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Preface

For people who care about the natural world, the unrelentingly destruc-
tive activities of humanity are all too familiar. Most of these are painfully
obvious to anyone watching the transformation of long-appreciated land-
scapes. We know death by bulldozer when we see it.

Seeing may be the key. We are for the most part diurnal, and visual,
and as we consider the transformation of the planet, mostly we envision
changes that we are able to see by day. It is an inherent bias in our collec-
tive thinking. But as we light up the night, with ever more powerful lights,
is it not obvious, giving the matter some thought, that we are wreaking
havoc on creatures with physiologies far more delicate than ours, inter-
fering with the lifeways of suites of organisms that have evolved over the
millennia with a dependable pattern of light and dark? All this happens at
times when most of us are sleeping. As the night is ever more brightly lit,
at least we can close the shutters. But what of the animals and plants?

I imagine myself in the position of other creatures, unable to control
or escape their environments, which we have controlled for them—whales
subject to sonar far beyond any sound their ears were meant to accommo-
date, birds migrating thousands of miles, thrown off course by lights with
no limits. We are ultimately deprived of their beauty as they die off by the
millions, from our careless expansion into all realms of the Earth.

My own love for night started simply as an aesthetic appreciation, and
over the last twenty-five years or so I have been every year more pro-
foundly saddened by the glare foisted on us by brighter and brighter lights.
Long ago, as an undergraduate student, I loved to walk the neighborhoods
of Berkeley on windy autumn nights, catching glimpses of softly lit walls
of books in beautiful libraries in beautiful old homes, on winding streets
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lined with old, shady trees. The wind, the trees, the books, the soft lights—
they were solace and fodder for dreams of my own future. I cannot say that
I considered back then that the streets were probably dark enough, the
houses lit softly enough, for there still to be myriad creatures living in lush
yards and nearby unbuilt hillsides. I was then studying chemistry and
physics, later psychology and anthropology, and never thought about
studying ecology, despite being deeply committed to protecting “the envi-
ronment.” My lifelong love of trees and wild creatures—birds, caterpillars,
lobsters, lizards—had not been nurtured into a career. (Even by then, the
kind of success envisioned for the children of Beverly Hills did not require
nature study. Indeed, it was not even an option.)

I went straight to law school after college. I had not yet found a dis-
cipline where I felt to be at home. After ten years of doing everything I
could to avoid using my law degree except when it involved environmen-
tal protection, I reentered the academic world, looking to reclaim the
part of myself that loved nature and to supplement that love with deeper
knowledge. When a consortium of Russian business interests sought
Western corporate support to perpetually light up the tundra with a
giant space mirror, I had a visceral reaction, shared by millions I'm sure,
to the prospect of farming and industrializing the Arctic—where would
so many of the world’s birds gather to breed? As a student of biogeogra-
phy I also wondered what such an assault would mean to the ecology of
the tundra itself. My old, deep appreciation for night, and the feelings
engendered by catching glimpses of other people’s lives in softly lit
homes filled with books, had become an ecologically informed awareness
of the importance of night to nonhuman creatures, which allowed for a
deeper concern about their welfare as night is transformed into some-
thing akin to day.

Some people need science to be convinced. Others are moved by
something different, something better elicited by words, art, or music.
Only 150 years ago, Henry David Thoreau walked his woods and fields at
ten o’clock in the evening—about the time for the early news—and dis-
covered a world apart from that which he knew so well by day. The
wholesale transformation of the Earth in this almost unfathomably short
time is perhaps nowhere more evident than in considering night land-
scapes. Thank goodness for the writers who know nature, who can help
us see, who can help us remember. The vignettes interspersed in this book
are meant to remind the reader that what we take for granted as night is
nothing like what a natural night should be. The descriptions share a
common thread, an unspoken recognition that night is a place all its own.
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"This is a book of science. But if it also infuses a little bit of reverence
back into the tasks associated with planning for the nighttime environ-
ment, then we will have done our job.

— CaTHERINE RicH

Ten years ago, Catherine started asking a seemingly simple question—
“What happens to animals and plants when subjected to artificial night
lighting?” We were both students of geography at UCLA; she was finish-
ing her ML.A. and thinking about a dissertation topic. As logical a question
as it seemed, information was not widely available, save for the well-
known examples of sea turtles and birds.

We started collecting references, assembling bits of information from
reports and articles, often incidental observations in writings on often
unrelated topics. Other people were investigating questions about the
effects of artificial light on plants and animals, but only a few had started
to integrate findings across taxa.

Although the science supported the intuitive observation that light-
ing ecosystems would affect species, policymakers for the most part
never considered the effects of artificial light on nature. In 1999, Cather-
ine received a call from a distressed Fish and Game biologist concerned
about a decorative lighting project proposed for the Vincent Thomas
Bridge at the Port of Los Angeles. The proposal included high-powered
spotlights aimed directly into the sky, and project proponents had given
little or no thought to the environmental consequences. Through the
nonprofit that we founded together, The Urban Wildlands Group,
Catherine organized a group of scientists, both biologists and
astronomers, to testify before the California Coastal Commission (which
had asserted jurisdiction over the proposal after we brought it to their
attention) about the potential adverse effects of lights on migratory birds
and other wildlife. The commissioners were receptive to this informa-
tion and denied the proposal. (Later a much more environmentally sen-
sitive design was approved with our support.) It was evident that absent
the sort of concerted effort to oppose this project, decisionmakers such
as the appointed members of the California Coastal Commission and
their staff lacked the scientific information necessary to evaluate the
effects of artificial night lighting on ecosystems in their review of proj-
ects. Catherine and I have found this lack of information time and again
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as we consult to those trying to protect natural places—environmental
assessment documents either do not consider the effects of artificial
night lighting on biological resources or do so poorly.

After working with us in opposition to the original Vincent Thomas
Bridge proposal, Bob Gent of the International Dark-Sky Association
asked that we “write a paper” reviewing the effects of artificial lighting on
nature, to help in his advocacy and outreach efforts and to counteract the
resistance he met when raising the topic. A few such articles had already
been published, and we did not think we could improve on them without
the input of scientists with special expertise in this topic. So we decided
instead to convene an international conference. With the support of the
UCLA Institute of the Environment, its then-director Rich Turco, and
several key funders, the Ecological Consequences of Artificial Night
Lighting conference was held in February 2002 on the UCLA campus.

The conference was an effort made possible, or at least made easier,
by the Internet. With our collection of scientific articles as a starting
point, extensive Web searches allowed us to find scientists who were
investigating aspects of this topic. Their response when contacted about
a possible meeting was enthusiastic; all were eager to meet others with
similar interests.

This book contains chapters by many of the presenters at the confer-
ence. Some chapters are written by experts who were not presenters.

If we were building a house instead of editing a book, Catherine
would be the architect and finish carpenter, and I would be the general
contractor. Like all teams, we have specialized to capitalize on our differ-
ent strengths. She is the visionary, and I am thankful to have had the
opportunity to be in on the project.

We owe a debt of gratitude to those who have made this book possi-
ble and who inspired and encouraged its development and publication.
The authors of the chapters deserve special recognition for their unique
contributions, for accommodating our editorial requests, and for their
patience. We appreciate and acknowledge the reviewers of each of the
chapters, whose comments and insights improved the book as a whole.
Our heartfelt thanks go to Bernd Heinrich, Carl Safina, and Phil DeVries
for embracing the topic and generously agreeing to write about their
experiences of the night.

We confirmed nearly all of the citations in the book to the original
source, a task that would have been insurmountable without UCLA’s
amazing collections and librarians. We are especially grateful to the inter-
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library loan staff for processing scores of requests for obscure books,
unpublished reports, and journal articles in several languages. We are
indebted to the UCLA Department of Geography for providing uninter-
rupted access to library and academic Internet resources. Our research
assistant, Sarah Casia, tracked down and copied references quickly and
accurately. Attorney and friend Jonathan Kirsch graciously provided
advice about publishing a book.

At Island Press we found editors, Barbara Dean and Laura Carrithers,
who shared our enthusiasm for the subject and have helped us to shape a
book to best convey this information.

We deeply appreciate the efforts of those who are working, or have
worked, in the trenches on this issue: Virginia Brubeck and the many
other agency staff members who have fought to protect species and habi-
tats from the adverse effects of artificial night lighting, sometimes to their
own detriment; Bob Gent, Dave Crawford, Jack Sales, and others
involved with the International Dark-Sky Association who have eagerly
incorporated these issues into their important work to protect the night
sky; Michael Mesure and the Fatal Light Awareness Program for having
the fortitude to document the incredible losses of migratory birds from
collisions with buildings, both day and night; and countless others work-
ing to protect species and habitats from the deleterious effects of artificial
night lighting.

The Conservation and Research Foundation provided a grant for the
preparation of the book, a vote of confidence that we appreciate greatly.
The Biological Resources Division of the U.S. Geological Survey pro-
vided a generous grant supporting publication.

A few individuals deserve special recognition. Larry and Sara Wan
have supported us across many realms, for years. They are a continuing
source of inspiration. The late Cherryl Wilson—our neighbor and
Catherine’s dear friend—for nearly twenty years recognized and nurtured
Catherine’s gift for protecting what is good in the world. Cherryl’s inter-
est in protecting the beauty of the night, shared and enhanced by her life
partner George Eslinger, seamlessly blended with our interest in saving
the night for nature. We thank George, too, for years ago offering a
research site to Catherine for a dissertation that was not to be, for contin-
uing to provide technical assistance by phone at any hour, and for his
friendship.

Our parents have provided support in many ways, from generous
financial contributions, to helping edit chapters while visiting us from
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Maine, to caring about each deadline and encouraging our progress. My
parents are both research biologists; Catherine’s mother is a dancer and
choreographer and her father is a television director. As we look over the
manuscript, we see their influence.

—Travis LONGCORE



Chapter 1

Introduction

Catherine Rich and Travis Longcore

What if we woke up one morning only to realize that all of the conserva-
tion planning of the last thirty years told only half the story—the daytime
story? Our diurnal bias has allowed us to ignore the obvious, that the
world is different at night and that natural patterns of darkness are as
important as the light of day to the functioning of ecosystems.

There have always been naturalists with a preference for night, those
who study bats and badgers, moths and owls, who awaken when the sun
goes down (e.g., Ferris 1986, Ryden 1989). But as a whole, professional
conservationists have yet to recognize the implications of the dramatic
transformation of the nighttime environment by ever-increasing artificial
lights, except for the few well-known situations that leave dead bodies on
the ground.

Lighted towers and tall buildings so confuse migrating birds that they
circle and die of exhaustion or of collisions with each other or the struc-
tures themselves. Sea turtle hatchlings attracted to coastal streetlights end
up desiccated, crushed under foot and wheel, or killed by predators. Yet
beyond these high-profile examples, the magnitude of the ecological con-
sequences of artificial night lighting is only beginning to be known. But

1
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all indications are that unless we consider protection of the night, our
best-laid conservation plans will be inadequate.

This book provides a scientific basis to begin addressing the challenge
of conserving the nighttime environment, but it remains critically neces-
sary to expand basic research into the effects of altered light regimes on
species and ecosystems.

The chapters here are meant to complement ongoing efforts to
reduce, for other reasons, unnecessary and wasteful lighting. Loss of the
view of the night sky across the developed world saddens poets and frus-
trates backyard astronomers (Riegel 1973). Excessive and improperly
shielded lighting burdens society with the economic and environmental
costs of wasted energy. These important issues are not addressed in detail
here; rather, this book concentrates on the effects of artificial night light-
ing on nonhuman species and ecosystems.

A History of Artificial Light Ecology

Humans have long manipulated nighttime lighting levels, often with the
intention of affecting wildlife behavior. Stoking the campfire at night has
kept predators at bay since prehistoric times. As with many destructive
human activities, the awareness that nighttime illumination might harm the
natural world has developed relatively recently as technological innovations
have facilitated a nearly unlimited ability to light the night. For birds, con-
cern about needless deaths at lighthouses and other lights was expressed in
the late 1800s and increased through the early 1900s (see Chapter 4, this
volume). For other taxa, only the recent rapid urbanization of the devel-
oped world has resulted in sufficient effects to stimulate investigation.
The attraction of many groups of animals to light has been well
known and documented since Aristotle (7he History of Animals). Verheijen
produced a monograph in 1958 that reviewed the mechanisms by which
animals were attracted to lights, drawing on an extensive, predominantly
European and Japanese literature dating from the late 1800s and early
1900s. Verheijen’s (1958) review documents the adverse effects of lights
on wildlife, and in 1985 he proposed the term photopollution to mean “arti-
ficial light having adverse effects on wildlife” (Verheijen 1985:1). Also in
the 1980s, Raymond (1984) raised concerns about the increasing problem
of sea turtle disorientation from lights at beaches, which had been
described earlier by McFarlane (1963; see Chapter 7, this volume). In
1988, Frank published a thorough review of the influence of artificial
night lighting on moths. With the exception of Verheijen’s (1985) article,
studies of the effects of artificial night lighting remained focused on sin-
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gle taxa. An approach integrating findings across different taxonomic
groups that might be called artificial light ecology did not emerge.
Synthesis of the kind likely envisioned by Verheijen (1985) began in
the 1990s. Alan Outen of the Hertfordshire Biological Records Centre
produced a white paper, “The Possible Ecological Implications of Artifi-
cial Night Lighting,” in 1994, which he revised in 1997 and 1998 and pub-
lished as a book chapter in 2002 (Outen 2002). The view that light pollu-
tion posed a broad problem for whole ecosystems remained largely in the
gray literature, notably astronomer Arthur Upgren’s (1996) review pub-
lished in the Natural Resources Defense Council’s magazine The Amicus
Fournal, and Wilson’s (1998) report for Environmental Building News.
Witherington (1997) reviewed the deleterious effects of photopollution on
sea turtles and other nocturnal animals and suggested that animal behav-
iorists could make an important contribution to conservation biology by
studying “biological photopollution.” In Europe, public awareness of light
pollution led to a series of reports and studies in the Netherlands in the
late 1990s (Health Council of the Netherlands 2000, de Molenaar et al.
1997, 2000, 2003), several studies were completed and an academic con-
ference was held in Germany (Scheibe 1999, Eisenbeis and Hassel 2000,
Schmiedel 2001, Kolligs 2000), and a conference review was produced in
France (Raevel and Lamiot 1998). In 2002 we convened the first North
American conference on this topic, which provided the basis for this book.

Purpose and Scope

This book reviews the state of knowledge about the ecological conse-
quences of artificial night lighting. The phrase “ecological consequences
of artificial night lighting” communicates the essential elements that dis-
tinguish this field of inquiry from others. The term ecological consequences
highlights that we are concerned with ecology. Because the term Zight pol-
lution has come to be understood as referring to the degradation of human
views of the night sky, we have largely avoided its use. We have found it
helpful to distinguish between “astronomical light pollution,” in which
stars and other celestial bodies are washed out by light that is either
directed or reflected upward, and “ecological light pollution,” which dis-
rupts ecosystems (Longcore and Rich 2004; Figure 1.1). The term artifi-
cial night lighting is meant to communicate our focus on light generated
by human activity rather than on the effects of natural patterns of light
and dark, although understanding natural conditions is central to describ-
ing disruptions.

Ecological light pollution includes direct glare, chronically increased
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Astronomical light pollution reduces
the number of visible stars

+
A +
Unshielded lights can
cause both astronomical

and ecological light
pollution

Sky glow from cities
disrupts distant
ecosystems

7,

Figure 1.1. Diagram depicting ecological and astronomical light pollution.
From Longcore and Rich (2004).

illumination, and temporary, unexpected fluctuations in lighting. Sources
of ecological light pollution include sky glow, lighted structures (e.g.,
office buildings, communication towers, bridges), streetlights, security
lights, lights on vehicles, fishing boats, flares on offshore hydrocarbon
platforms, and even lights on undersea research vessels (see Kochevar
1998). The phenomenon therefore involves potential effects across a
range of spatial and temporal scales.

