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ENGLISH ABSTRACT
Diversity within a habitat is determined largely by ecology and species interactions.
Studies to date, however, rarely examined the role of intraspecific aggression in
promoting coexistence and diversity. This is especially true in cities, where community
ecology is poorly understood. This knowledge is important for basic understanding of
how ecological principals come into play in our newly created habitats, as well as for
reconciling human-dominated areas for wildlife.

I studied the effect of human-made habitats on hummingbird abundance and diversity
in Tucson, Arizona. To do that, I examined community organization and competitive
interactions among four hummingbird species. I answer the questions: What is the
community organization of hummingbirds in Tucson? How do characteristics of human
habitats (e.g., landscaping and artificial resources) affect diversity? What mechanism
underlies this pattern? And how can we apply this knowledge to conservation?

To perform this study, I established a citizen science project -- the Tucson
Hummingbird Project (http://hummingbirds.arizona.edu). Trained participants reported
abundance and behavior of hummingbirds in their backyards. Landscaping and resources
(feeders and nectar plants) varied between yards.
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Results show that the distribution of hummingbirds in Tucson varies by species.
Diversity, rather than merely abundance, increased with higher habitat heterogeneity and
with more resources. Competitive interactions differ between species. Notably,
intraspecific competition takes precedence over interspecific competition in the dominant
and most common species, Anna’s hummingbird.

Based on the data, I suggest that Aggressive Resource Neglect (ARN) promotes
coexistence and results in higher diversity when resources are augmented. When there are
more feeders, they are distributed over a larger area. This reduces the ability of a
territory-owner to defend these resources. While the territory-owner chases intruders,
other individuals gain access to feeding opportunities. When dominant individuals prefer
chasing conspecifics (as with Anna’s hummingbird), this results in higher diversity.

Besides discussing theoretical aspects, I apply this knowledge to conservation.
Information on the community ecology enabled me to suggest ecologically-based ways to
reconcile the city for native hummingbirds. By adding resources following an ecological
protocol, we can promote biodiversity and surround ourselves with native wildlife, such
as hummingbirds.
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SPANISH ABSTRACT – RESUMEN ESPAÑOL
Aplicando La Ecología De Comunidades Como Una Herramienta Para Manejar
Y Conservar La Diversidad De Colibries En Hábitats Urbanos

La diversidad presente en un hábitat esta determinada por factores ecológicos y las
interacciones entre organismos. Sin embargo, pocos estudios han examinado el papel que
las agresiones interespecíficas pueden tener para permitir la coexistencia de múltiples
especies y promover la biodiversidad. Esto es especialmente cierto en hábitats urbanos,
donde la ecología de comunidades y los mecanismos que promueven la coexistencia son
poco conocidos. Este conocimiento es importante para entender como los procesos
ecológicos se dan en hábitats recientemente creados, y para reconciliar hábitats creados
por el hombre con la fauna silvestre.

En este proyecto estudié los efectos que los hábitats creados por el hombre tienen
sobre la abundancia y riqueza de colibríes en la ciudad de Tucson, Arizona. Para hacer
esto, examine la estructura de comunidades y las interacciones de competencia entre
cuatro especies de colibríes. En mi estudio respondí las siguientes preguntas: 1) ¿Cual es
la estructura de las comunidades de colibríes en la ciudad de Tucson?; 2) ¿Como afectan
las características de los hábitats creados por el hombre (tales como los jardines y
recursos artificiales) la riqueza de especies de colibríes?; y 3) ¿Como podemos aplicar
este conocimiento para conservar a estas aves?

Para llevar a cabo este proyecto, generé un proyecto de ciencia ciudadana – El
proyecto de Colibríes de Tucson (http://hummingbirds.arizona.edu). En este proyecto,
personas entrenadas registran y reportan la abundancia y comportamiento de colibríes
dentro de los patios y jardines de sus casas. La estructura y diversidad de la vegetación
de los patios y jardines (plantas y recursos presentes) variaron entre casas.
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La distribución de las diferentes especies de colibríes que pueden ser encontradas en
Tucson, varía en respuesta a las localidades muestreadas. El número de especies de
colibríes, más que solo su abundancia, se incremento en respuesta a la heterogeneidad del
hábitat y la abundancia de recursos alimenticios. Las interacciones de competencia
variaron dependiendo de las especies. Para el Colibrí Cabeza Roja (Calypte anna), la
especie de colibrí más abundante de la zona, la competencia intraespecífica fue mas
importante que la competencia interespecífica.

Basandome en evidencia experimental, sugiero que la Falla en el Cuidado de
Recursos por Agresividad (FCRA; Aggressive Resource Neglect – ARN en inglés),
promueve la coexistencia de especies, y por lo tanto permite que haya una mayor
diversidad de colibríes en los sitios donde hay más bebederos. En sitios donde hay más
recursos, los colibríes se encuentran distribuidos en áreas mayores. Esto reduce la
habilidad del colibrí dominante que controla un territorio, para defender de manera
eficiente los recursos que protege. Mientras que el colibrí dueño del territorio persigue
intrusos, otros individuos obtienen oportunidades para alimentarse y utilizar los recursos
presentes. Cuando un individuo dominante decide perseguir a conespecíficos, como
sucede con el Colibrí Cabeza Roja, el resultado eventual es una mayor diversidad de
especies.

Adicionalmente a discutir aspectos teóricos, en este estudio aplico el conocimiento
generado a acciones de conservación. La información de estructura de comunidades, en
conjunto con el entendimiento de los mecanismos ecológicos que promueven la
coexistencia de especies, me permite sugerir formas de reconciliar la ciudad con la
naturaleza. De este modo, presento una receta detallada para reconciliar a la ciudad de
Tucson con los colibríes. Por medio de añadir recursos alimenticios, siguiendo un
protocolo basado en los datos de ecología de comunidades, podemos promover la
biodiversidad dentro de la ciudad, y rodearnos con fauna silvestre nativa, como los
colibríes.
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תקציר HEBREW ABSTRACT -
שימוש באקולוגיה של חברות לצורך שינוי ושימור מגוון מינים של יונקי דבש בבית גידול עירוני

מגוון המינים בבית גידול נקבע במידה רבה על-ידי תנאי הסביבה ואינטראקציות אקולוגיות .עד
כה ,מחקרים מועטים בחנו את מקומה של תחרות תוך-מינית בקידום דו-קיום ושימור מגוון מינים.
הדבר נכון במיוחד בסביבות עירוניות שלגביהן קיים מידע מועט על אקולוגיה של חברות ,ככלל,
ותפקידם של מנגנוני דו-קיום בשימור מגוון מינים בפרט .מידע זה חשוב להבנה הבסיסית של האופן
בהם עקרונות אקולוגיים באים לידי ביטוי בבתי הגידול החדשים אותם אנו יוצרים ,וכן לצורך שימור
טבע בסביבות אנושיות.

