figure 3 (Millon et al., 2018). The bats studied belong to
different genera but had very similar responses to the sites, although they are both primarily
insectivorous species. The authors also make a number of conservation suggestions in light of
this study. They propose that bats and other local taxa be considered in the mitigation hierarchy.
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They also suggest that an increase in constructed corridors and hedgerows could prove beneficial
for increasing bats’ carrying capacities (Millon et al., 2018).

Figure 3: Number of acoustic detections of bats for Chalinolobus (A) and Miniopterus (B)
bats at control and wind farm sites.
Assessing the species of bats that are more prone to fatalities through contact with wind
turbines is an additional challenge for which genetic approaches are needed. One recent study
found that accurate species identification from carcasses collected from wind facilities could be
improved from 83 to 97% by using molecular methods, and sex identification was improved
from 35 to 94% (Chipps et al., 2019). Some species are disproportionately affected by the wind
farms and accurate identification is needed for further research on how to implement the turbines
with the least impact on local fauna.

4.3 | Increasing temperatures
Varying temperatures as climate change progresses lead to other problems for bats in
relation to roost-selection within their habitats. One study attributed the wide range of Myotis
evotis to its ability to roost in optimal and non-optimal sites, trees and rock-crevices, depending
on the macro- and microclimate. The permanency of roosts has been correlated to fidelity of bats
to their roosts and changing environmental conditions impact tree growth and conductivity more
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than that of rock-crevices. Roost-switching, more common under changing climatic conditions,
can also increase parasite exposure and negatively impact bat fitness (Snider et al., 2013).
With the predicted rise in temperature of 2 °C in the coming century, bats’ ability to cross
into and out of torpor with greater regularity is called into question as being an important
indicator of ability to survive climate change. Duration of torpor is highly dependent on
temperature and one study predicted that tropical bats, which currently use torpor for 95% of
days in winter, will decrease this time to only 21.8% of days after a temperature increase of 2 °C
(Stawski, C. & Geiser, F., 2012). This indicates that bats will likely need to be able to switch
between torpor and arousal with higher frequency as indicated by Figure 4 in order to conserve
sufficient energy for survival.

Figure 4: Duration of torpor bouts as measured (black bars) and predicted in summer (white
bars) and in winter (gray bar) for Nyctophilus bifax (A) and Nyctophilus geoffroyi (B).
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4.4 | Wildfires
Yet another mechanism leading to habitat loss is the increased risk of wildfires due to
human-mediated climate change, which devastates plant species that are not well-adapted to fire.
A study found that areas with mid-levels of fire frequency proved more beneficial to bat species
that are not highly maneuverable, whereas highly agile bats did well in regions with low burn
periodicity. Fire frequency was found to be highly variable regarding benefits for bats depending
on species, canopy level, and wing loading (Figure 5). They suggest that prescribed fire should
be used cautiously to minimize extensive clutter that limits the foraging ranges of bats with low
agility, but not so often as to mitigate the construction of hardwood stands for bats that come
from several years without fire (Armitage & Ober, 2012). While some fire is required for healthy
ecosystem functioning, the periodicity and intensity of these fires is changing and too much
wildfire damage can be highly detrimental.

Figure 5: Average number of passes on y-axis by fire frequency per year on x-axis. I: all bats,
II: Lasiurus borealis-seminolus, III: low wing loading/aspect ratio, IV: high wing
loading/aspect ratio. A: below canopy, B: above canopy, C: between vertical strata.
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4.5 | Conservation
In an effort to combat anthropogenic disturbances of bat colonies through road
construction, researchers have found that focusing on protection of areas that act as existing roost
sites proved most beneficial to populations through upkeep of functional connectivity. They
further show that using a landscape-level approach is effective for conservation implementation
as it is manageable for regional planning officials and large enough to produce significant
impacts (Le Roux et al., 2017).
One of the most successful implementations of citizen science for bat conservation has
been that of bat boxes. Their efficacy has been studied and researchers found that bat boxes that
spend a high proportion of the day (>7 hours) in the sun offer higher temperatures and often
temperature gradients as seen in Figure 6 (Brittingham & Williams, 2000).Important predictors
of bat house occupancy have been shown to be larger landing areas on the houses, low canopy
cover in the area and low levels of human disturbance (White, 2004).