The extent of ecological light pollution is global (Figure 1.2; Elvidge
et al. 1997). The first atlas of “artificial night sky brightness” illustrates
that astronomical light pollution extends to every inhabited continent
(Cinzano et al. 2001). Cinzano et al. (2001) calculated that only 56% of
Americans live where it becomes sufficiently dark at night for the human
eye to make a complete transition from cone to rod vision and that fully
18.7% of the terrestrial surface of the Earth experiences night sky bright-
ness that is polluted by astronomical standards. As discussed in the chap-
ters that follow, species and ecosystems may be affected by sky glow from
distant sources. Furthermore, even shielded lights that are pointed down-
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Figure 1.2. Distribution of artificial lights visible from space. Produced using
cloud-free portions of low-light imaging data acquired by the U.S. Air Force
Defense Meteorological Satellite Program (DMSP) Operational Linescan Sys-
tem (OLS). Four types of lights are included: human settlements (cities, towns,
and villages), fires (defined as ephemeral lights on land), gas flares, and heavily
lit fishing boats. See Elvidge et al. (2001) for details. Image, data processing,
and descriptive text by the National Oceanic and Atnospheric Administration’s
National Geophysical Data Center.

ward, and thereby not contributing to sky glow, may have ecological con-
sequences.

As is evident in Figure 1.2, excessive lighting is associated with the
wealthy countries of the world, places where people can afford to con-
sume energy to illuminate the environment all night. The developing
world, although supporting much higher population densities, is shown
to be much darker at night, with fires used as lights rather than electric
fixtures. The near absence of outdoor electric lighting across heavily pop-
ulated regions of Africa illustrates this point.

Even in the developing world, however, industrial resource extraction
is associated with artificial lighting. Flares from oil wells are visible off the
coast of Nigeria, in otherwise dark regions of North Africa, and across the
sparsely populated regions of Siberia. Lights from fishing vessels virtually
eliminate night in the Sea of Japan and are visible off portions of the
coasts of Southeast Asia and South America. This wasted, ecologically
disruptive light is itself the end product of extractive and consumptive
processes that are themselves environmentally damaging.
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Units and Measurement

Ilumination, or illuminance, is the amount of light incident per unit area;
it is not the only measurement relevant to ecological light pollution, but
it is the most commonly used. Light varies in its intensity (the number of
photons per unit area) and in its spectral content (expressed by wave-
length). Ideally, ecologists should measure illumination in photons per
square meter per second, with associated measurements of the wave-
lengths of light present. More often, illumination is measured in lux (or
footcandles, the non-SI unit), which expresses the intensity of light inci-
dent on a surface weighted for the spectral sensitivity of the human eye.
The lux measurement places more emphasis on wavelengths of light that
the human eye detects best and less on wavelengths that humans do not
perceive as well. It is possible to avoid this human bias and adjust lux for
the spectral sensitivity of other species, as done by Gal et al. (1999) for
mysid shrimp. But because most engineering and planning professionals
use lux, we use it as the measure of illuminance in this book. Table 1.1
illustrates familiar situations and their associated illumination. A sudden
change in illumination is disruptive for some species (Buchanan 1993; see
Chapters 2 and 9, this volume), so the percentage change in illumination,
rate of change in illumination, or similar measures may be relevant.
Ecologists may measure luminance of light sources that are visible to
organisms. Luminance is measured as the intensity of light per unit area
of the source (e.g., candela/m?). How bright these sources appear to
organisms depends on ambient conditions; in dark conditions a dim light
appears very bright, whereas it would be practically invisible in daylight.

Table 1.1. [llumination from common sources.

Source Hlumination (lux)
Full sunlight 103,000
Partly sunny 50,000
Operating table 18,000
Cloudy day 1,000-10,000
Bright office 400-600
Most homes 100-300
Lighted parking lot 10

Full moon under clear conditions 0.1-0.3
Quarter moon 0.01-0.03
Clear starry sky 0.001

Opvercast night sky

0.00003-0.0001
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Organization of the Book

We have divided the book into six parts, each addressing the effects of
artificial night lighting on a taxonomic group. These divisions—mammals,
birds, reptiles and amphibians, fishes, invertebrates, and plants—follow
the subdisciplinary boundaries of modern zoology and botany defined by
evolutionary relationships. They also follow the divisions of life described
by Aristotle and Linnaeus without the benefit of modern evolutionary
thought. In this division, some parts have more chapters than others,
which reflects the unequal attention received by different groups. The
taxonomic coverage is entirely disproportionate to the number of species
in each group and does not reflect their importance in ecosystems. Little
information is available about the effects of artificial light on marine
mammals, for example, except for accounts of increased foraging on
salmon by seals under artificial lights (Yurk and Trites 2000). Much work
remains to be done to investigate the effects of artificial night lighting
across the diversity of species on Earth.

Each section begins with a vignette about nature at night, either writ-
ten specially for this book or excerpted from another source. The
vignettes serve several purposes. They offer anecdotal observations of the
ecology of organisms at night. From Henry David Thoreau’s moonlit
walks to Bernd Heinrich’s night in the Maine woods, they illustrate that
things are indeed different in the dark and that naturalists and scientists
have recorded these differences for a long time. Anecdotal natural history
observations such as these are often the source of scientific hypotheses.
The vignettes are also meant to be evocative. We hope that an apprecia-
tion for the nature of night will remind lay and scientific readers alike why
this topic is important.

Part I, on mammals, opens with Alexander von Humboldt’s account of
the clamor of animals at night in the tropical rainforests of South Amer-
ica. He describes tumultuous activity during the full moon, especially by
larger mammals.

Paul Beier’s chapter on terrestrial mammals provides insight into this
phenomenon, reviewing many examples of the influence of lighting lev-
els on predation risk and activity in mammals. He discusses the potential
disruption of circadian, circalunar, and circannual cycles by artificial
lighting and identifies situations in which artificial night lighting would
be particularly hazardous to mammals.

Jens Rydell reports on the interaction between bats and insects at

streetlights in Chapter 3. Although bats exploit the aggregations of



8 1. Introduction

insects attracted to streetlights, Rydell reports evidence that such lights
are not necessarily beneficial to all bats. As with studies of small terrestrial
mammals, competition and predation risk emerge as important factors
restructuring and potentially reducing diversity in animal communities
affected by outdoor lighting.

Bernd Heinrich’s account of nights outside growing up in Maine
begins Part II on birds. He describes the transformation of the woods in
the dark and the nocturnal flight song of the ovenbird. This species hap-
pens to be particularly vulnerable to death by collision with tall lighted
structures during its nocturnal migration. Sidney A. Gauthreaux Jr. and
Carroll G. Belser (Chapter 4) document this hazard to migratory birds
through time, from lighthouses and lightships to today’s proliferating
communication towers. They present the mechanisms of bird attraction
to lights at night and report original research on the behavior of migra-
tory birds around tall towers with different lighting types.

In Chapter 5, William A. Montevecchi addresses the risks of artificial
night lighting to seabirds, including the uniquely dangerous flares of
hydrocarbon platforms that both attract and incinerate birds. He consid-
ers direct, indirect, and cumulative effects of attraction to artificial light
and provides detailed recommendations to reduce these effects, especially
emphasizing the important role of independent observers in gathering
useful data and enforcing compliance of regulations to protect birds.

Johannes G. de Molenaar, Maria E. Sanders, and Dick A. Jonkers con-
tributed Chapter 6, which considers the effects of artificial night lighting
on the nest choice and success of meadow birds during their breeding sea-
son. Their experiment in the Netherlands investigating the effect of road-
way lighting on breeding black-tailed godwits has a before—after—control-
impact design that is best suited to the investigation of this type of ques-
tion but too rarely implemented. As they report, the small but statistically
significant effect of lighting on breeding behavior was sufficient basis for
the Dutch government to change the lighting system to reduce roadway
illumination after peak traffic hours.

Reptiles and amphibians are the subject of Part III. David Ehrenfeld
sets the tone in his reprinted essay on night and place from his research
on sea turtles in Costa Rica. The darkness he describes, which is funda-
mental to the female turtle’s choice of nest site, has been eliminated by
artificial light in many other places. Michael Salmon and his students and
colleagues have long researched the effects of artificial lighting on sea tur-
tles and their hatchlings. In Chapter 7, Salmon describes the lessons
learned on Florida’s beaches—the interference with female nest site loca-
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tion and hatchling seafinding—and elaborates on the various solutions to
reduce these effects, ranging from partial measures such as moving nests,
to local controls on artificial night lighting, to comprehensive regional
plans to restore darkness at nesting beaches.

Gad Perry and Robert N. Fisher discuss the effects of night lights on
all other reptile groups (Chapter 8). They document how lights allow
diurnal reptiles to extend activity into the nighttime and how nocturnal
species may exploit aggregations of prey at lights. They also describe
activity patterns that vary with moonlight and avoidance of moonlight in
some species.

In Chapter 9, Bryant W. Buchanan describes the observed and poten-
tial effects of artificial night lighting on anuran amphibians. He considers
the effects of chronic or dynamic shifts in illumination on behavior, phys-
iology, and development. His own research, including a study to deter-
mine whether headlamps worn by researchers affect frog behavior and
observations of the interruption of breeding choruses by artificial night
lighting, provides important evidence of these effects.

Sharon E. Wise and Bryant W. Buchanan present the effects of artifi-
cial lighting on salamanders in Chapter 10. They draw on the extensive
literature on salamanders and light from laboratory and field studies to
describe changes in behavior and physiology resulting from artificial
lighting, with consideration of its duration and spectral content. They
include the results of several of their own unpublished experiments,
including observations of salamanders in the field delayed in their forag-
ing activity by an experimental treatment of dim light (ingeniously pro-
vided by a string of holiday lights).

Part IV concerns fishes. As the opening vignette by Carl Safina
describes, changes in ambient illumination affect fish behavior. He
reports the lore of old fishermen that the big fish are active during the full
moon but avoid the new moon. The single chapter in this section (Chap-
ter 11), by Barbara Nightingale, Travis Longcore, and Charles A. Simen-
stad, addresses the effects of artificial lighting on the bony fishes, with
salmon species as exemplars. Nightingale et al. discuss the mechanism of
fish vision and the response to light as influenced by age, species, ambi-
ent conditions, and lighting type. They describe the observed and poten-
tial effects of increased illumination on foraging and schooling, predator—
prey relations, migration, reproduction, and harvest. More information
about fishes is found in Chapter 15, which is primarily about aquatic
invertebrates. The effects of artificial light on sharks, rays, and other
“lower” vertebrates await future investigation.
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Part V contains four chapters on invertebrates. Ecologist Philip J.
DeVries wrote the opening essay on night and light in the tropics. He
reminds us that many butterfly caterpillars feed at night and that the
number of insects at lights decreases over time as they are consumed by
predators and as the surrounding environment is destroyed.

In Chapter 12, Gerhard Eisenbeis discusses the attraction of flying
insects in many taxonomic groups to streetlights. He classifies the effects
that lights may have on insect behavior and considers the potential
reduction in insect diversity around lights. He draws on his work with
German colleagues to document and explain the patterns of insect death
at streetlights in rural Germany, estimates total insect mortality from
streetlights in Germany, and recommends lighting types to decrease such
mortality.

Chapter 13 continues on this theme, as Kenneth D. Frank reports in
detail the effects of outdoor lights on moths and moth populations. He
explains the influence of artificial light on individual moths and works
through the apparent contradiction that many moth species survive in
heavily lit areas.

The effects of stray light on fireflies have the potential to be very dif-
ferent from those on other taxa. These bioluminescent beetles, which are
the subject of Chapter 14 by James E. Lloyd, cue their behavior on ambi-
ent light intensity. In this chapter, Lloyd reviews the mechanisms by
which light may interfere with the intraspecific and interspecific visual
communication of firefly species. He also identifies needed research on
this subject, listing useful projects that could be conducted by students.

Chapter 15 documents light pollution on freshwater lakes and its
recorded and potential effects on invertebrates and their vertebrate pred-
ators. Marianne V. Moore, Susan J. Kohler, and Melani S. Cheers devel-
oped instrumentation to record nighttime illumination levels at lakes
across an urban-to-rural gradient in New England. With these illumina-
tion levels, and incorporating previous research on the response of inver-
tebrates and fishes to light, they predict the biological effects of light pol-
lution on animals in the water column.

An excerpt from Henry David Thoreau’s essay “Night and Moon-
light” begins Part VI, about plants. He describes how very differently he
experiences the landscape and its plants and animals at night. Plants per-
ceive light in the environment and respond to these cues physiologically.
In Chapter 16, Winslow R. Briggs describes how plants detect light in the
environment and some of the physiological responses of plants to light.
Few published studies address the direct effects of artificial night lighting
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on plants, but Briggs reviews the mechanisms by which these effects
would occur.

Our final chapter, Chapter 17, situates the examples of the book in the
framework of ecology and identifies general mechanisms by which artifi-
cial night lighting influences species.

The range of ecological consequences of artificial night lighting is
broad, including desynchronization of the mating flight of ants, disrup-
tion of the daily movement of zooplankton, altered nest site choice in
breeding birds, interference with dispersal patterns of mammals, delay of
the downstream migration of salmon, and disorientation and death of
migratory birds. Many examples are found in the pages that follow, but
much more remains to be learned. Only the imagination and creativity of
current and future readers and researchers limits the questions that might
be productively investigated.
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Mammals



Night, Venezuela

After eleven o’clock, such a noise began in the contiguous forest, that for the
remainder of the night all sleep was impossible. The wild cries of animals
rung through the woods. Among the many voices which resounded together,
the Indians could only recognize those which, after short pauses, were heard
singly. There was the monotonous, plaintive cry of the Aluates (howling
monkeys), the whining, flute-like notes of the small sapajous, the grunting
murmur of the striped nocturnal ape (Nyctipithecus trivirgatus, which I was the
first to describe), the fitful roar of the great tiger, the Cuguar or maneless
American lion, the peccary, the sloth, and a host of parrots, parraquas (Ortal-
ides), and other pheasant-like birds. Whenever the tigers approached the edge
of the forest, our dog, who before had barked incessantly, came howling to
seek protection under the hammocks. Sometimes the cry of the tiger
resounded from the branches of a tree, and was then always accompanied by
the plaintive piping tones of the apes, who were endeavouring to escape from
the unwonted pursuit.