במחקר זה בדקתי את ההשפעה של בתי גידול מעשי ידי אדם על התפוצה ועל מגוון המינים של
יונקי דבש בטוסון ,אריזונה .לצורך כך ,בחנתי את מבנה החברה והאינטראקציות התחרותיות בין
ארבע מיני יונקי דבש הנפוצים באיזור .במחקרי אני עונה על להשאלות הבאות :מהו מבנה החברה
)יחסי הדומיננטיות והעדפות בית הגידול( של יונקי הדבש בטוסון? כיצד מאפיינים של סביבת האדם
)כגון גינון והעשרה במשאבים מלאכותיים( משפיעים על מגוון המינים? מהו המנגנון האקולוגי בבסיס
ממצאים אלה? וכיצד ניתן ליישם מידע זה לצורך שמירת טבע בכלל ,ובסביבות האדם בפרט?

על-מנת להוציא מחקר זה אל הפועל ,ייזמתי פרויקט של אזרחים-מדענים
)The Tucson Hummingbird Project (http://hummingbirds.arizona.edu
בעקבות הנחיות ולאחר אימון בזהוי המינים השונים ,משתתפי הפרויקט דווחו נתונים הקשורים
בתפוצה והתנהגות של יונקי דבש בחצר ביתם .החצרות היו בעלות גינון שונה וכמויות שונות של
משאבים מלאכותיים )צמחי צוף ומתקני האכלה עם מי סוכר(.

הממצאים מראים כי תפוצת יונקי הדבש בטוסון היא תלוית מין .מגוון המינים ,בנוסף לשפע
הפרטים ,גדל עם העליה במגוון בתי הגידול ובכמות המשאבים בחצר .כמו-כן ,ישנם יחסי תחרות
ודומיננטיות שונים בין ארבעת המינים .במיוחד ראוי לציון כי במין הדומיננטי והנפוץ ביותר,
 ,Calypte annaשהוא מין מלווה אדם ,נצפתה העדפה ברורה לתחרות תוך-מינית על פני תחרות בין-
מינית.
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בהתבסס על הממצאים ,אני מציעה כי המנגנון האקולוגי ,אותו אני מכנה נטישת משאבים
תחרותית ) ,Aggressive Resource Neglect (ARNמעודד דו-קיום בין-מיני וגורם למגוון מינים
גדול יותר כשיש ההעשרה במשאבים :כאשר יש יותר מתקני האכלה ,הם מפוזרים על פני שטח נרחב
יותר .דבר זה מפחית את יכולת בעל הטריטוריה ,המין הדומיננטי ,להגן על המשאבים שבשליטתו;
בזמן שבעל הטריטוריה רודף אחר פולשים ,הוא נוטש את המשאבים ,מה שמאפשר נגישות של פרטים
אחרים; כשהמין הדומיננטי מעדיף לרדוף אחר פרטים בני אותו המין )כפי שקורה ב ,(Calypte anna
התוצאה היא עליה במגוון המינים הכולל.

בנוסף לדיון בהיבטים התיאורטים ,אני מיישמת את הידע הנרכש לשמירת טבע .מידע על מבנה
חברה בשילוב ההבנה של מנגנוני דו-קיום הנמצאים בבסיס הקשר החיובי בין כמות משאבים למגוון
המינים מאפשר לי להציע שיטות מבוססות מדעית לשימור טבע בסביבת האדם .אני נותנת מתכון
מעשי לפיוס טוסון עם יונקי דבש ,בפרט ,ולעידוד מגוון מנים ושמירת טבע בסביבות אנושיות ,ככלל.
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INTRODUCTION
In the years that ecology has been studied as a science, a large body of theoretical and
empirical work on community ecology has been developed. For the most part, ecologists
study wild populations. Moreover, studying community ecology in environments that are
influenced by human activity was perceived as a drawback, as Hutchinson (1961) puts it:
“The major critics of this type of approach… have largely worked with insects in the
field, often under conditions considerably disturbed by human activity.” Therefore, the
extent to which our knowledge of community ecology applies to communities in human
manipulated areas is largely unknown (Collins et al. 2000; McDonnell and Pickett 2000).

We are now in a position to ask more detailed questions about ecology in human
environments. But more importantly, the field of community ecology has matured
enough to provide answers and solutions to applied problems. Nevertheless, as others
have pointed out (e.g., Nabhan 2004a), up until recently, community ecology was seldom
accounted for in conservation planning. For instance, ever since Darwin (1859),
ecologists have known that species interactions such as competition, mutualism, and
predation can influence habitat use and alter species composition. Despite the large body
of theoretical and empirical work on these interaction, conservation measures to date take
into account mainly abiotic and habitat related factors (such as climate, food, nesting
sites). When community ecology is accounted for, population growth and interactions are
treated linearly, and the different factors affecting them are considered additive.
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Our knowledge of community ecology can and should be applied for studying the
effect of human-dominated areas on wildlife, as well as for conservation; whether in the
wild, or in human habitats. This research also answers questions of basic scientific
interest: I suggest a mechanism underlying diversity in a human dominated habitat.
“Linking pattern with process to understand species coexistence” has been recommended
as a research priority also by the US National Science Foundation (Agrawal et al. 2007).