Figure 6: Gradient temperatures in bat box crevices in b)-d) at 0400, 1300, and 2000 hours,
respectively. A) shows locations where temperature measurements were taken.
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The Open Standards for the Practice of Conservation provides a detailed guide for how
to address an ecological problem and design a conservation solution. There are five main steps
that guide the Standards (i.e., conceptualization, plan of action, implementation, analysis and
use, and sharing of knowledge) and have been used in a plethora of studies since its inception in
2007 (CMP, 2013). The prioritization of which species or guilds of bats to conserve is a
challenging concept for researchers, and prioritization rubrics have suggested looking at
vulnerability (identifying species actively in need), feasibility (ability to implement actions), and
impact (ability to mitigate key threats) (Frick et al., 2019).
The North American Bat Monitoring Program (NABat) is another conservation effort,
this one focused more specifically on bats of the United States and Canada (NABat, 2018). They
work to compile the most accurate information on these 47 North American bat species,
including but not limited to range distribution mapping, database construction and management,
and inclusion of stakeholders. The organization is particularly useful for identifying population
declines and range shifts through upkeep of up-to-date information.
A case study organized by the chief conservation officer at Bat Conservation
International evaluated the impact of three bat conservation projects (i.e., a wind energy threatbased project, a pollinating bat place-based project, and a cavernicolous bat global template).
These virtual trainings were held over the course of several months as aspects of the Open
Standards were taught to conservation employees and then implemented in the field. Positive
outcomes were seen in the forms of better-informed funding proposals, better communication
between cross-organized teams, and higher accountability for the impact of the work done
(Pierson, 2018).
4.6 | Ecosystem services
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The ecosystems that North American bats are partly responsible for maintaining are
incredibly valuable to millions of individuals. Assessing the value that forest ecosystems hold at
a personal level is a challenge, which is why surveys like the Pike and San Isabel National
Forests survey were created (Sherrouse & Semmens). In this survey, individuals are asked about
how often they visit the forest, what they use the forest for, and opinions on what changes should
be allowed to be made to the natural ecosystem for example. Additionally, they are asked to
quantify their valuation of the forest in different categories (e.g. historical value, aesthetic value,
spiritual value) as seen in Figure 7. Questions like this can be designed to put a monetary
estimate toward the value that bats play in an ecosystem directly (i.e. asking how much value
bats hold to individuals) and indirectly (i.e. asking how much value ecosystems and products that
bats help to maintain hold to people). An entire GIS (geographic information system) application
called Social Values for Ecosystem Services (SolVES) was designed to help make the process of
quantifying economic services easier and therefore more widespread (Sherrouse & Semmens).
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Figure 7: Screenshot of PSI survey question about survey takers’ economic values of forest.
4.7 | Mapping Myotis bats
With nearly 1,500 documented species of bats in the world, documenting species’
distributions spatially can be incredibly difficult (Simmons & Cirranello, 2020). The maps
included in this report are aimed at elucidating the distribution of North American bat species,
for which most GIS data is available, and how these ranges correspond to some common
variables. Species-level identifications of bats found in North America that fall under the genus
Myotis can be seen in Figure 8 as an example of species-level mapping for a particularly large
genus with 110 species of Myotis worldwide (Morales et al., 2019). Figure 9 shows these same
species mapped atop habitat type in North America, and Figure 10 displays these species mapped
19

atop average temperature in the month of April with averages computed with data collected
between 1970-2000 (Natural Resources Canada; Fick & Hijmans, 2017).