If one asks the Indians why such a continuous noise is heard on certain
nights, they answer, with a smile, that “the animals are rejoicing in the beau-
tiful moonlight, and celebrating the return of the full moon.” To me the scene
appeared rather to be owing to an accidental, long-continued, and gradually
increasing conflict among the animals. Thus, for instance, the jaguar will pur-
sue the peccaries and the tapirs, which, densely crowded together, burst
through the barrier of tree-like shrubs which opposes their flight. Terrified at
the confusion, the monkeys on the tops of the trees join their cries with those
of the larger animals. This arouses the tribes of birds who build their nests in
communities, and suddenly the whole animal world is in a state of commo-
tion. Further experience taught us, that it was by no means always the festi-
val of moonlight that disturbed the stillness of the forest; for we observed that
the voices were loudest during violent storms of rain, or when the thunder
echoed and the lightning flashed through the depths of the woods. The good-

natured Franciscan monk who (notwithstanding the fever from which he had
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been suffering for many months) accompanied us through the cataracts of
Atures and Maypures to San Carlos, on the Rio Negro, and to the Brazilian

coast, used to say, when apprehensive of a storm at night, “May Heaven grant

1

a quiet night both to us and to the wild beasts of the forest

Alexander von Humboldt

From “The Nocturnal Life of Animals in the Primeval Forest,” Views of Nature, 1850.
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Chapter 2

Effects of Artificial Night

Lighting on Terrestrial Mammals

Paul Beier

All 986 species of bats, badgers and most smaller carnivores, most rodents
(with the notable exception of squirrels), 20% of primates, and 80% of
marsupials are nocturnal, and many more are active both night and day
(Walls 1942). Thus it would be surprising if night lighting did not have
significant effects on mammals. Compared with investigations on birds,
lepidopterans, other insects, and turtles, however, few studies, or even
anecdotal reports, document the effects of artificial night lighting on
mammals in the wild. Because of the dearth of empirical evidence, this
chapter begins with a review of the biology of mammalian vision, includ-
ing the extensive literature on how moonlight affects nocturnal behavior
of mammals and how light influences mammalian biological clocks. I then
discuss several classes of likely effects of artificial night lighting on mam-
mals, namely disruption of foraging patterns, increased predation risk,
disruption of biological clocks, increased mortality on roads, and disrup-
tion of dispersal movements through artificially lighted landscapes. I
include recommendations for experiments or observations that could
advance our understanding of the most likely and significant effects.
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20 Part I. Mammals

Light and the Ecology and Physiology of Mammals

Insight into the potential consequences of artificial night lighting on
mammals can be gained from an understanding of the activity patterns,
visual ability, and physiological cycles of species under normal patterns of
light and dark. Artificial light at night may disrupt the various daily,
monthly, and annual cycles described in this section.

Mammals vary in their activity periods, with corresponding adapta-
tions in their visual systems (Walls 1942). Activity patterns can be classi-
tied into five types (Halle and Stenseth 2000). Mammals with a nocturnal
pattern obviously are most likely to be affected by artificial night lighting.
I will treat the crepuscular pattern, defined as nocturnal with activity
peaks at dawn and dusk, as a variant on the nocturnal theme; this group
includes most lagomorphs. Diurnal mammals include all squirrels, except
the flying squirrels, and most primates, including humans. Indeed, if
human vision were not so anatomically diurnal, artificial lighting would
not be necessary. Mammals with the 24-hour pattern include ungulates
and larger carnivores, plus some smaller carnivores. These species have
excellent night vision and usually are most active at night but have
regular daytime activity periods as well. I ignore the ultradian pattern—
periodicity less than 24 hours, typically 3- to 5-hour cycles—because it
has been documented only in voles and is light-independent (Gerkema et
al. 1990).

Anatomy and Physiology of Vision in Mammals

How various mammals respond to light depends, among other things, on
the architecture of the eye, including its pupil, type of lens, and especially
whether the photosensitive cells in the retina are dominated by rods or
cones. Nocturnal mammals have large pupils to admit more light, huge
lenses to minimize spherical aberration, and rod-rich retinas (Walls
1942). The rod system has high sensitivity but low acuity; that is, it can
be stimulated by relatively few photons, but ability to see detail is poor
because many rod cells connect to a single neuron. This means that small
stimuli from several rods can act in concert to stimulate a neuron and thus
deliver a signal to the brain. Because the brain is unable to determine
exactly which rods were stimulated, however, it cannot discern the exact
size and shape of the perceived object. In contrast, there is little summa-
tion among neurons where cones and neurons approach a 1:1 ratio in
parts of some mammalian retinas.
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Most nocturnal mammals have few cones; bats and armadillos have
nearly cone-free retinas (Walls 1942). Nocturnal mammals with few
cones are temporarily blinded by bright light because the rods become
unresponsive (i.e., saturated) above 120 candela/m?, approximately the
light level at twilight. Narrowing the pupil is the primary short-term
defense of cone-poor mammals against rod saturation in bright light but
is only marginally effective at reducing the blinding effect of light (Perl-
man and Normann 1998).

Because they lack high-resolution cones, few nocturnal mammals eat
seeds, small fruits, or small mobile insects unless such foods are clumped
into large, visually detectable aggregations such as inflorescences or
anthills or are detectable by other means such as echolocation or scent.
Nocturnal animals can partially overcome the poor resolving power of the
rod-dominated retina by having large eyes that permit large retinal
images. Because the size of rods does not decrease with body size, what
matters here is the absolute, not relative, size of the retinal image (Walls
1942). Thus the limited skull size of small nocturnal mammals limits their
evolutionary ability to improve visual resolution.

The retina of diurnal mammals is rich in cones, which provide clear
images at close range or in good light. A large number of photons is
needed to stimulate a cone, however, which makes cones useless in dim
light. Most, perhaps all, diurnal squirrels are similar to diurnal birds in
having retinas so poor in rods that they are nearly blind at night.
Although most diurnal mammals, including humans, have fewer cones
than rods, most of these mammals are large, and their large retinal image
ensures high visual acuity in daylight. The lenses of diurnal mammals
resemble those of 24-hour mammals.

Like some nocturnal and crepuscular mammals, most mammals capa-
ble of 24-hour activity have a retina composed mostly of rods, but they
have enough cones for a second image-forming system useful in bright
light (Perlman and Normann 1998). Changes in pupil size are less impor-
tant than photon saturation of the rods in switching between systems
(Perlman and Normann 1998). When a mammal with a 24-hour eye
comes from darkness into light, the rods saturate, thereby becoming inca-
pable of stimulation, and the shift to the cone system occurs within about
two seconds. The shift from bright to low light takes much longer (Lyth-
goe 1979) and involves more complex chemical reactions for the rods to
tully resensitize (Perlman and Normann 1998). Although the rod system
may gain a 100-fold increase in sensitivity within 10 minutes after the tran-
sition to darkness, another 10-fold gain in sensitivity can occur between 10
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and 40 minutes (Lythgoe 1979). The presence of a bright light in an oth-
erwise dark environment may suppress the rod system in part or all of the
retina, leaving the animal not fully adjusted to the dark.

Many 24-hour mammals, and some nocturnal and crepuscular mam-
mals, have a highly reflective layer behind the photoreceptive cells, the
tapetum lucidum, that amplifies the light reaching those cells. The tape-
tum is found in most carnivores and ungulates but rarely in rodents, lago-
morphs, or higher primates.

In mammals with both rod and cone systems, the shift between sys-
tems is accompanied by a change in spectral sensitivity called the Purkinje
shift. Cone cells have a variety of photoreactive pigments, and this vari-
ety creates a capacity for color vision in the cone system. Because rods
rely on only one photoreactive pigment, rhodopsin, with maximum
absorption around 496 nm, the color-blind rod system discriminates only
on the basis of brightness.

Influence of Moonlight on Bebavior of Nocturnal Mammals

Most nocturnal mammals react to increasing moonlight by reducing their
use of open areas, restricting foraging activity and movements, reducing
total duration of activity, or concentrating foraging and longer move-
ments during the darkest periods of night. Such behaviors have been
recorded in studies of desert rodents (Lockard and Owings 1974, Price et
al. 1984, Bowers 1988, Alkon and Saltz 1988), temperate-zone rodents
(Kaufman and Kaufman 1982, Travers et al. 1988, Vickery and Bider
1981, Wolfe and Summerlin 1989, Topping et al. 1999), desert lago-
morphs (Butynski 1984, Rogowitz 1997), arctic lagomorphs (Gilbert and
Boutin 1991), fruit bats (Morrison 1978, Law 1997, Elangovan and
Marimuthu 2001), a predatory bat (Subbaraj and Balasingh 1996), some
primates (Wright 1981), male woolly opossums (Julien-Laferriere 1997),
and European badgers (Cresswell and Harris 1988).

Most authors attributed these changes to increased predation risk in
open habitats under bright moonlight. Although no field study conclu-
sively confirms or refutes this explanation, circumstantial evidence sup-
ports it. Increased coyote howling during the new moon is consistent with
the unprofitability of hunting rodents under these conditions (Bender et
al. 1996). In laboratory studies (Clarke 1983, Dice 1945), owls were bet-
ter able to catch deer mice in brighter light. However, as Clarke (1983)
explained, these laboratory results may not reveal much about the effect
on predation rate under natural conditions. On bright nights, most prey
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remain in secure places, but the few that are in bright conditions may be
readily killed. On dark nights, owl efficiency per prey may be reduced, but
with many active prey available, the total prey consumption and the prey’s
mortality rate from the owl may be unchanged (Daly et al. 1992). Simi-
larly, ocelot behavior is consistent with the hypothesis that fewer but
more successful prey encounters occur under bright light (Emmons et al.
1989).

Some nocturnal species neither decrease activity nor seek habitats
with canopy cover during bright moonlight. Many insectivorous bats do
not decrease activity during bright moonlight (Negraeff and Brigham
1995, Hecker and Brigham 1999), although some species do, at least in
captivity (Erkert 2000). Some insectivorous bats prefer to forage in upper
canopy under bright moonlight (Hecker and Brigham 1999) or under
artificial night lighting (Rydell and Baagee 1996), in both cases because
insect prey are more abundant in the brighter areas (for further discussion
of bats see Chapter 3, this volume). Moonlight is associated with
increased activity in woodland rodents such as Peromyscus leucopus (Barry
and Francq 1982), the nocturnal monkey Aotus trivirgatus (Wright 1981),
and the galagos (Galagonidae; Nash 1986). In most instances, these stud-
ies provided adaptive reasons for increased activity in moonlight. For
example, the galagos, although nocturnal, visually detect their insect prey,
and they avoid predation not by concealment but by visual detection,
mobbing, and flight. Moonlight does not change the activity pattern of
ocelots (Emmons et al. 1989) or white-tailed deer (Beier and McCullough
1990; but see Kie 1996).

The Circadian Clock in Mammals

The freerunning period of activity, the activity cycle for an animal under
constant light or darkness, ranges from 23 to 25 hours for most verte-
brates, with extremes of 21 to 27 hours (Foster and Provencio 1999).
Because the freerunning clock is not exactly 24 hours, the internal circa-
dian system must be synchronized to local time by a cue in the animal’s
environment. This process is called entrainment, and the cue used to syn-
chronize the internal clock is called a Zeitgeber. For all vertebrates, the
primary Zeitgeber is change in the quantity, and perhaps the spectral
quality, of light at dawn and dusk (Foster and Provencio 1999). In verte-
brates, the two image-forming visual systems (i.e., the rod and cone sys-
tems) do not entrain the biological clock, which is governed by a special
photoreceptor system separate from them. In mammals, this photorecep-
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tor system lies in the retina and communicates to a different part of the
brain, the suprachiasmatic nuclei (SCN), via a different neural system,
comprising less than 0.01% of retinal ganglion cells (Foster and Proven-
cio 1999). Loss of the eyes or SCN blocks entrainment of the circadian
clock in all mammals studied. Shifting circadian rhythm requires more light
than that needed to form a visual image, and the stimulus must be of longer
duration, 30 seconds to 100 minutes (Figure 2.1; Foster and Provencio
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Figure 2.1. The response range of the visual-imaging system (large box) has
minimal overlap with the response range of the circadian system in vertebrates
(small box). Influencing the biological clock requires both more light (x-axis)
and longer duration (y-axis) than forming a visual image. This protects the cir-
cadian system from many photic stimuli that do not provide reliable time cues.
The upper threshold in light intensity makes the circadian clock more sensitive
to twilight intensities than to full sunlight. Artificial lights within the range of
duration and intensity described by the small box disrupt the mammalian bio-
logical clock. Figure adapted from Foster and Provencio (1999: Figure 3), with
the x-axis converted from photons per unit area. Although there is no exact
conversion to lux, this approximation allows the reader to compare these light
intensities with those illustrated in Figure 2.2.
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Figure 2.2. Illumination at Earth’s surface varies with solar and lunar altitude
above the horizon. For comparative purposes, the Illuminating Engineering
Society of North America recommends 3-16 lux illumination for U.S. highways or
as a maximum for off-site spill from recreational sports facilities. In practice, these
recommendations often are exceeded by an order of magnitude. Note log scale on
y-axis. The altitude of the moon above the horizon is deliberately displayed on the
negative (below horizon) half of the x-axis so that the x-axis can be interpreted as
time relative to sunset. SS, sunset; CT, civil twilight with sun 6° below horizon;
NT, nautical twilight with sun 12° below horizon; AT, astronomical twilight with
sun 18° below horizon. Figure adapted from McFarland et al. (1999: Figure 1).

1999). Light level at twilight falls at the lower end of this range (Figure
2.2; McFarland et al. 1999). These thresholds—as well as the upper limits
—are useful in preventing photic noise from resetting the circadian clock.
For instance, lightning, which can be fifty times brighter than direct sun-
light, would confuse circadian rhythm if it were of sufficient duration. It
has long been thought that the irradiance of starlight and the full moon
both fall below the threshold for entrainment and cannot reset the circa-
dian clock, although entrainment of circadian rhythm recently has been
recorded at illuminances as low as 10~° lux in bats (Erkert 2004). Low-
intensity stimuli of sufficient duration can suppress melatonin production
in rats (Dauchy et al. 1997) and humans (Brainard et al. 1997), suggesting
that such stimuli also affect the circadian clock, at least in humans (Shana-
han et al. 1997) in addition to bats.
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The light regime and the circadian clock also influence production of
some hormones, notably melatonin, which mediates not only the activity
patterns discussed earlier but also almost every physiological or behav-
ioral rhythm in mammals (Bartness and Goldman 1989). In all species,
melatonin production is high at night and suppressed during daytime,
although reaction to melatonin often differs between diurnal and noctur-
nal species. Among its many roles, melatonin suppresses tumor growth by
regulating production and tumor use of linoleic acid. In a laboratory
experiment, Dauchy et al. (1997) determined that minimal light contam-
ination of 0.2 lux, simulating a light leak around a laboratory door during
an otherwise normal dark phase, disrupted normal circadian production
of melatonin and promoted tumor growth in rats. Compared with rats
experiencing a cycle of 12 hours light and 12 hours total darkness per day,
rats experiencing light contamination produced 87% less melatonin, sim-
ilar to the 94% decline observed in rats held in full light 24 hours per day.
There were corresponding dramatic increases in tumor growth. Remark-
ably, low-intensity light exposure during the subjective dark phase had
virtually the same effect as constant light in blocking melatonin produc-
tion and stimulating tumor growth.

The Circannual Clock and Lunar Clock in Mammals

Mammals also have an endogenous rhythm with a freerunning period of
about one year. The circannual clock influences annual changes in body
mass, hormones, reproductive status, hibernation, and the circadian activ-
ity pattern over the course of the year. By controlling breeding season,
delayed fertilization of the ovum, and delayed implantation of the blasto-
cyst, the circannual clock causes parturition of most species of mammals
to occur in a highly compressed period. This reduces the neonatal mor-
tality rate by predator swamping and synchronizes parturition with favor-
able foraging conditions (Vaughan 1978, Gwinner 1986).

Because experiments on the circannual clock take years to complete,
our understanding of it remains poor, and only three mammal species
have been studied in any detail, namely the golden hamster (Mesocricetus
auratus; Bronson 1989), domestic sheep (Bronson 1989), and golden-
mantled ground squirrel (Spermophilus lateralis; Dark et al. 1990, Zucker
et al. 1983, Pengelley and Fisher 1963, Lee et al. 1986). Light appears to
be the most important—perhaps the only—Zeitgeber for the circannual
clock of hamster and sheep (Bronson 1989). Both of these species, how-
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ever, are highly domesticated and all laboratory stocks of the hamster are
highly inbred, having descended from a single mother and her litter cap-
tured in 1930. These factors may limit the extent to which we can extrap-
olate to wild mammals.