These are some of the topics my research covers. I thus provide a theoretical and
practical framework for considering community ecology when studying species diversity
and its manipulation. To carry out this study, I initiated a citizen science project and use
hummingbirds in Tucson, AZ as a model system.
Objectives
My overall objectives in this study are as follows:
1. Investigate basic questions in community ecology in an urban surrounding.
2. Use a community ecology approach to learn how our newly created habitats affect
abundance and distribution of native species.
3. Use the knowledge gained to design and test a system to conserve and increase native
wildlife diversity in human-dominated areas (AKA reconciliation ecology).
4. Demonstrate the application of well-established ecological theory and principals to
conservation.
5. Achieve these goals by incorporating outreach to the local community, and give a
framework for employing citizen-science for experimentation and studying
community ecology.
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Study Organisms - Hummingbirds
Hummingbirds are among the most charismatic and best studied of North American
birds (e.g., refs. in Stiles 1982). They are very important plant pollinators. Hummingbirds
pollinate well over 100 plant species in the western U.S. and many more throughout the
Americas. Of these, many are specialized and depend on hummingbird pollination (Grant
and Grant 1968; Brown and Kodric-Brown 1979; Calder 2004; NRC 2007). Calder
(2004) further points out the importance of hummingbirds as year-round pollinators, even
in sub-freezing or rainy conditions. Of 340 known species of hummingbirds in the
Americas, 90 are red-listed. At least five of these are endangered or critically endangered
(IUCN 2007). Concern for hummingbirds comes from loss and degradation of their
natural habitats throughout the Americas (Moore and Simons 1992) and also of stopover
habitats, which are used by migratory species (Russell et al. 1994; Nabhan 2004b).

Hummingbird diets consist of nectar and insects (Stiles 1995). The ease with which
artificial resources can be manipulated using feeders enables one to study them in natural
habitats and in human-made habitats. Aggressive interactions and competition are
common among hummingbirds. In some species, this affects feeder selection (Pimm et al.
1985; Rosenzweig 1986).

All these facts make hummingbirds an important and attractive target for ecological
studies and conservation. They also provide an excellent system for comparative studies.
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11-15 hummingbird species breed in, or migrate through Arizona (Merlin 2003;
Wethington and Russell 2003). According to the Tucson Bird Count (Turner 2002), six of
them occur in Tucson: Anna’s hummingbird Calypte anna, Black-chinned hummingbird
Archilochus alexandri, Costa’s hummingbird Calypte costae, Broad-billed hummingbird
Cynanthus latirostris, Broad-tailed hummingbird Selasphorus platycercus and Rufous
hummingbird Selasphorus rufus. However, the latter two are rare in Tucson. In this
study, I focus on the former four, which are common and co-occur also in nature
(Baltosser 1986; Wethington and Russell 2003).
Anna’s hummingbird was first documented to nest in Arizona in 1964 (Zimmerman
1973). The range expansion of this species has been attributed to the use of hummingbird
feeders and exotic plants in an area (Russell 1996; Wethington and Russell 2003).

Competition, coexistence and community organization
Competition, coexistence and their effect on habitat selection have been studied
extensively in natural environments (e.g., Fretwell and Lucas 1969; MacArthur 1972;
Pimm 1978; Rosenzweig 1991; Brown and Bowers 1985; Pulliam 1985; Brown and
Rosenzweig 1986; Kotler and Brown 1999; Chesson 1986, 2000). Interspecific
competition may be direct or indirect (Schoener 1983; Pimm et al. 1985) and may affect
habitat selection, territoriality, foraging etc. As such, it has an important role in
structuring communities (Rosenzwieg 1978, 1981; Connell 1980; Schoener 1983; Holt
1984; Sih et al. 1985; Grant 1986).
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Within a habitat, change in resource density may change marginal costs and benefits
of feeding, and alter foraging decisions. If competition reduces marginal benefits more
than marginal costs, individual foraging activity will decrease as competition grows
(Mitchell et al. 1990). One possible mechanism of coexistence is habitat selection in
space (Rosenzwieg and Abramsky 1985). When different habitats contain different
resources this may also cause resource partitioning (Brown and Rosenzweig 1986; Brown
1989; Ward and Seely 1996). These habitat choices of species provide information on the
community organization. We can define 3 main patterns: distinct preference, shared
preference, and centrifugal community organization (Pimm and Rosenzweig 1981;
Rosenzweig 1985, 1989; Rosenzweig and Abramsky 1986).

Reliable methods for delineating community organization and habitat preferences
entail removal experiments, where usually the intolerant, dominant, species is removed
and the reaction of tolerant species in response to this removal is monitored (Connell
1983; Schoener 1983; Abramsky et al. 1990, 1991).

Hummingbirds may show a drastic shift in habitat choice or feeding preferences as a
result of competition (Brown and Bowers 1985; Pimm et al. 1985; Rosenzweig 1986;
Ewald and Bransfield 1987) and variation in available information (Mitchell 1986;
Sandlin 2000a,b). Therefore, competition may alter both habitat choice and foraging
within the chosen habitat.
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Here, I apply our knowledge of community ecology to study species interaction and
habitat preferences of hummingbirds in an urban setting. When working at a citywide
scale, removal experiments are not feasible. The historical literature, however, contains
information dating back to the 19th century on hummingbirds in Tucson before the
arrival of Anna’s hummingbird (e.g., Scott and Allen 1887; Mearns 1890; Willard 1916).
This provides, in essence, a natural “removal experiment” of the intolerant, dominant
species.

In addition to abundances, spatial distribution and aggressive behavior may also be
an important clue to community organization. Therefore, I infer the community
organization of hummingbirds in Tucson also by analyzing data, which was collected
during the Tucson Hummingbird Project, on distribution and competitive interactions.

Hypothesis and Predictions
I hypothesize that foraging behavior of hummingbirds is based on maximizing fitness
through balancing marginal benefits and costs of foraging. Thus, also in urban areas
hummingbirds will shift habitats in response to resource availability and competition.
Accordingly, I propose that the observed pattern of habitat use by hummingbirds in
Tucson is caused by their underlying community organization.
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Urban Ecology and Reconciliation
Most studies on urban ecology emphasize the effects of suppressive factors (such as,
non-native predators and human activity), resource augmentation, and landscape
processes (e.g., Emlen 1974; Beissinger and Osborne 1982; Tweit and Tweit 1986; Mills
et al. 1989; Turner 1989; Clergeau et al. 2001; Turner et al. 2001; Turner 2003, 2006).
While these factors are very important, understanding how our newly created habitats
affect species distribution depends heavily also on our understanding of competitive
interactions and community organization.