Fig. 8: Screenshot of map produced using ArcGIS Pro. Bat species within the genus Myotis
are presented along with their encircled ranges. More information on how these data were
collected can be found in the appendix and when viewing the map in ArcGIS Pro.
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Fig. 9: Screenshot of map produced using ArcGIS Pro. Bat species within the genus Myotis
are presented along with their encircled ranges. Map background depicts habitat types as
determined categorically at 250 m spatial resolution. More information on the scale of habitat
type coloration on the map can be found in the appendix, when viewing the map in ArcGIS
Pro, and in Table 2.
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Fig. 10: Screenshot of map produced using ArcGIS Pro. Bat species within the genus Myotis
are presented along with their encircled ranges. Map background depicts average temperature
in April as determined from monthly climate data collected between 1970-2000 at 10 minutes
(~340 km2) spatial resolution. More information on the scale of temperature coloration on the
map can be found in the appendix and when viewing the map in ArcGIS Pro.
Using maps to identify where bats are located from the individual level to the class level
is a very powerful tool, only made more poignant by combined map layers of factors relevant to
bats’ survival such as temperature and habitat type. Looking at a map of the distribution of bat
species in the genus Myotis, we can investigate Myotis thysanodes as an example. This species of
insectivorous bat is typically found in grasslands and savannas, along with the Sonoran and
Chihuahuan deserts in the United States, according to the map seen in Figure 9 and documented
accounts by researchers (Vingiello). While their winter habitats are not known with certainty,
they come to the southwestern United States to roost in caves and mines during the summer
months when the temperatures are quite high, again as evidenced by researcher documentation
and the map seen in Figure 10 (Vingiello).
These aspects of their nature could prove promising for Myotis thysanodes as climate
change continues to impact the world’s ecosystems. All biomes are shrinking in size except for
deserts, which are actually increasing in land mass due to the process of desertification
(CarbonBrief). M. thysanodes is better poised to adapt to a more desert-like climate with higher
temperatures than some other bat species which require cooler temperatures and more
vegetation. Maps are very useful for making comparisons between species and across levels of
different variables, and as such they can be used to help make decisions about conservation
tactics for at-risk species.
Several software options are available to work with GIS data, two of the most common
for researchers being ArcGIS Pro and R. I made some simple maps in R using the same North
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American bat species distribution data in addition to the maps produced in ArcGIS Pro in
Figures 8-10 with Figure 12 mirroring the format of these figures displaying the species within
the genus Myotis (North American Bat Monitoring Program). Both of these programs have their
pros and cons in regards to mapping spatial data. ArcGIS Pro allows for a great level of control
and precision over the map, but it is an intensive program to learn from scratch. For researchers
that are already comfortable with R, a very common coding language for those working in
ecology and conservation, it is relatively easy to work with GIS data and produce maps of
sufficient quality.

Fig. 12: Screenshot of map produced using R. All North American Myotis species included in
the dataset from the North American Bat Monitoring Program (NABat) are presented atop
encircled colored ranges described by NABat, but regions of different colors can overlap.
Working in R also allows for simpler manipulation of big data to make adding properties
to GIS datasets easier. Environmental economics can be incorporated qualitatively to display the
23

ecosystem services provided by bat genera in the forms of pollination, pest control, and seed
dispersal as seen in Figures 14-16 respectively, as an example. These figures do not allow the
reader to interact with the map as could be done when manipulating the plot layers in R so some
distributions are overlapped by other distributions of different colors. However, evaluating
screenshots of these three binary characters (pollination, pest control, seed dispersal) mapped
over North and Central America still allows for general conclusions to be made about the
ecosystem services provided by bats. Figures 14 and 16 evidence that most pollinating and seed
dispersing services are carried out by bats in the Central American region, while Figure 15
indicates that pest control is carried out by bats all over North and Central America.