Light may be of equal or lesser importance than temperature in set-
ting the circannual clock of the golden-mantled ground squirrel and
especially in governing the hibernation cycle of the species. Zucker et
al. (1983) demonstrated that light was involved in entraining the cir-
cannual clock in golden-mantled ground squirrels. Loss of the SCN,
however, disrupted the annual reproductive cycle and the annual cycle
of body mass in only 8 of 19 squirrels, indicating existence of a circan-
nual oscillator that is anatomically separate from the SCN. Although
the neural structure that functions as the circannual oscillator has not
been identified, it is influenced by the retinal system that terminates in
the SCN (Dark et al. 1990). Although Hock (1955) reported a strong
role for light in initiating hibernation of the Arctic ground squirrel
(Spermophilus undulatus), Pengelley and Fisher (1963) reported that
although an artificially reversed thermal regime caused golden-mantled
ground squirrels to hibernate in summer, it was impossible to produce
a similar reversal in the phase of the hibernation cycle by changing
light conditions. Emergence from hibernation in spring cannot possi-
bly be influenced by photoperiod because these squirrels hibernate in
dark burrows.

In summary, studies of circannual cycles of a few mammalian species
suggest that light is an important Zestgeber but perhaps not the only one.
The importance of light as a circannual regulator is also a logical neces-
sity, given the crucial role of light in production of melatonin and the
well-documented importance of melatonin in governing reproductive
activity (Bartness and Goldman 1989). Bronson (1989) and Gwinner
(1986) provide excellent overviews of this complex topic.

Lunar cycles also may play an important role in timing of mammalian
reproductive behaviors. Murray (1982) and Skinner and van Jaarsveld
(1987) suggested that moonlight may synchronize estrus in some ungu-
lates. Both of these were observational studies, and there appears to be no
experimental work on how lunar cycles affect mammalian reproduction
or whether the mammalian brain has a neural circalunar oscillator that is
entrained by moonlight. The absence of such evidence is a result of a lack
of effort and cannot be construed as refuting the existence or importance
of a circalunar clock.
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Plausible Effects of Artificial Night Lighting on Mammals

In the rest of this chapter, I make inferences about plausible effects of arti-
ficial night lighting by considering the foregoing information in relation
to the properties of artificial night light and evaluating the handful of
studies on how artificial lighting influences mammal behavior in the wild.
Potential influences of artificial lights at night on mammals include dis-
ruption of foraging behavior, increased risk of predation, disruption of
biological clocks, increased deaths in collisions on roads, and disruption
of dispersal movements and corridor use.

Disruption of Foraging Bebavior and Increased
Risk of Predation

Many studies cited in this chapter have shown that bats, nocturnal
rodents, and other nocturnal mammals respond to moonlight by shifting
their activity periods, reducing their activity, traveling shorter distances,
and consuming less food. Artificial light of similar intensity to moonlight
caused rodents in experimental arenas to reduce their activity, movement,
and food consumption (Vasquez 1994, Kramer and Birney 2001, Brillhart
and Kaufman 1991, Clarke 1983, Falkenberg and Clarke 1998). These
experiments used both fluorescent and incandescent lights to simulate
moonlight, with rodents responding to stimuli equivalent to that of a half
moon (0.1 lux) as well as a full moon (0.3 lux). Thus, artificial night light-
ing of similar intensity to moonlight reduces activity and movement of
many nocturnal animals, particularly those that rely on concealment to
reduce predation risk during nocturnal foraging. Because roadway light-
ing in the United States is designed to illuminate the road surface at a
minimum of 3 lux (the lowest acceptable value midway between light
standards) and an average of 4-17 lux, depending on type of pavement
and roadway, with maximum values two or three times the average
directly under lampposts (IESNA 2000), all artificial night lighting can be
expected to have such effects along road edges.

Although small mammals can respond to bright moonlight by shifting
foraging and ranging activities to darker conditions, this option is not
available to animals experiencing artificially increased illumination
throughout the night. Under these circumstances, unless they abandon
the lighted area, nocturnal animals have only two unfortunate choices.
One is to accept the risk of predation by foraging under bright light, as
Alkon and Saltz (1988) observed when food shortages forced crested por-
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cupines (Hystrix indica) to abandon their light-phobic behaviors. The
other option is to continue to minimize predation risk even at the cost of
loss of body mass, as observed in an experiment on the cricetid rodent
Phyllotis darwini (Vasquez 1994). The rodents responded to simulated
moonlight by carrying 40% of their food to the refuge site in the arena
and consuming it there, compared with less than 4% of food consump-
tion under dark conditions. On bright nights, the rodents consumed 15%
less food and lost 4.4 g, compared with a 1.1-g weight loss on dark nights.
Despite difficulties in translating these experimental results to field con-
ditions, artificial night lighting undoubtedly reduces food consumption
and probably increases predation risk for nocturnal rodents in the wild.

Few studies have investigated the effects of artificial light on feeding
behavior of mammals in natural populations. In one study Kotler (1984)
strongly confirmed that artificial night lighting affects nocturnal rodents.
During the new moon, Kotler observed that seed harvest by the desert
rodent community (four species of Dipodomys, Peromyscus maniculatus, and
possibly Perognathus longimembris and Microdipodops pallidus) decreased an
average of 21% in response to a single fluorescent or gasoline camping
lantern placed to cast light equivalent to 160% (8 m [26 ft] from lantern)
to 25% (35 m [115 ft] from lantern) of the light of a full moon. He also
reported that, within trials, harvesting rate was lower at feeding sites that
were most brightly illuminated, but he did not quantitatively describe that
relationship. To help planners estimate the magnitude of this effect,
future research should determine the functional relationship between
food harvest (or other variables related to fitness) and illumination and
determine whether there is a threshold illumination below which no
effect occurs. Although lighting at sports stadiums, gas stations, and some
commercial operations is brighter than highway lighting, the latter prob-
ably is the brightest lighting that affects large areas of wildlands. Thus,
research focusing on the intensities and heights of lighting that are pre-
scribed or implemented along highways, and their effects in a landscape
context, would be most helpful.

Bird et al. (2004) also investigated the effects of artificial lighting on
rodent foraging. In coastal Florida, they measured foraging of Santa Rosa
beach mouse (Peromyscus polionotus leucocephalus) as a proxy for the other
threatened and endangered subspecies of Peromyscus polionotus. Resource
patches of food were placed along transects with arrays of low pressure
sodium lights, “bug” lights, and no lights. The percentage of resource
patches foraged by mice was significantly higher in dark arrays than light
arrays and higher at arrays with bug lights than low pressure sodium
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lights. Effects of actual beachfront lighting were presumed to be greater
than those observed in the experiment because taller and more intense
light sources are commonly used in coastal development.

De Molenaar et al. (2003) studied mammal response to streetlamps
experimentally installed on small earthen dams that crossed flooded
drainage ditches in the Netherlands. Aquatic mammals such as muskrats
(Ondatra zibethicus) had to cross these dams to move along the ditch, and
other mammals used the dams to pass between patches of upland habitat
without swimming. The four predators—polecat (Mustela putorius), stoat
(Mustela erminea), weasel (Mustela nivalis), and fox (Vulpes vulpes)—were
more likely to walk on or near illuminated dams than unlit ones, and the
brown rat (Rattus norvegicus) seemed to avoid lighted dams. The four
other species studied (muskrat, hedgehog [Erinaceus europaeus], hare
[Lepus europaeus], and roe deer [Capreolus capreolus]) showed no marked
response.

With their cone-rich retinas, most sciurids probably are nearly blind
at night, even under moonlight or artificial night lighting. To conceal
themselves from visual predators, most tree squirrels spend the night in
nests in trees, and ground squirrels sleep underground. To the extent that
artificial night lighting assists visual predators at night, it could decrease
squirrel survival rates.

Does artificial night lighting benefit owls, bats, or other predators? If
desert rodents are more vulnerable to owls and other nocturnal predators
under moonlight or its equivalent, it is tempting to think of artificial night
lighting as enhancing habitat for these predators. Many species of insec-
tivorous bats aggregate at streetlamps to exploit aggregations of moths
and other insects that are attracted to the light (Blake et al. 1994, Rydell
and Baagee 1996). Some reports have implied that this is good for bats,
but this makes sense only under the nonecological valuation that more is
better. Certainly such aggregations are not natural, nor are they benefi-
cial to insect prey of the bats. Such lighting should not be justified in
terms of benefits to bats unless the feeding stations are explicitly intended
to compensate for human-caused loss of other food sources or human-
caused excess of the insect populations attracted to the lights.

Disruption of Biological Clocks

Assuming that the circadian clock evolved to maximize foraging effi-
ciency, to reduce risk of predation, to enhance parental care, or for simi-
larly important reasons, artificial night lighting can adversely affect ani-
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mals by disrupting that clock. These individuals also would be out of
phase with their neighbors living in a natural light—dark cycle; in more
social mammals this could affect mating success, group-mediated anti-
predator vigilance, and other processes.

Almost all studies of how light pulses can shift the biological clock
used artificial light, either fluorescent or incandescent, as the stimulus. All
of these studies demonstrate that brief (10- to 15-minute duration) and
moderately bright (about 1,000 lux, equivalent to bright twilight) stimuli
can shift the circadian clock by 1-2 hours (Halle and Stenseth 2000). This
finding suggests that artificial night lighting can disrupt circadian pat-
terns in the wild. These experiments, however, were conducted only on
captive animals held in 24-hour darkness except for the experimental
stimuli. One experiment on the nocturnal flying squirrel Glaucomys volans
came much closer to natural conditions in that the experimental animals
had free access to a completely dark nest box and could choose when to
emerge to a larger chamber where they might encounter artificial light
(DeCoursey 1986). If the squirrel encountered light at arousal time, when
it expected to enter a dark world, it would return to its nest box to sleep,
delaying its circadian clock by 40 minutes. Because most nocturnal ani-
mals spend the day in burrows or cavities with unmeasured but presum-
ably very low light levels, these experimental results probably are ecolog-
ically relevant to all nocturnal mammals.

Only two studies compared artificial light with daylight in terms of
their effects on the circadian clock. In one study, wild-caught nocturnal
mice were subjected to pulses of daylight, incandescent light, and fluores-
cent light, each 1,000 lux and 15 minutes in duration, at various points in
the circadian cycle (Sharma et al. 1997). The phase shift response was
strongest 2-3 hours after the transition from subjective day to subjective
night, at which time the daylight stimulus produced a greater delay in
activity (about 2.5 hours) than the two types of artificial light (each about
1.5 hours). The other study (Joshi and Chandrashekaran 1985) applied
the same experimental protocol on a bat and found that incandescent
lights produced large phase shifts in the opposite direction as the shifts
elicited by daylight and fluorescent light. Artificial night lighting is about
as effective as natural light in setting—or disrupting—the circadian clock.

The effect of the circadian clock on production of melatonin may have
serious ecological consequences. Dauchy et al. (1997) documented that
modest levels of nocturnal light suppressed melatonin production with
dramatic effects on tumor growth in rats. Although these results cannot
be directly translated to wild mammals, this study suggests that disruption
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of biological clocks by artificial night lighting could have profound effects
on individual animals. If a significant fraction of individuals in a popula-
tion is affected, population and ecosystem effects are also possible. In
the golden hamster, the visual system that regulates the circadian clock
is responsive to stimuli between 300 and 500 nm but insensitive towave-
lengths of 640 nm or longer and 290 nm or shorter (Brainard et al. 1994).
Further research on the spectral sensitivity of additional mammals
may provide guidance that would allow the selection of outdoor lighting
to avoid or minimize this potential effect, perhaps in the red-yellow spec-
trum.

Despite ample evidence that artificial lighting can disrupt circadian
and circannual clocks in the laboratory setting—where all existing
research has been conducted—there is no confirmation of these effects in
wild populations. In part this is an intractable problem because phase
shifts have been defined in a way (Gwinner 1986) that can be measured
only in a laboratory. Melatonin levels in wild populations subject to arti-
ficial night lighting, however, could be compared with levels in undis-
turbed populations, controlling for time of day, to yield a biologically
meaningful estimate of the magnitude of this problem in nature. In addi-
tion, population-level studies can demonstrate the overall effect of artifi-
cial night lighting on mammal populations, although it may be difficult or
impossible to disentangle the effects of disrupted biological clocks from
those of other mechanisms, such as reduced foraging or increased preda-
tion risk.

Effect of Street Lighting on Roadkill of Mammals

Intensity and type of street lighting may influence the probability of
wildlife mortality in collisions with vehicles. It seems logical that most
types of lighting will make animals more visible to drivers and thus reduce
risk of mortality by giving the driver more time to react. There is no
research supporting this idea, however, and Reed (1995), Reed et al.
(1979), and Reed and Woodward (1981) concluded that increased high-
way illumination was not effective at reducing deer—vehicle accidents in
the United States.

Some artificial night lighting makes it difficult for nocturnal mammals
to avoid collisions with vehicles if the animal experiences a rapid shift in
illumination. Many nocturnal species are using only the rod system, and
bright lighting saturates their retinas. Although many nocturnal mam-
mals have a rudimentary cone system and can switch over to it within a
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couple seconds, during those seconds they are blinded. Once they switch
to the cone system, areas illuminated to lower levels become black, and
the animal may become disoriented, unable to see the dark area across the
road and unwilling to flee into the unseeable shadows whence it came.
This is not solely a problem for a rod-dominated visual system because
even a cone-dominated system is ineffective when a small part of the
visual field is many orders of magnitude brighter than the remaining field.
This glare phenomenon is familiar to any backcountry camper who has
been temporarily blinded by a companion’s flashlight. Finally, if the ani-
mal is in the lighted area long enough to saturate its rod system, it will be
at a distinct disadvantage for 10-40 minutes after returning to darkness.

The lowest possible lighting level consistent with human safety is the
best for mammals crossing roads. There is no advantage to using lighting
that is closer to the sunlight spectrum for these cone-poor animals.
Indeed, low pressure sodium lights, with emission at 589 nm, provide rea-
sonably effective vision for human drivers, who have mixed cone and rod
vision, while interfering least, of the available lamp types, with the domi-
nant rod-based vision of nocturnal mammals. Because the rod system has
peak sensitivity near 496 nm, low pressure sodium lights should appear
about one-tenth as bright to a rod-dominated retina as to a human retina.

Little ecological research, and a modest amount of human and engi-
neering research, is needed on the issue of designing highway lighting to
minimize roadkill mortality. Our knowledge of mammalian vision is suf-
ficient to conclude that, from the animal’s perspective, less is better.
Research should focus on the straightforward issue of determining the
lowest level of illumination that increases the ability of human drivers to
see a large animal, thus allowing the driver to avoid collision, without dis-
abling the rod-dominated retina of mammals, thus allowing them to
escape into the darkness. Other technical questions, relevant not only to
roadkill but also to biological clocks, predation risk, and foraging behav-
ior, include developing cost-effective designs to confine lighting to the
roadway and balancing them with a lamp height and beam pattern that
reduces effects on the sensitive central part of the driver’s retina.

Disruption of Dispersal Movements and Corridor Use

With increasing emphasis on providing biotic connectivity at the land-
scape scale, there is an increased need for information on how various fac-
tors influence the utility of a connective area. It follows from the preced-
ing that street lighting negatively affects a mammal’s ability and
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willingness to cross a road or to move through any area with artificial
night lighting. Although planners and conservationists have focused on
the issue of how wide a corridor should be, it is obvious that the answer
depends on how bright it is.