Reconciliation ecology is the study of conservation by promoting the coexistence of
people and wildlife in human dominated areas (Rosenzweig 2003). It has been long
recognized in ecology that diversity increases with area (Rosenzweig 1995, 2004 and
references within). And loss of habitat is among the main causes for species extinctions
nowadays (IUCN 2007; USFWS 2008). The rational of reconciliation ecology is that
there aren’t enough natural areas to sustain the world’s diversity. Hence, we must
conserve species also in human dominated areas.

Usually, urbanization reduces native species diversity and population density. For
some species however, we may see the opposite trend. Urban areas, though richer in
predators, such as cats, are also richer in resources. Hummingbirds may be an excellent
example: due to the common use of feeders, urban areas may sometimes provide more
resources than the natural habitats surrounding the city, resulting in more hummingbirds.
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Feeders probably explain the high density of Anna’s hummingbirds in Tucson
(Wethington and Russell 2003). While densities of Anna’s hummingbirds are higher in
Tucson vs. the surrounding natural habitats, other species of hummingbirds, though found
in the city, are not as common as Anna’s hummingbird.

Why is Anna’s hummingbird so common in Tucson while others are not? And what
can we do to change that?

I take a community ecology approach to answer these questions. And use our
knowledge of species interactions to increase hummingbird diversity. Hence, I create a
model system to reconcile cities with native wildlife.

Hypothesis and Predictions
To study and demonstrate possible means in which we can increase diversity of
hummingbirds in urban Tucson, I questioned how habitats and artificial resource
augmentation (feeders) affect diversity.

That habitats affect diversity is well established in ecology (see reviews in
Rosenzweig 1995 and in Tews et al. 2004). It is not as obvious, however, why adding
resources would result in higher diversity. Several hypotheses underlie the rationale of
food augmentation in order to increase diversity:
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Hypothesis 1) Aggressive Resource Neglect (ARN): When there are more resources,
their distribution increases, which causes the defensibility of a territory to decrease.
While the dominant territory owner engages in aggression, it neglects its resources;
enabling other individuals access to feeding opportunities.

If ARN is taking place, I predict that as we increase the number of feeders, diversity
will increase, even if overall aggression does not change. The dominant species will
direct more aggression towards conspecifics than heterospecifics.

The phenomenon of individuals defending and expanding energy on more resources
than needed is common (e.g., Harris 1979). Rational for intraspecific competition being
higher than interspecific competition is that among conspecifics competition for food is
only one reason for aggression. Individuals of the same species may compete also for
females, or establishment of social ranking. This is especially relevant when food
availability is high (Powers and Conley 1994). Indeed, Powers and McKee (1994) found
that when resource availability is high, blue-throated hummingbirds chase mostly
intraspecific intruders, whereas when it is low, they chase mostly interspecific intruders.

Hypothesis 2) Resource augmentation may cause changes in the social structure of a
species and change the degree of territoriality. Several hummingbird studies found that
when resources increase, territoriality decreases (Kodric-Brown and Brown 1978; Gass
1979; Powers and McKee 1994).
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If this is the case, as number of feeders increase, aggression by the territory owner
will subside; enabling more individuals and possibly species access to the resources.

Hypothesis 3) Increased variance between yards (some having more feeders and
some having less) will promote coexistence through habitat partitioning. A patch with
more feeders my be considered more desirable than a patch with fewer feeders. Hence,
the intolerant, dominant species may aggressively protect the yards with more feeders.
Meanwhile, opportunistic, subordinate, hummingbirds will defend the yards with fewer
feeders more intensely (see Ewald and Bransfield 1987).

This hypothesis leads to the prediction that yards with different numbers of feeders
will have different species. Therefore, when adding feeders to a given yard, diversity will
not increase. Rather the species composition in that yard will change. However, diversity
will increase on the scale of a city due to the increased variance in the number of feeders
between yards (Chesson 1986; 2000b Chesson). When the different yards contain also
different resources (such as various nectar plants) this may also promote coexistence
through resource partitioning (e.g., Brown and Rosenzweig 1986; Brown 1989;
Abramsky et al. 1990; Ward and Seely 1996).
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Explanation of the dissertation format
My research has four components. Accordingly, this dissertation is composed of four
manuscripts, which appear as appendices. They cover these different aspects of my study:
Appendix A. Studying community ecology in urban areas.
I use empirical data and historical information to study abundance and species
interactions among 4 species of hummingbirds in Tucson. Results enable me to
delineate their community organization in an urban environment.
Appendix B. Understanding resource-diversity relationship and species coexistence.
I use empirical data to understand the resource-diversity relationship in
hummingbirds. Consequently, I propose a theoretical model and a mechanism of
coexistence I term Aggressive Resource Neglect (ARN). ARN explains how by
augmenting artificial resources we can promote coexistence among native species in
human manipulated habitats.
Appendix C. Applying our knowledge of community ecology to conservation.
I apply the knowledge gained in the first two parts of this study to give an example of
reconciling human dominated habitats for wildlife. Specifically, I give a recipe for
reconciling Tucson for native hummingbirds.
Appendix D. Involving citizen science in ecology.
I show how we can employ citizen science not only for monitoring studies, but also
for experimental research and for studying community dynamics. I further discuss the
significance of citizen science projects for promoting outreach and education,
environmental justice, understanding basic and applied ecology, and for conservation.
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PRESENT STUDY
The methods, results, and conclusions of this study are presented in the papers
appended to this dissertation (see appendices). The following is a summary of the
methods and most important findings in this dissertation.
Study Design – Citizen Science
To conduct this research, I established the Tucson Hummingbird Project (THP) – a
citizen science, reconciliation ecology project. Its aim was to study community ecology,
monitor, and conserve hummingbirds in Tucson, Arizona.
The project ran from April 2005 through October 2006. During that period, trained
citizen scientists monitored hummingbird abundance and activity in their back yards. I
recruited project participants from the local community: mainly birders from the Tucson
Audubon Society and docents at the Arizona-Sonora Desert Museum. Initial registration
included exact address, details on yard size, landscaping, hummingbird plants and
number of artificial hummingbird feeders. Project instructions included feeder
maintenance and data collection protocols.
After learning to identify hummingbird species that are common in Tucson,
participants collected hummingbird data in their backyards once weekly for 30 minutes.
All of them reported abundance and foraging preferences of hummingbirds. Depending
on their proficiency in identifying hummingbird species, some participants also reported
behavior and species interactions. Participants registered and reported their data online
through a web site I designed for this project (http://hummingbirds.arizona.edu).
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Results and Conclusions
A. Distribution and community organization in urban habitats: the case of
hummingbirds in Tucson, Arizona
This first paper presents the community pattern. I suggest how hummingbird
communities are organized, and how natural habitats, artificial resources, and community
ecology interplay to affect their distribution in an urban area.