5 | DISCUSSION
The importance of bats for pollination, pest control, seed dispersal, and much more is
documented, and has been presented in this thesis, and the need for conservation of the order
Chiroptera is crucial. Much has been done in citizen science through the construction of bat
boxes and in industry through regulations and requirements of assessments before construction
of wind turbines for example. However, further implementation of conservation techniques and
analysis of efficacy is required to ensure the survival of these species and retention of their
ecosystem services. For example, some studies have shown that bat boxes are not sufficient to
maintain populations, and others have suggested that currently implemented vibration sensors on
wind turbines may actually identify less than 50% of bat collisions (Griffiths, et al., 2017; Hu et
al., 2018). Thus, while the tactics of bat boxes and wind turbine sensors are both worthwhile
suggestions, further testing is required to establish whether bat box locations should be moved or
wind turbine sensors should be upgraded for example.
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While many conservation methods can be suggested, it is not known if they will be
highly effective or even if they will have negative consequences until they are implemented and
tested. A compilation of conservation techniques with some degree of testing have been
summarized and ranked as to their efficacy (i.e., likely to be beneficial, unknown effectiveness,
or no evidence found) (Sutherland, 2015). In regard to the problem of logging, methods that are
likely to be beneficial for bat conservation include construction and/or retention of forested
corridors rather than logged or interior corridors, selective logging of various aged trees, and
shelterwood cutting to obtain evenly-aged trees if necessary without simply clearcutting.
Methods with currently unknown effectiveness include retention of residual tree patches, the
adaptation of man-made roof structures to buffer extreme temperatures, and breeding bats in
captivity to supplement WNS-stricken populations (Sutherland, 2015). One of the most effective
methods for the mitigation of habitat threats is the establishment of protected areas, but it is
important to sufficiently research and design protected areas in a way to maximize benefits to
bats (Lisón et al., 2019).
While it is difficult to pinpoint one direct cause behind positive conservation outcomes,
there are many documented instances of population increases which suggest that certain bat
populations undergoing conservation efforts are augmenting. For example, in a multiple year
project in the U.K, engagement of farmers with training and support along with landmanagement agreements increased horseshoe bat populations by 58% over 8 years (Longley,
2003). This project also utilized publicity by advertising the goals of the project and promoting
bat-friendly messages on milk cartons distributed to individuals in the region. Engaging farmers
in land management in this project was hypothesized to be 55% effective with 20% certainty
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according to the criteria used to determine efficacy in Conservation Evidence (Berthinussen et
al., 2019).
The suggestion that selection of wind turbines should be limited even further to pastures
with > 1,000-meter radii from wooded areas is difficult to assess and should be evaluated with all
potential pros and cons in mind (Barré et al., 2019). This may be the ideal scenario for placement
of wind turbines, but this limits the regions that are suitable sites for a source of renewable
energy. This suggestion would minimize a benefit for environmental concerns (increase in
renewable energy) but would maximize a benefit for local wildlife concerns (maintenance of bat
population sizes).
There are many implications of mapping bat populations alongside GIS properties such
as the locations of wind tunnels, average rates of fire, temperature ranges and habitat changes.
Having a visual awareness of the types of habitat challenges that bats face is helpful for
discussing conservation techniques at both broad and narrow scales geographically. Using only
the maps presented in this project already presents insights into the bat species that are most
susceptible to being affected by rising temperatures for example (Fig. 10). Recent research has
shown that insect populations are dropping worldwide, leaving great potential to negatively
impact the diet of all bat genera in North and Central America (Fig. 15; van Klink et al., 2020).
The European Commission’s free science news service Science for Environment Policy released
a report detailing how:
Maps can provide very valuable information which can be used to: set priorities, identify
at a glance where intervention is most needed, identify problems in relation to synergies
and trade-offs between services provided by stocks (e.g. comparing ecosystem services
provided by different land uses for a particular ecosystem type), and also act as
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stakeholder communication tools (MAES http://biodiversity.europa.eu/maes and
OPERAS). (2017)
Mapping is a powerful supplementary tool to help conservation efforts that are greatly needed for
bats especially at the moment in an ever-changing environment.
The types of threats to the habitats of bats are numerous and go beyond what is presented
in this review. Here I aimed to highlight habitat threats which have been increasing in frequency
and severity in recent years. Despite the often-grim outcomes of these threats on bat populations,
there are a number of organizations actively working to assist bat populations that are doing
significant work in conservation. In addition, there are a great deal of conservation techniques
which have been both implemented in the field and tested for their functionality. I suggest that