Only two studies attempted to address how a mammal, moving at
night through unfamiliar terrain, might react to natural or artificial light
or otherwise use visual information to find suitable habitat. A study of dis-
persing puma (Pusma concolor) in urban southern California noted several
exploratory movements that did not follow favored topography or vege-
tation patterns (Beier 1995). Beier speculated that the pumas were mov-
ing away from the urban glow and navigating toward the darkest horizon.
Beier also noted instances in which an animal, exploring new habitat for
the first time, stopped during the night at a lighted highway crossing its
direction of travel with unlit terrain beyond. In several instances, the ani-
mal would bed down until dawn, selecting a location where it could see
the terrain beyond the highway after sunrise. The next evening, the puma
would attempt to cross the road if wildland lay beyond or would turn back
if industrial land lay beyond.

Another study revealed that white-footed mice (Peromyscus leucopus)
are capable of a similar “look now and move later” strategy (Zollner and
Lima 1999). Zollner and Lima experimentally released woodland mice in
bare agricultural fields at night under dark or moonlit conditions and at
various distances from a single woodland patch, which was suitable habi-
tat for the mouse, in the area. Under dark conditions, the mice were
incapable of perceiving and orienting to the woodland patch at distances
of 30 m (98 ft) or more. Full moonlight extended the perceptual range to
60 m (197 ft), and mice given a twilight look at the landscape before sun-
set were able to orient from 90 m (295 ft) away. Thus, if mice were not
deterred by psychology, activity pattern, and predation risk, interpatch
dispersal by mice would be more successful under daylight illumination.
The study demonstrates, however, that mice are able to assess the land-
scape under full light and use that information to move successfully in
the dark.

Zollner and Lima (1999) also open a new realm of research, namely
empirically determining the perceptual range of an animal, or the dis-
tance at which habitat patches can be perceived. Goodwin et al. (1999)
provide helpful suggestions for sound statistical analyses and alternative
approaches. Such research, using species for which corridors are
designed, may provide a scientific basis for designing corridors and deter-
mining how animals use vision to explore new terrain.
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Although perceptual range of mice increased in moonlight, there are
two reasons that artificial night lighting may not similarly increase per-
ceptual range and help animals find new patches. First, by saturating an
animal’s rod system, artificial night lighting plunges most of the landscape
into darkness. Second, because a dispersing animal can anticipate this
effect, it may orient away from the lights.

Movement in connective areas can be affected by adjacent lights of
recreational fields, industrial parks, service stations, and housing. In
southern California, where the South Coast Missing Linkages effort is
attempting to maintain and restore landscape linkages between fifteen
pairs of large wildlands, three riparian corridors are lined with homes sit-
ting atop a low manufactured slope, and all fifteen linkages are crossed by
lighted freeways (Beier et al. in press). Efforts to maintain and restore
these landscape linkages should incorporate the general rule that less light
is better for animal movement.

Research Issues

The literature on the effects of light on foraging behavior, predation risk,
and biological clocks consists of two distinct approaches with little over-
lap. One approach is to study effects of moonlight on behavior of individ-
ual wild mammals; the other is to study the effects of artificial light on
animals in laboratories. The discussion in this chapter underscores the
need for studies using artificial lights on natural populations. Substantial
expertise already exists, and productive collaborations between ecologists
and laboratory physiologists could result in rapid progress.

Population-Level Research

A simple fusion of the two approaches will fall short of the mark unless at
least some research efforts focus above the level of the response of individ-
ual animals. For instance, if research were to confirm that artificial night
lighting increased numbers of tumors in wild mice by 25% or increased
predation risk by 15%, this finding still would not address the issue of
effects on the wild population. Conceivably, the induced tumors could
shorten the lifespan of affected mice by only a few weeks or days, or pre-
dation mortality could act in a compensatory fashion with other types of
mortality to reduce greatly the net effect on survival rates of animals living
in the light-polluted zone. This effect could be further diluted if the light-
polluted zone were part of a larger habitat, most of which was not directly
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affected by light, in which case the polluted zone may be a small popula-
tion sink. Conversely, interactions between individuals from the polluted
zone with neighbors in dark zones, such as dissolution of the synchrony
of estrus and parturition, could amplify the effect. Only careful, whole-
population studies can address these more important questions.

A critical element in study design is to include both treatment popu-
lations and control populations. Ideally, studies will include both replica-
tion with more than one treatment and control population and observa-
tions in both treatment and control populations before light pollution
(Stewart-Oaten et al. 1986). This paired before-after—control-impact
study design also is appropriate for situations in which replication is not
possible. Although this design lacks random allocation of treatments to
experimental units, it can provide meaningful answers to important
applied questions (Beier and Noss 1998). It is far better to have an
approximate answer to the right question than a precise answer to the
wrong question.

Equivalence lesting

In the study of individuals or populations, the statistical analysis of the
effects of artificial night lighting should use equivalence testing (Patel and
Gupta 1984, McBride et al. 1993), in which the null hypothesis is “artifi-
cial night lighting has biologically meaningful negative effects on mam-
mals,” rather than the traditional null hypothesis of “no effect.” Failure to
reject the traditional null hypothesis typically leads to complacency, even
if the failure to reject resulted from undersampling or other design flaws.
The burden of proof falls, inappropriately, on the most plausible point of
view. In contrast, in an equivalence test, failure to reject the null hypoth-
esis lends continued support to the most plausible state of nature, namely
that there is an effect, and shifts the burden of proof to proponents of the
idea that there is no biologically significant effect. Equivalence testing
therefore is appropriate in all situations in which related studies and
known cause—effect relationships suggest an environmental impact.
Because the procedure requires the analyst to specify the direction and
magnitude of a biologically meaningful effect, rejection of the null
hypothesis is by definition a biologically, as well as statistically, significant
outcome. This is in marked contrast to tests of traditional null hypothe-
ses, in which the “insignificance of significance testing” (Johnson 1999) is
an intractable issue.
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Conclusion

For small, nocturnal, herbivorous mammals, artificial night lighting
increases risk of being killed by a predator and decreases food consump-
tion. Such lighting probably also disrupts circadian rhythms and mela-
tonin production of mammals. Most research, however, has documented
the response of individual wild animals to moonlight or of laboratory
animals to artificial light. Research on how artificial lights affect wild
mammals at the population level is lacking. Significant progress relevant
to management decisions will require collaboration between ecologists
and laboratory physiologists and assessment of population-level
responses (e.g., rates of survival and reproduction) as well as individual
behavioral and physiological responses (e.g., food consumption, avoid-
ance of lighted areas, and melatonin levels). I recommend an experimen-
tal design that includes observation on paired control (dark) and treat-
ment (lighted) landscapes both before and after installation of artificial
night lighting. Given the preponderance of evidence from previous stud-
ies and known cause—effect relationships, statistical procedures should
test the null hypothesis that artificial night lighting has a biologically sig-
nificant negative effect on survival and reproduction, appropriately plac-
ing the burden of proof on proponents of the idea that such lighting is
benign.

Night lighting also may increase roadkill of animals and can disrupt
mammalian dispersal movements and corridor use. Most research on
these issues is a straightforward matter of determining an intensity,
spectral output, and physical arrangement of lighting fixtures that
enhances human safety while minimally affecting the rod-dominated
visual system of nocturnal mammals. In addition, experiments to deter-
mine the perceptual range of mammals (i.e., the distance at which habi-
tat patches can be discerned by an animal exploring new terrain) may,
for example, enhance significantly a land manager’s ability to locate
artificial night lighting adjacent to wildlife linkages such that it mini-
mizes interference with perception of habitat patches by species to be

served by the linkage.
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Chapter 3

Bats and Their Insect Prey at Streetlights

Jens Rydell

Bats have long been observed feeding on insects attracted to artificial
light sources. Indeed, before the advent of high-tech bat observation
equipment such as ultrasound detectors and infrared-sensitive video cam-
eras in the 1980s, artificially lit places provided otherwise rare opportuni-
ties to observe bats hunting insects (Griffin 1958, Roeder 1967, Shields
and Bildstein 1979), and this research tradition has continued ever since
(Belwood and Fullard 1984, Schnitzler et al. 1987, Barak and Yom-Tov
1989, Hickey and Fenton 1990, Dunning et al. 1992, Acharya and Fen-
ton 1999, Fullard 2001).

Experimental ultraviolet lights set up in otherwise dark areas rapidly
attract bats, which feed on the insects that accumulate around the light
(Fenton and Morris 1976, Bell 1980). The habit of feeding at artificial
lights is now so common and widespread among bats that it must be con-
sidered part of the normal life habit of many species. Some bat species
obtain a large part, perhaps even most, of their food at lights. Neverthe-
less, what bats and insects do in lit places is a special case. Lighted areas
are not representative of the conditions to which bats and insects have
become evolutionarily adapted. The phenomenon is new in an evolutionary
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sense, having increased rapidly only over the last century, following the
spread of artificial lighting.

Many populations and species of bats are considered threatened or
endangered. This is often thought to be because of habitat degradation
and landscape fragmentation, which have negative effects on the availabil-
ity of roosts for bats or on their insect prey (Hutson et al. 2001). Conser-
vation of bats and their habitats is now an important issue in Europe and
North America, and interest in bat conservation is spreading rapidly to
other parts of the world as knowledge about tropical and subtropical bat
populations improves (Hutson et al. 2001). Because bats often feed on
insects attracted to lights, it seems possible or even likely that lights indi-
rectly influence the survival and reproductive performance, and hence the
conservation status, of both bats and insects. Therefore, the relationship
between streetlights, bats, and insects is an important conservation issue.

Lights affect bats not only by providing food but probably also in other
more and less subtle ways. For example, lights may interfere with naviga-
tion of bats during nocturnal migrations or commuting flights (Buchler
and Childs 1982) or disrupt their circadian clocks (Erkert 1982). Bats feed-
ing at lights may be exposed to increased predation risk from visually ori-
ented raptorial birds such as bat hawks (Macaerbamphus spp.; Hartley and
Hustler 1993). Such issues, which are largely unexplored, are not consid-
ered in this chapter. Instead, I deal with feeding by bats and behavior of
their insect prey at artificial lights, particularly streetlights. I begin with an
introduction to bat biology and a discussion of the flight patterns and mor-
phology of insectivorous bats. This is followed by an explanation of the
methods of measuring habitat use by bats, an evaluation of the use of
streetlights for bat foraging, and an assessment of the consequences for
bats, their insect prey, and their competitive interactions.

A Brief Introduction to Bats

The order Chiroptera (bats) represents about one-quarter of all mammal
species. Corbet and Hill (1991) recognize 977 species of bats belonging
to two suborders: the Macrochiroptera, or Old World fruit bats (162
species), most of which are large and principally nonecholocating and
which feed on fruits, flowers, and nectar, and the Microchiroptera (815
species), most of which are small (usually 5-20 g body mass), use ultra-
sonic echolocation, and feed predominantly on insects.

The suborder Microchiroptera consists of 17 families that differ sub-
stantially in morphology, behavior, and ecology. In general, they occur
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worldwide except in the polar regions and on some isolated oceanic
islands. They are found in nearly all kinds of terrestrial habitats, from
forests to deserts and lakes. The diversity of bats is highest in the tropics
and subtropics. All Macrochiroptera, as well as the plant-feeding and the
carnivorous Microchiroptera, are tropical or subtropical, and the insectiv-
orous Microchiroptera are most abundant and diverse near the equator as
well. The insectivorous Microchiroptera also occur throughout the tem-
perate zones, although their diversity varies widely between different
regions and habitats and generally decreases rapidly toward the poles.
Findley (1993) and Altringham (1996) provide good reviews of the diver-
sity and distribution of the Chiroptera. This chapter addresses the insec-
tivorous Microchiroptera exclusively.

Flight and Morphology of Insectivorous Bats

The size and weight of bats that hunt insects in the air by echolocation
are strongly constrained by the need to maneuver rapidly in the air; bats
need to be small to intercept and catch their prey. They need to approach
and catch prey within a fraction of a second after it is detected because the
detection range is very short (usually no more than 1-5 m [3-16 ft]; Bar-
clay and Brigham 1991, Waters et al. 1995). The detection range is so
short because ultrasound suffers high (frequency-dependent) attenuation
and spreading loss in air, and the reflective power of an insect-sized tar-
get is small (Lawrence and Simmons 1982, Kick 1982).

Despite the general need to be small, insectivorous bats vary widely
in size and wing morphology. These properties in turn correlate with
the type of echolocation call used by a species. Together, size, wing mor-
phology, and echolocation call characteristics are strong determinants of
the flight speed, maneuverability, and prey detection capabilities of a
bat species (Norberg and Rayner 1987) and therefore to a large extent
determine habitat use and diet (Jones and Rydell 2003). As a gross gener-
alization, large bats fly faster and are less maneuverable than small bats,
and because the flight style is also influenced by the shape of the wings,
long-winged bats generally fly faster and are less maneuverable than
broad-winged bats. Furthermore, fast-flying bats use echolocation calls
that permit longer prey detection ranges but are inefficient for detection
of small prey. As a consequence, they tend to feed mostly on larger
insects, including moths (Lepidoptera; Barclay 1985, 1986).

Big, fast-flying bats are confined to open airspace, such as that around
and above streetlights, whereas smaller and slower bats also can exploit
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spatially (and acoustically) more complex habitats (Neuweiler 1984). For
our purpose, it is relevant to consider which bats come to lights and how
the different types of bats use the airspace around the light source.

Figure 3.1 represents a rough categorization of a typical street scene
in a tropical area, in the city of Mérida in Yucatin, Mexico (Rydell et al.
2002, unpublished observations). The situation is similar elsewhere,
although the bat species involved obviously are different. The aim here is
to set the scene by illustrating how the airspace near a light source can be
divided between different categories of bats. This partitioning of the
space is to some extent independent of the geographic location and the
particular species involved. At higher latitudes, however, fewer species
and categories of bats are usually involved.

First, species of large (about 30-100 g), fast-flying bats, usually
belonging to the free-tailed bats (e.g., Eumops perotis and other larger
species of the family Molossidae), often roost in city buildings and hunt
at high elevation over and outside the city (Bowles et al. 1990), typically
exploiting insects over extensive areas with many lights. They often are

Figure 3.1. A street scene in Mexico: characteristic bat behaviors at and around
streetlamps. (#) Large, fast-flying bats; (5) medium-sized, fast-flying bats;

(¢) small, fast-flying bats; (d) broad-winged, slow-flying but highly maneuverable
bats.
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found over lit sports fields and airports and similar places, sometimes in
large numbers (Gould 1978, Bowles et al. 1990), and they even search for
insects in the sky above the center of big cities, including Mexico City
(Avila-Flores 2002). Large free-tailed bats almost never fly low enough to
be seen from the ground, so their presence usually can be appreciated
only by using an ultrasound detector. In the Old World, apart from the
large free-tailed bats (e.g., Otomops martiensseni; Fenton et al. 2002), some
large species of sheath-tailed bats (e.g., Taphozous spp.; Emballonuridae)
behave in a similar way (Gould 1978).

Second, species of medium-sized (about 10-30 g) but still fast-flying
bats, usually belonging to the Vespertilionidae (e.g., Lasiurus spp.), typi-
cally fly back and forth in straight flight along rows of streetlights and
similar places. They typically patrol the street from well above the lights
and can be seen only as they dive toward insects in the light cone. Again,
their abundance usually can be appreciated only by using an ultrasound
detector. This behavior is perhaps the most characteristic and universal
for bats that hunt at lights and is representative of many typical “street-
light bats” all over the world, such as the red and hoary bats (Lasiurus
spp.), big brown bats and serotines (Eptesicus spp.), noctules (Nyctalus
spp.), and larger pipistrelles (Pipistrellus spp.), all belonging to the Vesper-
tilionidae (Belwood and Fullard 1984, Geggie and Fenton 1985, Haffner
and Stutz 1985/1986, Schnitzler et al. 1987, Kronwitter 1988, Barak and
Yom-Tov 1989, Rydell 1992, Gaisler et al. 1998).