In this paper, I present and discuss the following results:
1. Four species of hummingbirds are most abundant in Tucson: Anna’s (Calypte anna),
black-chinned (Archilochus alexandri), Costa’s (Calypte costae), and broad-billed
(Cynanthus latirostris) hummingbird.
2. Anna’s hummingbird is found throughout Tucson. The remaining species are found
predominantly in less populated areas closer to natural habitats.
3.

Prior to the arrival of Anna’s hummingbird in Tucson, black-chinned hummingbird
was the most prevalent species in the urbanized areas of Tucson (Scott and Allen
1887; Rhoads 1892; Swarth 1905a,b; Visher 1910; Emlen 1974; Calder 1975).

4. Costa’s hummingbirds are more abundant in western Tucson; broad-billed
hummingbirds in eastern Tucson.
5. Anna’s and Costa’s hummingbirds dominate black-chinned hummingbirds with
aggressive behavior.
6. Black-chinned and broad-billed hummingbirds tend to co-occur. Neither species is
significantly dominant over the other during aggressive interactions.
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Given those findings, I propose the following:
1. Anna’s and black-chinned hummingbirds have a shared preference community
organization. Both species prefer the urban areas, which are richer with resources.
ANHU, which is the intolerant of the two species, competitively excludes BCHU
from its primary preference to its secondary habitat in the fringes of the city.
2. Costa’s and broad-billed hummingbirds have a distinct preference community
organization.
Driven by their physiology and breeding preferences, COHU’s primary habitat is the
west side of Tucson, which is more arid and has a higher coverage of desert scrub;
BBHU’s primary habitat is the east side of town, adjacent to the riparian canyons and
woodland habitats.
3. High interspecific competition from Costa’s hummingbird excludes black-chinned
hummingbird from the west side of town, which is COHU’s primary habitat. In
contrast, BBHU appear to be less aggressive (towards conspecifics and towards
heterospecifics). This gives BCHU access in eastern Tucson, where BBHU are
found.
4. Given the general equality of the interspecific interactions with Anna’s, COHU are
incapable of competitively excluding ANHU from the west side of town (COHU’s
primary preference), nor can ANHU exclude COHU from central Tucson (ANHU’s
primary preference).
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B. Aggressive Resource Neglect (ARN): a mechanism promoting diversity and
underlying the resource-diversity relationship in hummingbirds
The increasing popularity of feeders is responsible for the aforementioned pattern.
In this second paper, I link the pattern with a process to understand species coexistence.
data reveals that as the numbers of feeders in a yard increases, so does hummingbird
diversity. It also shows that intraspecific competition prevails over interspecific
competition in the most common species, Anna’s and Black-chinned hummingbirds.
They chase conspecifics significantly more than heterospecifics.

When there are more resources that are distributed over a larger area, dominant
territory owners face a defensibility constraint. They cannot successfully defend all the
resources. Aggressive Resource Neglect (ARN) occurs when aggressive hummingbirds,
which are chasing conspecifics, neglect feeding opportunities; permitting other species to
access the neglected resources and the area.

I propose that ARN is the mechanism underlying the observed resource-diversity
pattern in hummingbirds. I further model the role of ARN in competition and show that
ARN can promote coexistence and therefore higher diversity in human manipulated
areas.
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C. Applying community ecology to reconciliation of human-dominated habitats: case
study with hummingbirds
In the third paper, I apply our knowledge of the resource-diversity relationship in
hummingbirds and the underlying mechanism (appendix B) to change the pattern and the
competitive exclusion of native hummingbirds by Anna’s hummingbird (appendix A).

I give a detailed recipe for reconciling Tucson for hummingbirds. In addition to
aggressive resource neglect, the following findings provide the basis for this recipe:

1. Diversity is greater if there are more landscape types (habitat heterogeneity) in a yard.
2. Diversity also increases as the number of feeders increases.
3. Diversity was greater in yards with nectar plants.
4. All four hummingbird species that reside in Tucson prefer feeders compared to nectar
plants.

To summarize, I show that we can apply principals of community ecology to
reconcile human dominated areas for wildlife: adding artificial resources or habitat
diversity can promote species coexistence, eventually resulting in higher diversity.
Specifically, we can manipulate backyards to enhance native hummingbird diversity in
urban areas, and provide stopover habitats for migrating ones.
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D. The Science of Citizen Science
Finally, in the fourth paper, I share experience gained from the Tucson Hummingbird
Project that pertains to conducting a citizen science project. This paper, demonstrates the
use of citizen science to conduct manipulative studies and collect rigorous data on
community ecology. I detail my methods and give examples of errors and their
prevention.

Beyond scientific aspects, I also discuss social aspects of a citizen science project.
Results of methodological analysis and socioeconomic information show that participants
in the project came from a higher socioeconomic background. Accordingly, participation
was biased towards people who lived in the northern areas of Tucson and in single-family
houses. I discuss these results in the context of using citizen science to promote
environmental justice.
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The “Big Picture”
Urban Ecology
This research demonstrates that studying community ecology in an urban setting has
several advantages. It enhances our understanding of biodiversity and ecology in human
inhabited landscapes, which is meaningful for basic ecological knowledge as well as for
conservation through reconciliation ecology.

Basic Ecology: Mechanisms of Coexistence
I propose that Aggressive Resource Neglect is a mechanism of coexistence that can
promote diversity. In ARN, dominant individuals engage in intraspecific aggression and
neglect their resources. While the resources are neglected, other species can take
advantage of these feeding opportunities. This ultimately results in coexistence and
higher diversity.