these conservation suggestions are thoroughly evaluated whenever possible to maximize funds
for conservation in the areas that do the most good for bat populations and bat species
conservation. The ecosystem services provided by bats cannot be overstated in their importance
to humans and to preserving the state of natural ecosystem functioning. Conserving biodiversity
is of the utmost importance for humans and bats alike and it is my hope that our collective
progress in this area is continued.
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7 | APPENDIX
A) Land cover data:
Citation:
2005-2010 North American Land Cover Change at 250 m spatial resolution. Produced by
Natural Resources Canada/ The Canada Centre for Mapping and Earth Observation
(NRCan/CCMEO), United States Geological Survey (USGS); Insituto Nacional de
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Estadística y Geografía (INEGI), Comisión Nacional para el Conocimiento y Uso de la
Biodiversidad (CONABIO) and Comisión Nacional Forestal (CONAFOR).
Shared link to Google Drive with data available for download:
https://drive.google.com/drive/folders/1Cl9NgxXGsCAGDYaPhuoNUGlGFo1XtEsV?usp=shari
ng
B) Temperature data:
Citation:
Fick, S.E. and R.J. Hijmans, 2017. WorldClim 2: new 1km spatial resolution climate
surfaces for global land areas. International Journal of Climatology 37 (12): 4302-4315.
Shared link to Google Drive with data available for download:
https://drive.google.com/drive/folders/1jCcAMv0sCns0qaMm3eOf-heGqag99kq2?usp=sharing
C) Species distribution data:
Citation:
“North American Bat Monitoring Program: United States: Canada.” NABat, Bat
Conservation International, 2018, www.nabatmonitoring.org/.
Shared link to Google Drive with data available for download:
https://drive.google.com/file/d/1R6F_xPMfwJ1x-2XGXw9fwe6i_DjIqodL/view?usp=sharing
D) Map with all layers (species distribution, land cover, temperature):
Shared link to Google Drive with data available for download:
https://drive.google.com/drive/folders/1gSBxM6jkkA6tRBrew3lPiqVwduLEsSVj?usp=sharing
E) Ecosystem services provided by North & Central American bat genera and sources for
information:
Shared link to Google Drive with data available for download:
https://drive.google.com/file/d/1dEsA35DlvfKifkSgjYhQUZgtXNM59hiB/view?usp=sharing
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How to load maps and data into ArcGIS Pro:
1. Open map with all layers (D) in the ArcGIS Pro application from your desktop.
2. Download the files from A, B, and C to your computer.
3. Drag all files from downloads to the map in ArcGIS. Select ‘No’ when asked if you want
to build pyramids in order to save time.
4. If the map does not display the layers properly after step 3, click on the Labels icon on
the left side of the screen. For any data layer that has a red exclamation point, click on the
exclamation point and load the data for that layer when it directs you to File Explorer
(e.g. if ‘bat000p010g’, the bat species distribution layer has an exclamation point, click
on the exclamation point and load in the bat000p010g.shp shapefile).
How to load maps and data into R:
1. Load the packages tidyverse, dplyr, sf, and ggrepel.
2. Read in the file bat000p010g.shp from the data in C.
3. Manipulate and plot data according to the desired plot type using the geom_sf() function.
Example code used to produce the map in figure 13:
pdf(file = "BatDistGenera.pdf", width = 12, height = 12)
batSpeciesEcon %>%
ggplot() +
geom_sf(aes(fill = Genus)) +
geom_label_repel(aes(label = Genus, geometry = geometry),
stat = "sf_coordinates",
min.segment.length = 0,
size = 3) +
labs(title = "North and Central American Bat Genera Distributions")
dev.off()
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Fig. 11: Screenshot of map produced using R. All North American bat species included in the
dataset from the North American Bat Monitoring Program (NABat) are presented atop
encircled colored ranges described by NABat, but regions of different colors can overlap.
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Fig. 13: Screenshot of map produced using R. All North American bat genera included in the
dataset from the North American Bat Monitoring Program (NABat) are presented atop
encircled colored ranges described by NABat, but regions of different colors can overlap.
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Fig. 14: Screenshot of map produced using R. All North American bat genera included in the
dataset from the North American Bat Monitoring Program (NABat) are presented atop
encircled ranges described by NABat. Coloration indicates whether at least one species in a
particular genus of bats is known to be an important pollinator, but regions of different colors
can overlap.
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Fig. 15: Screenshot of map produced using R. All North American bat genera included in the
dataset from the North American Bat Monitoring Program (NABat) are presented atop
encircled ranges described by NABat. Coloration indicates whether at least one species in a
particular genus of bats is known to be important for pest control, but regions of different
colors can overlap.
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Fig. 16: Screenshot of map produced using R. All North American bat genera included in the
dataset from the North American Bat Monitoring Program (NABat) are presented atop
encircled ranges described by NABat. Coloration indicates whether at least one species in a
particular genus of bats is known to be important for seed dispersal, but regions of different
colors can overlap.
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Table 2: Table depicting class of habitat type and associated color value in RGB format which
can be interpreted when interacting with the map shown in figure 2.

Table 3: Table depicting color of each land cover characterization as seen in the map shown
in figure 9.
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