Third, several species of smaller (less than 10 g) but fast-flying bats
are maneuverable enough to forage around single light posts or below the
lights. Yucatdn examples of this category include Rhogeessa spp., Eptesicus
furinalis (Vespertilionidae), and Pteronotus davyi (Mormoopidae). Small
Pipistrellus spp. (Vespertilionidae) represent this category in the Old
World (Haffner and Stutz 1985/1986, Rydell and Racey 1995).

Fourth, at least one Yucatin bat species, the moustached bat Pterono-
tus parnellii (Mormoopidae), typically searches for food within the cover
of vegetation rather than over lit roads but nevertheless sometimes passes
in the light cone along the ground, presumably searching for insects. This
species represents many broad-winged and slow-flying but highly maneu-
verable bats, including the so-called gleaners and flutter-detectors, most
of which are seldom or never observed at lights (Rydell and Racey 1995).
Nevertheless, there are exceptions. For example, the large horseshoe bat
Rhbinolophus philippinensis (Rhinolophidae), a flutter-detector, has been
reported to feed regularly on insects at lights in Queensland, Australia
(Pavey 1999).
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In sum, insects at streetlights often are exploited by fast-flying bats of
various sizes. These species use high-intensity echolocation calls and oth-
erwise feed on flying insects that they find in more or less open habitats
such as, for example, that above the forest canopy; along forest edges,
rivers, or lakeshores; and in smaller gaps. Because these bats are equipped
to feed in habitats that are structurally and acoustically relatively simple,
they can be considered preadapted to make use of urban or suburban
habitats with little vegetation, particularly if insects are attracted to such

habitats by lights (Rydell 1992).

Evaluating the Importance of Streetlights for Bats

To evaluate the importance of streetlights for bats we need to know
whether bats actually prefer to forage at streetlights and how the quality
and quantity of food obtained by bats differ between foraging at street-
lights and in other habitats.

Metbhods of Estimating Habitat Use of Bats

Two methods are available to study the habitat use of bats. Presence of
bats in the air can be estimated by using an ultrasound detector or “bat
detector” that transforms the ultrasonic echolocation calls to audible sig-
nals. Because different bat species use different types of signals, a bat
detector also can be used to identify bat species (Ahlén 1981). The type
of echolocation sound to some extent indicates what the bat is doing. For
example, bursts of short pulses merging into a buzz indicate that the bat
is closing in on its prey and therefore show unambiguously that the bat is
feeding (Griffin et al. 1960). The absolute number of bats in an area is
hard or impossible to estimate acoustically. Instead, the number of bat
passes per unit time normally is used as an estimate of relative bat activ-
ity. Ultrasonic detectors can be used either automatically or manually and
either from fixed positions or by a person moving along transects on foot
(Gaisler et al. 1998) or from a bicycle or a car (Ahlén 1981). Counting bat
passes from a car (moving at 30-50 km/h [20-30 mph]) is particularly effi-
cient for estimating the relative abundance of bats along streets and roads
(Ahlén 1981, Jiddes 1990, Rydell 1991, 1992).

The time that individual bats spend in particular places or habitats can
be quantified by recording their positions through radiotelemetry. There
are low-weight (less than 1 g) radio transmitters that bats can carry for
extended periods (e.g., Kronwitter 1988, Catto 1993).
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Use of Streetlights by Bats

Streetlights have a strong effect on the local distribution of several bat
species, as shown by the methods described earlier (Rydell 1991, 1992,
Rydell and Racey 1995). Evidence also indicates that bats that come to light
do so primarily because they are attracted to the lights directly, not, for
example, because they prefer to roost in nearby buildings (Blake et al. 1994).
Currently, three main kinds of lamps are used as streetlights: mercury
vapor lamps, which emit a bluish white light that includes ultraviolet; low
pressure sodium vapor lamps, which emit a nearly monochromatic yellow
light (no ultraviolet); and high pressure sodium vapor lights, which emit
mostly orange light but also some at shorter and longer wavelengths,
including some ultraviolet. Because of these characteristics, mercury
vapor lamps and, to a lesser extent, high pressure sodium vapor lamps
attract insects and hence bats. Low pressure sodium vapor lamps appear
to have no significant attractive effect on insects and bats (Rydell 1992).
Radiotracking and bat detector monitoring conducted in Europe and
North America have shown that several bat species, all belonging to the
fast-flying, aerial-hawking categories, feed around streetlights frequently
and in preference to other habitats (Table 3.1). Concentrations of bats at
lights may be large compared with those in surrounding habitats. For
example, studies on the northern bat (Eptesicus nilssonii) and the parti-

Table 3.1. Bat species of Europe and North America that have been suggested
to prefer (+) or avoid (—) foraging at lights.

Bat Species Location Preference  References

Eptesicus fuscus Quebec, Canada + Geggie and Fenton 1985
Ontario, Canada + Furlonger et al. 1987

Eptesicus serotinus England + Catto 1993

Eptesicus nilssonii Sweden + Rydell 1991, 1992

Vespertilio murinus Sweden + Rydell 1992

Nyctalus noctuln Germany + Kronwitter 1988

Lasiurus borealis Ontario, Canada + Furlonger et al. 1987

Lasiurus cinereus Ontario, Canada + Furlonger et al. 1987

Pipistrellus pipistrellus ~ Switzerland + Haffner and Stutz 1985/1986
Scotland + Rydell and Racey 1995
England + Blake et al. 1994

Pipistrellus kublii Switzerland + Haffner and Stutz 1985/1986

Myotis spp. Ontario, Canada - Furlonger et al. 1987
Sweden - Rydell 1992

Plecotus auritus Sweden - Rydell 1992
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colored bat (Vespertilio murinus; Vespertilionidae) along roads in Scandi-
navia have shown that densities of bats are 3-20 times higher in road sec-
tions with streetlights than in similar sections without lights (or in sec-
tions with low pressure sodium vapor lights). There were 2-5 bats,
occasionally up to 20 bats, per kilometer of lit road, in the latter case
equaling about one bat per lamppost (Rydell 1991, 1992). There is no
reason to think that these figures are extreme in any way.

Other species, mostly slow-flying gleaners and flutter-detectors, avoid
lights (Table 3.1), and so it seems likely that whereas lights affect some
bats positively, they affect others negatively. For example, extensive radio-
tracking has shown that the greater horseshoe bat (Rhinolophus ferrume-
quinum; Rhinolophidae) in England does not use lights, although roads
with mercury vapor lights occur in abundance within their normal feed-
ing range (Jones and Morton 1992, Jones et al. 1995). The same situation
applies to the spotted bat (Euderma maculatum; Vespertilionidae), a long-
eared and broad-winged North American species (Woodsworth et al.
1981, Leonard and Fenton 1983, Wai-Ping and Fenton 1989). There are
also instances in which avoidance of lit areas by some European and
North American species of mouse-eared bats (Myotis spp.) and long-eared
bats (Plecotus spp.; Vespertilionidae) has been shown statistically (Fur-
longer et al. 1987, Rydell 1992).

Why some bat species usually avoid streetlights, however, is not clear.
For example, Myotis spp. (Vespertilionidae) seldom turn up at streetlights,
although these bats come to single lights set up for experimental purposes
in desert scrub (Fenton and Morris 1976, Bell 1980). This suggests that
they do not necessarily avoid streetlights directly, but perhaps they avoid
the openness (treelessness) that prevails over most illuminated streets and
roads.

Generally, the density of bats at streetlights usually is highest in sub-
urban or rural areas and declines toward the town or city centers (Rydell
1992, Gaisler et al. 1998). This is probably because insect density declines
drastically in urban areas, where concrete has replaced most or all of the
natural vegetation (see Chapter 13, this volume). There also may be a
dilution effect toward town and city centers, that is, fewer insects remain-
ing per lamp when there are many lamps (Robinson and Robinson 1950).
Nevertheless, as we already know, the centers of towns and cities are used
to some extent by bats, even if the bats do not necessarily breed there.

An unusual example of an urban bat is the parti-colored bat (Vespertilio
murinus; Vespertilionidae), a species known for its audible display songs
that echo between buildings in Danish and Scandinavian towns and cities
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in late autumn. The females of this species migrate from their maternity
colonies in the countryside to towns and cities in the autumn, where they
mate and spend the winter in multistory buildings (Rydell and Baagoe
1994). It is not known whether these bats come to urban areas primarily
because of the insects attracted by the lights or because of the potential
roosts provided in the buildings.

Do Streetlights Enbance the Feeding of Bats?

There are usually more insects around streetlights than in surrounding,
unlit areas (Hickey and Fenton 1990, Rydell 1992, Blake et al. 1994), and
we may therefore assume that lights benefit bats by providing unusually
rich food patches. Even away from lights, however, bats typically feed on
insects that have accumulated for various reasons, including mating
swarms and insects that have become concentrated in sheltered places by
the wind. Therefore, to compare streetlights with other habitats in terms
of quality as feeding habitat for bats, we need to estimate the average food
intake rate of bats at lights in comparison with bats that feed in other
habitats. By observing a population of the northern bat (Eptesicus nilssonii,
Vespertilionidae) feeding in various rural habitats in Sweden and weigh-
ing the insects that occurred in each habitat, Rydell (1992) concluded that
the food intake at lights typically was higher than the food intake in other
habitats. Although the bats’ capture rate of insects at lights was low, the
insects that they caught there were mostly moths (Lepidoptera), and these
were much larger than insects (flies and beetles) that they typically caught
in other habitats. Therefore, the size of the average insects caught at
lights more than compensated for the low capture rate in terms of food
intake.

Although this study was limited to one species and one locality, cir-
cumstantial evidence exists from other parts of the world that the situa-
tion is similar elsewhere. For example, in Canada big brown bats (Epzesi-
cus fuscus; Vespertilionidae) feeding at lights in urban areas have a low
capture rate compared with bats in rural habitats without lights (Geggie
and Fenton 1985). A low capture rate may indicate either that their
food intake was low or, as suggested earlier, that the prey items caught
were large and therefore required a long handling time. The literature
abounds with observations suggesting that bats feeding at lights typically
prey on large insects, usually moths (Belwood and Fullard 1984, Hickey
and Fenton 1990, Dunning et al. 1992, Acharya and Fenton 1992, 1999,
Fullard 2001).
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An additional advantage of streetlights, from the bats’ point of view,
could be that they supply food on a temporally and spatially more pre-
dictable basis than other habitats. This aspect has not yet been investi-
gated, however. In summary, although the evidence suggesting that
streetlights enhance the feeding efficiency of bats is far from conclusive,
the information we have indicates that this is generally true. In fact, it is
possible that the benefit could be substantial.

No conclusive evidence exists that bat populations have increased as a
result of streetlights, although this seems likely for several species such as
Pipistrellus pipistrellus (Arlettaz et al. 2000) and Eptesicus nilssonii (Vesper-
tilionidae; Rydell 1993) in Europe. Unfortunately, reliable population
estimates for common bats such as these are not easy to obtain.

Bat-Bat Interactions at Streetlights

As already mentioned, aerial-hawking bats often feed on insects that
occur in swarms or that have accumulated in a limited area for other rea-
sons. Streetlights presumably provide easily located food, assuming that
bats can see the lights over long distances. This seems likely because at
least some bats (i.e., the big brown bat [Eptesicus fuscus]) are able to use
distant light sources for orientation and navigation (Childs and Buchler
1981, Buchler and Childs 1982). The lights also may provide food at
highly predictable sites and for extended periods of time.

Given that streetlights probably are profitable feeding sites and also
are easy to locate, it is not surprising that bats often accumulate in areas
with lights. Bats are also able to evaluate the quality of a particular feed-
ing site and eavesdrop on other bats by listening to their echolocation
calls from a distance. Bats that feed successfully thus attract other bats
(Barclay 1982, Balcombe and Fenton 1988). Competition for feeding
space may in turn lead to territorial behavior in the form of chases and
audible vocalizations, resulting in either exclusion of individuals from the
teeding site or subdivision of the feeding site between individuals (Rydell
1986). What appears to be aggressive behavior has been observed among
bats at lights, for example, in red bats (Lasiurus borealis; Vespertilionidae),
although in this instance there was no evidence of territoriality (Hickey
and Fenton 1990), suggesting that when there are many bats feeding in
the same place, they may compete directly for the same food items. On
the other hand, it has also been suggested that Kuhl’s pipistrelles (Pip-
istrellus kuhlii; Vespertilionidae) actually forage cooperatively on insects at
lights in Israel (Barak and Yom-Tov 1989).
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Baagoae (1986) has suggested, although speculatively, that competition
for feeding space also may be interspecific and result in exclusion of one
species by another from preferred feeding sites. For example, the serotine
bat (Eptesicus serotinus; Vespertilionidae) and the parti-colored bat (Vesper-
tilio murinus; Vespertilionidae) have allopatric distributions on Zealand,
Denmark (Baagee 1986). The two species are similar in size and feeding
habits, and both often feed at lights. One possible mechanism behind the
allopatry may be competitive exclusion of the smaller Vespertilio murinus
by Eptesicus serotinus at lights. A similar situation has been suggested to
explain why the common pipistrelle (Pipistrellus pipistrellus) and Kuhl’s
pipistrelle (Pipistrellus kublii; Vespertilionidae), both of which typically
feed in large numbers along lit roads in Switzerland, almost never occur
together (Haffner and Stutz 1985/1986).

A dramatic example of a bat population that may be negatively
affected by streetlights is the European lesser horseshoe bat (Rbinolophus
hipposideros; Rhinolophidae), a species that is declining rapidly in many
areas. This species, which does not use streetlights, became locally extinct
in several mountain valleys in Switzerland after streetlights were installed
in these valleys. At the same time, the valleys were invaded by large num-
bers of pipistrelle bats (Pipistrellus pipistrellus), an expanding species that
presumably was attracted by the lights. Because the two species are of
similar size and feed on the same kind of insects, it seems possible that the
local extinctions of the horseshoe bat were caused by competitive exclu-
sion (Arlettaz et al. 2000).

Unfortunately, these examples are not yet supported by conclusive
evidence. Competition is notoriously difficult to demonstrate in wild ani-
mals, and interspecific competition has not even been shown to exist
among bats. Nevertheless, competition in bats in general and at lights in
particular is an interesting research issue that deserves further study.

Bat-Insect Interactions at Streetlights

As a result of the coevolutionary “arms race” between bats and nocturnal
insects, many insects have evolved ultrasonic detectors in the form of sim-
ple ears (Roeder 1967, Fullard 1998, Miller and Surlykke 2001). These
ears form part of the primary defense against bats. Detection of ultra-
sound, indicating presence of a bat, normally triggers various kinds of
defensive behavior, including evasive maneuvers or cessation of flight
(Miller and Olesen 1979) and sometimes warning sounds (Dunning and
Roeder 1965). The ultrasound-based defensive behavior has been most
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intensively studied in moths. Interactions between bats and moths have
been studied frequently at streetlights, where direct observation of the
behavior is fairly easy (Belwood and Fullard 1984, Acharya and Fenton
1992).