Traditional mechanisms of coexistence require an axis of environmental
heterogeneity and a differential ability of species to take advantage of this heterogeneity
(Chesson 1986, 2000a and references within; Brown 1989; Kotler and Brown 1999).
We could force ARN into this framework by loosely defining that the environmental
heterogeneity manifests itself in the variance in resource distribution, with species having
variable abilities to defend these resources. I am not convinced, however, that variance in
resource distribution is a necessary requirement for ARN.
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Chesson (2000b) distinguishes between “variation-dependent” and variationindependent” mechanisms of coexistence. ARN belongs to the latter. It applies to
territorial species and relies on a defensibility constraint. It further requires that in the
dominant species intraspecific competition is stronger than interspecific competition. As
such, ARN is a stabilizing mechanism of coexistence (Chesson 2000a). When adding
resources in a manner that decreases the defensibility, one is adding a constraint for the
dominant species. It is this constraint and the consequent trade-off between foraging and
territory defense that prevents competitive exclusion.

Conservation
My study demonstrates how crucial it is to consider the community ecology when
devising a conservation plan.

Resource augmentation is common in human dominated habitats, whether it is
intentional (e.g., bird feeders, plant irrigation), or not (e.g., human trash that encourages
pest species). As seen here, species interactions affect the outcome of such
augmentations. Furthermore, I demonstrate that with proper engineering, we can
manipulate the outcome of artificial resource augmentations to maintain biodiversity (see
discussion in Tilman 2000) and reconcile human dominated habitats for wildlife
(Rosenzweig 2003).
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Having a successful model system for hummingbird reconciliation may serve to
inform other efforts at conserving hummingbirds and other native species. When it comes
to migratory species, urban areas may prove a valuable surrogate for degraded stopover
habitats.

Citizen Science
The Tucson Hummingbird Project and the results it generated demonstrate that
citizen science can serve to carry out ecological studies that require participants to collect
data beyond monitoring of individuals. Citizen scientists can successfully carry out a
study that entails manipulations and requires collection of data on population and
community ecology (e.g., behavior and species interactions). They can collect
scientifically rigorous data and contribute to conservation efforts. All this can be
achieved while promoting outreach, education and environmental justice.
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Distribution and Community Organization in Urban Habitats:
The Case of Hummingbirds in Tucson, Arizona

ABSTRACT
Question: What are the distribution and community organization of hummingbirds in
urban habitats?
Field site: Private backyards in the various areas of Tucson, Arizona, USA.
Methods: Trained citizen-scientists monitored hummingbirds in their backyards; they
reported abundance and behavior. Yards varied in landscaping, and had 1 to 8 feeders.
Results:
1. Four species of hummingbirds are most abundant in Tucson: Anna’s (Calypte
anna), black-chinned (Archilochus alexandri), Costa’s (Calypte costae), and
broad-billed (Cynanthus latirostris).
2. Anna’s hummingbird is found throughout Tucson. The remaining species are
found predominantly in less populated areas closer to natural habitats.
3. Costa’s hummingbirds are more abundant in western Tucson; broad-billed
hummingbirds in eastern Tucson.
4. Anna’s and Costa’s hummingbirds dominate black-chinned hummingbirds with
aggressive behavior.
5. Black-chinned and broad-billed hummingbirds tend to co-occur. Neither species
is significantly dominant over the other during aggressive interactions.
Conclusions: Results suggest how hummingbird communities are organized; and how
natural habitats, artificial resources, and community ecology contribute to their
distribution in urban habitats.

Keywords: hummingbirds, community organization, urban ecology, citizen science,
interspecific competition, intraspecific competition, hummingbird feeders, distribution,
geostatistics.
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INTRODUCTION
Landscaping and artificial resources in modern cities provide new habitats and
opportunities to wild species. These new conditions alter species abundance and
distribution in urban areas. Urban ecology studies still emphasize mainly habitat factors
and ability of wildlife to colonize an area. At this stage, however, it is important that we
do more research to understand the community organization of urban populations. It is
this understanding, and taking community ecology and what governs it into
consideration, which will enable us to reconcile human dominated areas with wildlife,
and affect the course of “urban succession”.

Most research on urban ecology emphasizes the effects of suppressive factors (such
as, non-native predators and human activity), resource augmentation, and landscape
processes (e.g., Emlen 1974; Beissinger and Osborne 1982; Tweit and Tweit 1986; Mills
et al. 1989; Turner 1989; Clergeau et al. 2001; Turner et al. 2001; Turner 2003, 2006).
While these factors are very important, understanding how our newly created habitats
affect species distribution depends heavily also on our understanding of competitive
interactions and community organization.

Competition, coexistence and their effect on habitat selection have been studied
extensively in natural environments (e.g., Fretwell and Lucas 1969; MacArthur 1972;
Pimm 1978; Connell 1980; Schoener 1983; Holt 1984; Rosenzweig 1978, 1981, 1991;
Brown and Bowers 1985; Pimm et al. 1985; Pulliam 1985; Rosenzweig and Abramsky
1985; Sih et al. 1985; Brown and Rosenzweig 1986; Grant 1986; Gotelli et al. 1997;
Kotler and Brown 1999; Chesson 1986, 2000). Despite their significance, these dynamics
are seldom studied in urban areas. Consequently, community ecology in urban areas is
poorly understood (Collins et al. 2000; McDonnell and Pickett 2000). The US National
Science foundation has also identified the need to “address classic questions about the
organization of communities and the role of interspecific interactions in various
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ecological contexts”, in order to gain “a new level of predictability in ecology” (Agrawal
et al. 2007).

The general current distribution of hummingbirds in Tucson is known (TBC 2008).
Black-chinned hummingbird used to be the most common species in Tucson up until the
1990s. In the past century, however, Anna’s hummingbird expanded its range from
southern California and started showing up in the area. Today, Anna’s hummingbird is
more common than black-chinned hummingbird, especially in highly urbanized areas of
town (Germaine et al. 1998). Why is Anna’s hummingbird so common in Tucson? What
happened to all the black-chinned hummingbirds and other species? And what can we do
to change that?

In order to answer these questions, I explore the distribution of hummingbirds in
Tucson in conjunction with inter- and intraspecific interactions. In contrast to previous
studies, which only monitored abundances (e.g., Turner 2002), I studied hummingbird
behavior and I studied their distribution in more detail and over a longer seasonal period.
This was done on a citywide scale as well as on a scale of individual yards. I then
integrated all this information and historical data to analyze hummingbird community
organization and dynamics in human dominated habitats. Once we know this pattern, we
can suggest the underlying mechanism (Bachi 2008b) and predict how hummingbirds
will respond to alterations in human habitats and intentional reconciliation (Rosenzweig
2003). This knowledge will enable us to design and test a system to reconcile urban
areas for native hummingbirds by taking a dynamic approach to reconciliation ecology
(Bachi 2008c).
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Hummingbirds
Hummingbirds are an important and attractive target for ecological studies and
conservation:
• They are among the most charismatic and best studied of North American birds.
• Of about 340 known species of hummingbirds in the Americas, 90 are red-listed. At
least five of these are endangered or critically endangered (IUCN 2007).
• Yet none of the species that occur in Arizona is endangered or threatened (USFWS
2008), so researchers can work freely with them.
• Hummingbird diets consist of nectar and insects (Stiles 1995). The ease with which
resources can be manipulated using feeders enables one to study them in open habitats.
• Aggressive interactions and competition are common among hummingbirds and can be
readily quantified through chasing behavior (Feinsinger 1976; Kodric-Brown and
Brown 1978; Pimm 1978; Kuban and Neill 1980; Feinsinger et al. 1985; Altshuler et al.
2004). Previous research suggests that body size usually correlates with interspecific
dominance (Wolf 1970; Feinsinger 1976; Wolf et al. 1976); and that in some species
this affects feeder selection (Pimm 1978; Pimm et al. 1985; Rosenzweig 1986).

11-15 hummingbird species breed in, or migrate through Arizona (Williamson 2002;
Wethington and Russell 2003). According to the Tucson Bird Count (Turner 2002; TBC
2008), six of them occur in Tucson: Anna’s hummingbird Calypte anna, black-chinned
hummingbird Archilochus alexandri, Costa’s hummingbird Calypte costae, broad-billed
hummingbird Cynanthus latirostris, broad-tailed hummingbird Selasphorus platycercus
and Rufous hummingbird Selasphorus rufus. These species are relatively common in
nature and co-occur in the same general area, where they breed and are abundant from
April through October (Baltosser 1986; Wethington and Russell 2003).

In nature, hummingbirds may show a drastic shift in habitat choice or feeding
preferences within a habitat due to aggression from other individuals (Pimm 1978; Brown
and Bowers 1985; Pimm et al. 1985; Rosenzweig 1986; Ewald and Bransfield 1987) and
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variation in available information (Mitchell 1986; Sandlin 2000a,b). Foraging decisions
are based on maximizing fitness by balancing marginal benefits and costs of foraging.
Therefore, hummingbirds in urban areas, just as in nature, should shift habitats in
response to species interactions and resource availability (be it artificial or not).

METHODS
Study design
Following the example of the Tucson Bird Count (TBC 2008), I established the
Tucson Hummingbird Project – a citizen science, reconciliation ecology project. Its aim
is to study community ecology, monitor, and conserve hummingbirds in Tucson,
Arizona.

I recruited project participants from the local community: mainly birders from the
Tucson Audubon Society and docents at the Arizona-Sonora Desert Museum. Initial
registration included exact address, details on yard size, landscaping, hummingbird plants
and number of feeders (appendix I). I then sent each participant project instructions,
coupons to buy feeders, courtesy of Wild Birds Unlimited of Tucson, and a hummingbird
guide, courtesy of the Arizona-Sonora Desert Museum (by Merlin 2003). Instructions
included feeder maintenance (feeders contained 1 part sugar to 4 parts water), and data
collection protocols (Bachi 2004). After learning to identify hummingbird species that are
common in Tucson, the citizen-scientists collected hummingbird data in their backyards
once weekly for 30 minutes. They did that during hours of high hummingbird activity:
between sunrise and 9:00AM (Calder 1975; Calder et al. 1990). The project ran from
April 2005 through October 2006. Participants registered and reported their data online
through a web site I designed for this project (http://hummingbirds.arizona.edu).

All participants reported abundance and foraging preferences of hummingbirds
(appendix II). For each observation, this included species name, sex, and whether the
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bird ate from a feeder or a plant. If the latter, plant name was recorded. Depending on
their proficiency in identifying hummingbird species, some participants also reported
behavior (appendix III). In that case, they noted and timed: feeding, perching, singing,
scout flight or insect feeding, display flight, chasing, and identity of the target of the
display or chasing activity. I used these data to study territoriality and reveal hierarchy
between species (sensu Stiles 1982; Goldberg and Ewald 1991).

Study Site
Tucson, Arizona lies in a flat basin of the Sonoran Desert, surrounded by mountains
(max. elev. 2,791m). The center of Tucson is at ~ 32º12´ N, 110º57´ W, and an elevation
of ~720m. Proximity of natural habitats characterizes the urban areas: the vicinity is
surrounded by Arizona Upland vegetation to the east, north and west; creosote flats to the
south. Oak woodland and coniferous forest cover the higher mountains, and riparian
canyons slope down into the Arizona Upland habitat of the city (see full description in
Turner and Brown 1982; Robichaux 1999; Phillips and Comus 2000).
The urban area covers approximately 600 km2 and has a population of ~700,000 (data
and estimate for 2006; U.S. Census Bureau 2006; City of Tucson 2007). Urban-rural
gradients characterize Tucson. The residential areas have primarily one story, singlefamily houses on lots of about 600m2 in central Tucson, but increasing in size towards the
outskirts of the city and the foothills. Landscaping includes various proportions of native
and non-native vegetation (Emlen 1974; Bachi 2008c).

Data reliability
I took a few steps to increase data reliability: I analyzed data only on adult male
hummingbirds, which are easier to identify. I visited yards of most participants to
establish accuracy of species identification and data collection. Finally, I checked and
corrected errors in the database.
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Geostatistical analysis
Most GIS map analyses rely on qualitative visualizations. In order to enable statistical
and more accurate comparisons over space and time, one should measure and compare
quantitative parameters of location and territorial dispersion. I followed Bachi’s (1968a,
1999) geostatistical methods to analyze the geographical distribution of the various
hummingbird species. The term geoset is used to denote the geostatistical set of data
collected for each hummingbird species.