At least some bats that feed at lights increase their consumption of
moths dramatically compared with what they catch in other habitats
(Rydell 1992), suggesting that moths become easier to catch at lights.
There could be several reasons for this. It has been shown that the eva-
sive response of moths is switched off under bright light conditions such
as near streetlights. Bright light presumably indicates diurnal conditions
to a moth, under which an evasive response to ultrasound is likely to be
maladaptive. During the day ultrasound is unlikely to come from bats
(Svensson and Rydell 1998, Svensson et al. 2003, Acharya and Fenton
1999). It also seems possible that the effect of moths’ evasive flights are
limited in the vicinity of streetlights because of the lack of protective veg-
etation underneath.

Surprisingly, it has not yet been investigated whether and how bat
predation at lights affects the size of moth populations. This is a pressing
research need. Frank (1988; Chapter 13, this volume) has speculated that
a substantial depletion of moths could be caused by lights, particularly in
heavily lit urban and suburban areas, although this may not necessarily
result from bat predation alone. Predation by bats at lights affects male
moths much more than female moths (Acharya 1995), the consequences
of which are unknown. This bias probably exists because males, which
usually fly to search for mating opportunities, spend much more time in
the air than females (Svensson 1996). This generalization does not neces-
sarily apply to all species, however (Kolligs 2000).

Conclusion

Replacement of mercury vapor lamps with high pressure sodium vapor
lamps, which do not attract insects to the same extent, is positive both for
insects and bats. Such replacements, however, probably result in lower
food intake and presumably lower reproductive success for some popula-
tions of aerial-hawking bats. It probably will have little or no direct effect
on species that seldom or never feed at insect concentrations at lights,
such as the horseshoe bats (Rhinolophidae), the long-eared bats (Plecotus
spp.; Vespertilionidae), and most of the mouse-eared bats (Myotis spp.;
Vespertilionidae). It seems likely, however, that the disuse of mercury
vapor streetlamps may have indirect positive effects on some of these
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species. As discussed in this chapter, there is circumstantial evidence that
in the presence of insect-attracting lights species that do not forage at
streetlights, such as the European lesser horseshoe bat (Rbhinolophus hip-
posideros), can be displaced by interspecific competition from species that
exploit the lights (Arlettaz et al. 2000). On the other hand, some rare
species are known to use streetlights in some areas but not in others, such
as the European barbastelle (Barbastella barbastellus; Vespertilionidae;
Sierro 1999), and for this and perhaps other species the overall effect of
the disuse of white lights is harder to predict. In summary, the disuse of
streetlights should be encouraged whenever possible for many reasons
related to conservation of animals. Given that at least some streetlights
are here to stay, the replacement of mercury vapor lights by sodium vapor
lights, preferably low pressure sodium vapor, should be encouraged at
least for bat and insect conservation.

The likely outcomes of predator—prey interactions vary in space and
time and depend on the prevailing circumstances. For bats and nocturnal
moths, for example, it seems as if artificial lighting has changed the likely
outcome in favor of the bats by immobilizing the moths’ sophisticated
and highly efficient bat defense system. Lights thereby initiate an inter-
esting “natural” experiment by changing the direction of a long-coevolved
pathway between prey and predator (Rydell et al. 1995). At the same
time, large-scale lighting probably results in conservation problems for

both.
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Birds



Night, Maine Woods

Going out at night conjures up many allures, and thoughts of nocturnal
excursions resonate with a glow of the mystery that makes life the adventure
it ought to be instead of the drudgery it can be. I had early inkling of the
night life. An hour or so after dark my father took me along into the woods
to check his small mammal traps. I recall hearing the bugle of the elk and
an occasional crashing in the woods. And then early in the morning we
checked on his carefully dug pit traps to find shrews, mice, and carabid bee-
tles that had an hour or two earlier been wandering about under the cover
of darkness.

For visually oriented creatures, the unseen night world can be tinged with
apprehension. I was not yet ten years old then, and I stll half believed in
gnomes of the forest living in the hollowed-out moundlike cushions of a pale
green moss that grew in our dark woods. My sister and I placed white-flecked
red amanita mushrooms in front of our gnome homes to provide shelter from
the rain. I don’t recall if we really believed in these fantasies, but they were
alluring precisely because we had not yet established clear boundaries
between the real and the imagined. Anything still seemed possible, and night
blurred distinctions.

When we came to western Maine we were, as complete strangers, wel-
comed into the company of a lively and large family on what would in these
days disparagingly be called a run-down farm. Given the traffic, it should
have been. It was populated by a dozen cows, some pigs, dogs, cats, honey-
bees, many free-ranging bantam chickens, and a pet skunk. As for me, I had
a cage full of caterpillars of various sorts; I was raising moths and butterflies
instead of livestock. The barn had, along with its other inhabitants, a sizable
population of mice, swallows, and starlings. The boundaries between the real
and the imagined were by now to me more clearly defined, but those between
wild nature and domesticity of human and beast were not. To me it seemed
we’d been delivered to paradise. As folks at all the other nearby farms, we did

the bare minimum to survive. The rest of the time was spent lining bees to
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find wild bee trees, fishing, coon hunting with the hounds, and deer hunting.
In that order and, except for the first, mostly at night.

The white perch at the nearby Pease Pond reputedly bit best at night. I
can’t vouch for the truth of that assertion, except that they took to our worm-
baited hooks reliably enough for Leona, the wonder woman who was the
main civilizing influence of the place, to serve fish chowder with home-grown
corn and pork rind on a regular basis. Every meal at the red-patterned
linoleum-covered table next to the big black kitchen stove was a reminder of
an excursion with Floyd and the boys, making our way through the woods in
the evening, untying the boat by the alder bushes, pushing out past the lily
pads, and then rowing and trolling lazily over the dark waters over which bats
fluttered to catch insects and where fish rose to leave concentric circles on
glassy surface. The fireflies were flashing from the tall black hemlocks lean-
ing over from shore, and from up in the woods by the apple orchard that we
had passed through, we heard the whip-poor-will giving its energetic refrain.
Dog-tired, we returned with a pailful of perch.

A couple of years later we had our own, even more economically chal-
lenged farm. It was located on the other side of the same pond. After I had
fallen in love with everything local, I sought to expand my contact in as many
ways as possible; I deliberately went out to experience a blizzard in our
woods, or a pounding rainstorm, or a dark overcast summer night.

It was wind-still and clear on my night out. And after I crossed the pas-
ture and entered the maple—ash—beech woods, the dense leaf canopy shut out
most of the starlight. Almost immediately I no longer saw the familiar tree
trunks that usually served as landmarks, and I stumbled along like a blind per-
son holding a hand in front of me. My only bearing was the direction of the
barking dog at a distant farmstead. I sat down, propped myself up against a
tree, and listened.

It was early in the summer (probably June) because the silence was not

yet shattered by the orthopteran concert, the crickets and katydids that are
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diagnostic of late summer nights both here in New England and in the trop-
ics. At first I heard nothing but the dog, but after awhile other night life
revealed itself. I had, in the forests of Africa and New Guinea, been impressed
as the incredibly diverse ringing voices of the birds during the day changed
almost abruptly to the soft flutter of bats in the evening, accompanied by the
pulsing of katydids and other orthopterans. The shrill and steady orthopteran
sound pulses unceasingly, unvaryingly. Yet there are many species, each with
its own pitch and cadence. The volume is at first almost overwhelming, but
as with the steady roar of my Maine hometown woolen mill with hundreds of
looms working simultaneously, we eventually filter out steady sounds to be
alert to the new. Thus, we also filter out the sometimes most amazing, which
is not necessarily the rare.

Listening during my night out in the Maine summer woods I at first also
noted a steady sound. But it was a faint, barely perceptible patter that was
noticeable only because it was amplified in my brain, focused by the still dark-
ness. It could have been steady but sparse raindrops on the leaves, except that
the night sky was clear. By the process of elimination I eventually decided I
was hearing caterpillar feces falling on leaves. And not just those of any cater-
pillars. These were those primarily of moths, like those of most Catacola,
some sphingids, and some of the large-bodied geometrids. All would have
been camouflaged in the daytime because of their disguises involving shape,
color, and behavior. Most of these animals lie motionless and without feeding
all day long, when they are disguised as sticks and bark. Only at night do they
venture forth out on the branches to feed, where they then gain an edge of
safety from the relentlessly searching sharp-eyed birds, who are alert to the
slightest movement of their prey. With the sound of caterpillar rain as a
steady backdrop, I then heard the slow lumbering of a porcupine. I heard
squeaks. I heard the faint peep of a bird in the canopy. Possibly this bird had
been dreaming. But not all day-active songbirds sleep soundly at night. I have
often been surprised in the spring that our common ground-dwelling oven-
bird, which gives its familiar and monotonous “teacher, teacher, teacher”

from the forest floor in the breeding season, will at night occasionally flutter
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up through and over the forest canopy and sail over it to burst forth in a musi-
cal lark-like refrain that bears not the slightest resemblance to its song in the
daytime. Some animals do things differently at night; they then become

extraordinary.

Bernd Heinrich
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Chapter 4

Effects of Artificial Night
Lighting on Migrating Birds

Sidney A. Gauthreaux Jr. and Carroll G. Belser

Many hundreds of species of birds typically migrate at night, and it is well
known that fires and artificial lights attract birds during migration, par-
ticularly when the sky is cloudy and the ceiling is low. Romanes (1883)
was first to discuss the similarities of the attraction of insects to a flame at
night, birds to lighthouses, and fish to lanterns. In some instances,
humans have exploited the attraction of migrating and local birds to
lighted buildings, floodlights, and spotlights. In one early example,
hunters used a simple reflecting lamp to attract shorebirds at night.
“'T]he birds came all around and about them—Iike chickens when called
to feed,” reported the St. Augustine Press (quoted in Hallock 1874:150).
In Jatinga, a small village on a ridge in the North Cachar Hills district of
Assam in northeastern India, from August to October on moonless, foggy
nights with south winds and drizzle, villagers use searchlights and
lanterns to attract, capture, and kill hundreds of local birds for food
(Dubey 1990). Up to fifty species have been collected, with herons and
egrets being some of the largest victims and pittas and kingfishers repre-
senting some of the smaller species. In Africa the attraction of nocturnal
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migrants to artificial lights at lodges and to automobile headlights has
been used to enhance ecotourism (Backhurst and Pearson 1977, Nikolaus
1980, Nikolaus and Pearson 1983).

As human populations expand geographically, artificial lighting also
expands, and it is now almost impossible to find areas that are free from
its influence. Verheijen (1981b) was first to apply the term photopollution
to situations in which artificial light has adverse effects on wildlife. His
1985 review elaborates on the concept of photopollution and highlights
incidents involving birds and sea turtles, natural and artificial light fields,
orientation issues, and remedies (Verheijen 1985). All evidence indicates
that the increasing use of artificial light at night is having an adverse effect
on populations of birds, particularly those that typically migrate at night.

In this chapter we provide a review of the literature on the attraction
of birds to light at night. We first examine how and why birds are
attracted to light and the mechanisms of avian vision. We then review
examples of this attraction, organized by the type of lighting: lighthouses
and lightships, floodlights and ceilometers, city lights and horizon glows,
fires and flares, and broadcast and communication towers. We then
report our observations of the response of migratory birds to lights on
communication towers. We conclude with some specific recommenda-
tions to minimize light attraction of migrating birds and reduce the asso-
ciated mortality.

Mechanisms of Bird Attraction to Artificial Light

Little is known about how birds are attracted to light at night (Verheijen
1985). It has been suggested that when a bird flies into lights at night it loses
its visual cues to the horizon, and the bird uses the lights as a visual refer-
ence, resulting in spatial disorientation (Herbert 1970). According to Her-
bert (1970), birds using a light on a tower as a horizon cue would circle the
tower, which may be a factor in bird attraction to lights on tall communica-
tion towers. Exposure to a light field at night causes alteration of a straight
flight path (e.g., hovering, slowing down, shifting direction, or circling), and
the change in flight path would keep the bird near the light source longer
than if the flight path remained straight (Gauthreaux and Belser 1999,
unpublished data). Under such circumstances a#traction may not be as appro-
priate a term for the behavioral response as capture (Verheijen 1958). It is also
likely in some cases that the intensity of the light bleaches visual pigments so
that the birds are in effect blinded and can no longer see visual details that

they could detect when dark adapted (Verheijen 1985).
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There is also evidence that horizon glows from cities may influence the
orientation behavior of caged migratory birds. It is well established that
caged migratory birds often orient toward horizon glows produced by the
lights of cities (Kramer 1949, 1951). Immature migratory birds may be
more susceptible to the disruptive influences of artificial night lighting
than adults (Gauthreaux 1982). In two different experiments that exam-
ined the age-dependent orientation of caged migratory birds, it was found
that birds of the year responded to the sky glow of a city, whereas adults
did not (Gauthreaux 1982). In the first experiment performed by Williams
(1978) during the spring of 1978, 8 immature and 14 adult white-crowned
sparrows (Zonotrichia leucophrys leucophrys) were tested in six circular, auto-
matic orientation cages once the birds exhibited migratory restlessness
(Zugunrube). All field tests were conducted under relatively clear, starry
skies with no more than a thin crescent moon and essentially calm winds.
Each bird was tested for a total of four nights, except for one immature
that was tested for an additional night. Both age classes were tested each
night, starting just before sunset and ending about 7 A.M. local time.

Figure 4.1 shows the distribution of the summed activity in minutes
for each treadle in the orientation cage for adults and immatures and the
distribution of horizon glow around the test cages. The orientation of the
adult and immature groups is significantly different (p = 0.05) from a uni-
form distribution (Rayleigh test), and the mean direction of the adult
group is significantly different (p = 0.05) from that of the immature group
(F test of Watson and Williams). The circular distribution of horizon
glow as measured with a sensitive photometer also is shown in Figure 4.1.
The two longest radii at azimuths 90° and 105° have the maximum hori-
zon glow intensity of 0.0096 lux. The vector resultant of the horizon glow
is 80° (7 = 0.455).

The mean direction of the activity of the adult sparrows was largely
seasonally appropriate, but most of the activity of the immatures was ori-
ented toward the direction of maximum horizon glow. The results show
that age is a factor in the influence of horizon glows on the orientation of
caged migratory birds, and although this is a study of caged birds it sug-
gests that free-flying birds could respond similarly.

In a related study by Beacham (1982), 12 immature and 12 adult
indigo buntings (Passerina cyanea) were tested in six circular, automatic
orientation cages once the birds exhibited migratory restlessness in the
spring of 1981 (Gauthreaux 1982). Each bird was tested for a minimum
of four nights and a maximum of seven nights. Six birds from each age
group (12 total) were tested in Emlen funnels (newsprint funnels with an
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Figure 4.1. Distribution of migratory restlessness of (#) adult and (¢) immature
white-crowned sparrows and indigo buntings and (¢) pattern of horizon glow
around orientation cages. For white-crowned sparrows the longest radius is
17,015 minutes of activity toward 45° for adults and 8,265 minutes toward 90°
for immatures. The resultant vector (mean direction) of all activity is 12° (- =
0.097) in (#) and 100° (- = 0.138) in (&). For indigo buntings the longest radius
is 5,221 hops toward 315° for adults and 4,402 hops toward 112.5° for imma-
tures. The resultant vector (mean direction) of all hops is 327.6° (+ = 0.392) in
(@) and 98.5° (r = 0.181) in ().

ink-soaked sponge at the base). The funnel was divided into 16 sectors for
analysis, and the number of hops in a sector was computed by comparing
the density of hops with a scale of density patterns containing known
numbers of hops. Figure 4.1 shows the distribution of the activity for
adults and immatures as well as the pattern of horizon glow around the
test funnels. The resultant vectors are significantly different (p = 0.05,
Watson and Williams test) for the two age groups. As with the white-
crowned sparrow, the greatest number of hops in the immature group is
directed toward the greatest intensity of horizon glow, whereas the activ-
ity of the adults is oriented in a seasonally appropriate direction. Experi-
mental studies of the migratory orientation of caged European robins
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(Erithacus rubecula) also found that the birds oriented toward the vector
resultant of the distribution of illumination in the night sky (Katz and
Vilks 1981).

Birds have five different types of visual pigment and seven different
types of photoreceptor: rods, double (uneven twin) cones, and four types
of single cones (Hart 2001). Birds have a four-cone system and therefore
broader spectral sensitivity than humans with a three-cone system (Wes-
sels 1974, Graf and Norren 1974, Norren 1975). The extra cone type of
birds is responsive to wavelengths in the ultraviolet range of the spec-
trum. In addition, bird eyes have oil droplets of different colors that nar-
row receptor sensitivities (Partridge 1989, Vorobyev et al. 1998). Because
of these differences birds likely see their environment differently than do
humans, which makes it difficult to speculate about the mechanism of
how light pollution affects migrating birds at night. Another possible
influence of artificial lighting on the behavior of night-migrating birds
relates to the magnetic compass that several species use for direction find-
ing during migration, as discussed in greater detail later in this chapter.

Sources of Light That Attract Birds

The tendency of birds to move toward lights at night when migrating and
their reluctance to leave the sphere of light influence once encountered
has been well documented. We review the various contexts in which birds
have been attracted to lights and illustrate those that cause bird mortality.
Although death or injury from collisions with structures is the most obvi-
ous adverse effect for migrating birds, attraction to lights may have other
adverse consequences such as reducing energy stores necessary for migra-
tion because of delays and altered migration routes, mortality from colli-
sions with glass during the daytime, and delayed arrival at breeding or
wintering grounds.

Lighthouses and Lightships

Lighthouses and lightships (Figure 4.2) have attracted migrating birds
since they were first operated (Dutcher 1884, Miller 1897, Hansen 1954),
and this attraction was the basis of early, detailed studies of bird migration
(e.g., Barrington 1900, Clarke 1912). In the 1800s lighthouse keepers
noted that birds struck the lanterns most often on dark, cloudy nights
with haze, fog, or rain, and that bird strikes on clear nights were extremely
rare (Brewster 1886, Dixon 1897:268-274). Early studies supported the



Figure 4.2. Lighthouses and lightships have attracted migrating birds at night
since they were first operated. Above, an illustration of the Eddystone Lighthouse
southwest of Plymouth, England, with nocturnal migrants milling around the
lantern. Below, the Kentish Knock Lightship in the North Sea northeast of the
coast of Kent, England. Illustrations are by M. E. Clarke and appear as fron-
tispieces in volumes 1 and 2, respectively, of Clarke (1912).
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notion that lightships attracted more birds than lighthouses on headlands
and islands (Dixon 1897), and in more recent times lights on ships con-
tinue to attract nocturnal migrants crossing expanses of water (e.g.,
lighted ship in Gulf of Mexico, Bullis 1954; Cross Rip lightship in Nan-
tucket Sound, Massachusetts, Bagg and Emery 1960; ore transport
steamer on Lake Superior, Green and Perkins 1964).

An early survey of 24 lighthouses in North America showed that
destruction of migrant birds was greatest at lighthouses in the Carolinas,
Florida, and Louisiana, lower in the Northeast, and not present at two
lighthouses in San Francisco Bay (Allen 1880). In a study of the destruc-
tion of migrating birds at lighthouses along the California coast, Squires
and Hanson (1918) found relatively little collision mortality and attributed
this to fewer migration waves in the western United States and less migra-
tion along the coastline. In contrast, a survey of 45 lighthouses on the coast
of British Columbia by Munro (1924) found that nine reported high mor-
tality rates, and overall annual mortality was more than 6,000 birds. Tufts
(1928) surveyed lighthouses in the Canadian maritime provinces and
Newfoundland and found that 45 of 197 experienced bird mortalities.
Another survey of lighthouse keepers along the North American coasts
and 225 lighthouse keepers in Central and South America and in the West
Indies indicated that bird collisions were annual occurrences on the coasts
of North America and along both coasts of South America and in the West
Indies, especially along the northern coast of Cuba (Merriam 1885).

The literature on how migrant birds react to different types of lights at
lighthouses and lightships is confusing. An analysis of birds that were
killed (collided or shot) or caught at 58 light stations from 1881 through
1897 indicated that fixed lights were more attractive to migrants than
rotating or blinking lights and that white lights were more attractive than
red lights (Barrington 1900). Dixon (1897:269) also noted that “fixed white
lights were more deadly than revolving or coloured lights.” Thomson
(1926:333-334) commented that it was known that “coloured lights do not
attract the birds as white ones so fatally do.” He added, “It therefore seems
not unreasonable to ask that serious consideration should be given to the
question of the gradual substitution of coloured for white lights at stations
where great destruction commonly occurs and when the change may not
be found to be impracticable for navigation reasons.” Similarly, Cooke
(1915) noted that a fixed white light beam attracted birds, a flashing light
frightened them away, and red light was avoided. When the light beam of
the lighthouse at Long Point, Lake Erie, Ontario, Canada was made nar-
rower and dimmer in 1989, a dramatic reduction in avian mortality
occurred (Jones and Francis 2003). From 1960 through 1989 mean annual
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kills were 200 birds in spring and 393 in autumn, and from 1990-2002
mean annual kills dropped to 18.5 birds in spring and 9.6 in autumn.

The above findings, however, are not consistent with those reported
by other authors. Munro (1924) reported that flashing and rotating lights
caused more mortality than fixed lights, and the results of a survey of 135
lighthouse keepers showed that the responses of birds to different types
of lighting at lighthouses varied widely (Lewis 1927), with flashing white
lights causing the greatest mortality and fixed beacons and red lights
attracting fewer birds. In a survey of bird mortality at lighthouses in the
maritime provinces of Canada and Newfoundland, 152 lighthouses
recorded no losses, of which 131 had fixed lights and 21 had flashing or
rotating lights (Tufts 1928). Approximately half of the 45 lighthouses
reporting some mortality had fixed lights, and half had flashing lights
(Tufts 1928). The confusing results about the responses of birds to differ-
ent types of lighting at lighthouses and lightships probably are related to
the characteristics of the individual lamps, such as the wavelength or
intensity, because the responses of the birds changed when the type of
lamp was changed at a station.

In the early 1900s, when gas and kerosene lanterns at lighthouses were
replaced with electric lamps, collision mortality decreased (Hansen 1954).
When the original revolving white beacon at the Dungeness Light in
Great Britain was replaced with a xenon-filled lamp that produced a
bluish beam that flashed for one second in ten, attraction and mortality of
migrants were eliminated (Baldwin 1965). When foghorns were placed
near lighted structures, the number of birds striking the lights decreased
dramatically (Dixon 1897).

Floodlights and Ceilometers

In an attempt to further reduce collision mortality at lighthouses, some
were floodlit, and this practice produced mixed results. Illuminating a
lighthouse in Denmark with a floodlight increased mortality (Hansen
1954). A similar increase in mortality followed illumination of the rotat-
ing beam Long Point lighthouse in Ontario (Baldwin 1965). In contrast,
when five lighthouses in England were floodlit the number of collisions
declined (Baldwin 1965). There is now considerable evidence to indicate
that illuminating chimneys, buildings, bridges, and monuments with
floodlights attracts and kills migrating birds, particularly on nights during
the fall and spring that are misty with a low cloud layer (e.g., the 169-m
[555-ft] Washington Monument in the District of Columbia [Overing
1938]; Bluff’s lodge on the Blue Ridge Parkway, Wilkes County, North
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Carolina [Lord 1951]; the Long Point lighthouse [Baldwin 1965]; build-
ings on Holston Mountain, Tennessee [Herndon 1973]; and the 108-m
[354-ft] Perry International Peace Monument and nuclear power plant
cooling towers [Jackson et al. 1974]). Searchlights can also influence the
flight behavior of migrating birds at night. Bruderer et al. (1999) switched
on and off a strong searchlight mounted parallel to a radar antenna while
tracking single migrants at night. The light beam caused a wide variation
in shifts of flight direction (an average of 8° in the first 10 seconds and an
average of 15° in the third 10-second interval). The mean velocity of the
birds was reduced by 2-3 m (7-10 ft) per second (15-30% of normal air-
speed), and climbing rate showed a slight increase, a possible response to
escape the light beam. These effects declined with distance from the light
source, and Bruderer et al. (1999) calculated that no reactions to the light
should occur beyond 1 km (0.6 mi).

In the late 1940s meteorologists began using very bright (more than
1,000,000 candela), fixed-beam, vertically pointing spotlights, called ceil-
ometers, to measure the height of the cloud ceiling at airports and weather
stations. A rotating sensor measured the angle of the light spot on the
cloud layer from a fixed distance from the base of the vertically pointing
light beam, and the instrument computed the ceiling height using a sim-
ple trigonometric function. From 1948 through 1964, on overcast, misty
nights these instruments were responsible for great losses of migrating
birds. One of the earliest reports of mortality at a ceilometer was recorded
at Nashville, Tennessee on the night of September 9-10, 1948 (Spofford
1949). On this night low clouds and misty conditions were present, and
migrating birds congregated where the intense beam illuminated the cloud
layer. Some circled, some collided, and some even dived into the ground.
The largest kill of migrating birds ever recorded at a ceilometer, approxi-
mately 50,000, occurred October 6-8, 1954 at Warner Robins Air Force
Base near Macon, Georgia, when a cold front moved over the Southeast
(Chamberlain 1955, Johnston 1955). Howell et al. (1954) summarized the
weather conditions that caused the buildup of migrants at ceilometers, the
behavior of birds in and around the light beam, and the causes of injuries
and mortality. In many instances the mortality of migrants at light beams
would have been greater had it not been for meteorologists turning off
ceilometers when birds began to accumulate in and around the beam (Fer-
ren 1959, Fobes 1956, Green 1963, 1965).

Two changes to ceilometers greatly reduced and eventually eliminated
the attraction and mortality of migrants. The first change involved filter-
ing the wavelength of the light. When the longer wavelengths of ceilome-
ter lamps were filtered so that mainly ultraviolet light remained, the
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attraction was greatly reduced and mortalities were essentially eliminated
(Laskey 1960, Terres 1956). The second change made in the early 1960s
by the National Weather Service was the replacement of fixed-beam
ceilometers with rotating beam units (Velie 1963). In the new units the
ultraviolet beam rotated and the detector was stationary, and the rotating
beam did not attract birds (Avery et al. 1980:5).

City Lights and Horizon Glows

In 1886, Gastman reported that nearly 1,000 migratory birds were killed
around electric light towers in Decatur, Illinois on the evening of September
28 (Gastman 1886). Kumlien (1888) provided detailed accounts of migrating
birds striking a Milwaukee building a year later, from September 22 to 29,
1887. The building had a tower 61 m (200 ft) above street level and was illu-
minated by four floodlights. Since these early reports we have seen steady
increases in the number of streetlights, the number and sizes of cities, the
heights of office buildings, and the number of offices with lights on after dark.
In 1951 after a single stormy spring night, 2,421 dead migrants of 39 species
(mostly warblers) were gathered beneath light poles on Padre Island, Texas
(James 1956). The mortality of birds attracted to the lights of tall buildings
has also increased. The hazards of lighted structures and windows to migrat-
ing birds are well documented in a report published by World Wildlife Fund
Canada and the Fatal Light Awareness Program (Evans Ogden 1996). The
executive summary concludes, “The collision of migrating birds with human-
built structures and windows is a world-wide problem that results in the mor-
tality of millions of birds each year in North America alone” (Evans Ogden
1996:2). This publication contains valuable references on the subject of light
attractions. Two additional publications contain annotated bibliographies of
avian mortality at human-made structures. A bibliography of bird kills as a
result of attraction to lighted structures and possible solutions to the problem
can be found in Weir (1976), and a bibliography of 1,042 references on this
subject has been compiled by Avery et al. (1980). The latter effort has a very

useful subject index, taxonomic index, geographic index, and author index.

Fires and Flares

Fires on the ground can attract birds during nocturnal migration. In March
1906 migrating birds were attracted to a large lumberyard fire in Philadel-
phia (Stone 1906). Stone noted that the birds did not change their flight
direction as they flew over, but they appeared to lower their flight altitude.
Some 30 birds were burned to death when they came too close to the



4. Effects of Artificial Night Lighting on Migrating Birds 77

flames. Gas flares on offshore oil and gas platforms and at oil refineries also
pose a threat to migrating birds at night (see Chapter 5, this volume).
Numerous reports of mass mortality of migrating songbirds at gas flares on
oil platforms in the North Sea have been reported (Sage 1979), and
Tornielli (1951) has reported an incident in Italy. Birds congregate around
the flares on misty and foggy nights, and as they fly near and through the
flames they are burned to death. Newman (1960) reports on an event after
midnight on April 30, 1960 at an oil refinery in Baton Rouge, Louisiana.
More than 1,000 migrants of 17 species were killed when they were
attracted to a 76.2-m (250-ft) gas flame illuminating a low overcast sky. A
similar incident occurred in late May 1980 in northwest Alberta (Bjorge
1987). On this evening approximately 3,000 birds of 26 species were found
dead within 75 m (246 ft) of a 104-m (341-ft) flare stack.

Broadcast and Communication Towers

Television and FM radio station towers have steadily increased in height
above ground level since they were first constructed in the late 1940s (Aldrich
et al. 1966, Malakoff 2001, Manville 2001, in press). In the mid-1960s it was
estimated that television towers in the United States killed more than a mil-
lion birds per year (Aldrich et al. 1966). By the mid-1970s, 26 towers were
between 580 m and 630 m (1,902-2,067 ft) above ground level in the United
States, heights that penetrate the altitudinal layer where songbirds typically
migrate. Taller towers need more stabilizing guylines and warning lights for
aircraft, and it is documented that aircraft warning lights (Cochran and
Graber 1958, Avery et al. 1976) and guylines (Brewer and Ellis 1958) on such
towers are responsible for the deaths of hundreds of thousands of birds dur-
ing nocturnal migration. Over the years many individuals have collected dead
and injured birds at the base of broadcast towers and documented their find-
ings in local and regional ornithological journals and newsletters. Some of the
more extensive studies of tower kills have emerged as classics (e.g., Brewer
and Ellis 1958, Stoddard 1962, Stoddard and Norris 1967, Crawford 1974).
Only a few studies have continued into the 1990s (e.g., Kemper 1996,
Nehring 1998, Morris et al. 2003), and these studies indicate a significant
decline in the number of tower fatalities over the last 20 years (Figure 4.3).
More work is needed to distinguish between the roles of evolutionary adap-
tation, behavioral habituation, declining populations of migratory birds,
changing weather conditions, and changes in tower lighting systems as pos-
sible explanations for such declines (Morris et al. 2003, Clark et al. 2005).
Bird kills at tall lighted structures in the United States and at Dutch
lighthouses show similar lunar periodicity (Verheijen 1980, 1981a,
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Figure 4.3. Long-term (38-year) trend in casualties of migratory birds at the
WSMV-TV tower in Nashville, Tennessee. Redrawn from Nehring (1998).

1981b). None of the 229 events compiled by Verheijen occurred near a
full moon, and most were clustered around the new moon period. When
Crawford (1981) examined data from 1956-1980 from the WCTV tower
in Leon County, Florida, however, he identified 683 nights on which ten
or more birds were killed. Of these nights 40% occurred when the moon
was 0-30% illuminated, while 28% occurred when the moo