First, I used GIS to geocod and map the location of each yard (using the address of
participants in the project; appendix I). This provided the projected coordinates (Xi and
Yi) of each yard, which are expressed as distance (in km.) along the X- and Y-axes.
Next, I quantified the Activity Density Distribution of hummingbirds (ADD
Hummingbirds), rather than actual population size. Pimm at al. (1985) and Abramsky et
al. (2000) detail the methodological justification for using activity densities rather than
actual population size. ADD is an estimate of actual competitive pressure and effects of
population size that individuals experience. Hummingbird activity (N = total number of
individual incidents reported, regardless of behavior) was positively and linearly related
to the sampling effort (D = total number of sampling days in a yard) at a given location
(Linear regression: n=24, R2=0.762, P<0.0001; N = 39.271 + 6.391D). Therefore, our test
statistic for the geostatistical analysis and GIS maps, ADD, is the mean activity per day:

ADDi =

N
D

Where i is the yard identification number. For example, yard i=21 reported 120 incidents
over 14 days, therefore:

ADD21 =

120
= 8.57
14
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The ADD is then used to calculate weightings as follows:

ADDi, w =

ADDi
n

∑ ADD
i =1

Once I obtained these relative weightings, I attached them to the coordinates of each
element (yard location) in the geocoded map.
The weighted geoset of a species (gSP) is composed of its ADDi,w over all locations
(elements). For each geoset, I calculated and mapped spatial parameters including the
weighted mean center and the standard deviational ellipse. These descriptive statistics are
somewhat analogous to the mean and standard deviation measured for unidimentional
variables. The standard deviation ellipse allows one to recognize directional distribution
patterns and extent of overlap between geosets. The standard deviations are also used to
2
calculate the distance-variance ( d SP
) and standard distance ( d SP ), as follows:

2
= σ x2 + σ y2
d SP

and

2
d SP = d SP

Where σ x2 and σ y2 are the variances along the main axes of the standard deviation ellipse.
These parameters allow us to compare the overall spatial and linear dispersion of geosets
(Bachi 1963, 1968b). Once we obtain the distance-variance of gSP, we can compare it to
the area covered by the sampling territory (gT) to get the following parameters:
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T

[( X SP ) 2 + (Y SP ) 2 ]
=
× 100
dT

measures the distance of the mean center of a gSP from that of gT. Where X and
Y are the distances (along the principal axes) of the mean center of the geoset of

a species from the center of the territory. Standardizing the eccentricity by the
standard distance of the sampling territory ( dT ) enables one to compare the
results with other territories or look at changes for a given population through
time.

2. Looseness

LSP = d SP / d T

or lack of compactness, measures the dispersion of the population compared to a
uniform distribution in a given territory or sampling area. If LSP >1, the
population is more dispersed than the uniform distribution (as occurs when the
population is scattered along the periphery of a territory); LSP<1 indicates a more
clumped distribution (as occurs when the population is clumped in the center of
the territory); LSP ~0 when a population is evenly distributed throughout the
territory. The looseness enables to differentiate between geosets that have the
same mean center and overall shape yet elements that vary in scatter.

Five participants of the Tucson Hummingbird Project resided outside Tucson (in
Marana, Vail, Sahuarita, Green Valley, and Rio Rico). Due to the distance and small
sample sizes from these areas, I did not include them in the geostatistical analysis. I
included only data from Tucson and its immediate surroundings for the spatial analysis.
However, I used all of the data to study the pairwise species interactions.

I used ArcGIS 9.2 (ESRI Inc.), SYSTAT 12.0 (Systat Software Inc.), and JMP 7.0
(SAS Inst. Inc.) software for mapping and statistical analysis.
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RESULTS
One hundred and six members of the local community registered with the Tucson
Hummingbird Project. Thirty-seven of them collected data regularly in different
locations in and around Tucson, AZ (Fig. 1). Some reported only abundance related data
(Nabund = 7964 records); others abundance and behavior related data (Nbehav =2580
records).

Distribution and abundance of hummingbirds on a city-wide scale
Four species of hummingbirds are most abundant in Tucson (Fig. 2): Anna’s
hummingbird (Calypte anna, hereafter ANHU), black-chinned hummingbird
(Archilochus alexandri, BCHU), Costa’s hummingbird (Calypte costae, COHU), and
broad-billed hummingbird (Cynanthus latirostris, BBHU).

The geoset of each species is defined by the weighted mean center and the standard
deviational ellipse, which depict the directional distribution of a species (Fig. 3a). The
ellipse is of one standard deviation and covers roughly 68% of the data. The geoset of the
participants in the project indicates the sampling territory (gT) of the populations in this
study (Fig. 3b). Participation and data collection for this project was not uniform across
Tucson. Therefore, the results consist of the relative ADD rather than the absolute
distribution. Additionally, given that I excluded the far-southern areas from the
geostatistical analysis (as explained in the methods), the geosets are skewed towards
northern Tucson.
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Comparisons of the geosets of the various species to that of the gross territory reveal
the following patterns (Table 1; Fig. 3a; Fig. 3b):
1. ANHU is the most widely distributed species. ANHU’s geoset has a very low
eccentricity: the center of gANHU nearly coincides with that of gT in north-central
Tucson. The looseness value, LANHU ~ 1, indicating a nearly uniform distribution
throughout the territory.
2. The geosets of the remaining three species have high eccentricities, indicating a large
distance from the center.
3. Although gCOHU is also widely distributed, its distribution is skewed to the western
side of town.
4. In contrast, gBBHU is more narrowly distributed in eastern Tucson. Its very low
looseness indicates a clumped distribution in that area.
5.

g

BCHU is similar to gBBHU and is also skewed and clumped in the eastern side of

town and closer to natural areas.

The raw number of incidents reported for each species (N) in the various areas of
Tucson is shown in figure 4.

Species assemblies within yards
If we examine occurrences of species regardless of activity level, we see the
following pattern: ANHU is by far the most common species. It appeared either alone, or
in various combinations with other species in 84% of all yards. BCHU appeared in 65%
of all yards, COHU in 58% and finally BBHU appeared only in 35% of all yards. Unlike
the other species, BBHU was never reported in yards as a single species or in yards with
a total of two species. (Table 2 / Fig. 5).
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Uncommon species
Besides the four focal species of this study, participants recorded some less common
species (Table 3). These only migrate through the area, or are rare in Tucson. These
species include rufous hummingbird (Selasphorus rufus), broad-tailed hummingbird
(Selasphorus platycercus), Lucifer (Calothorax lucifer), magnificent hummingbird
(Eugenes fulgens), and violet-crowned (Amazilia violiceps) hummingbird. I do not
discuss them in this paper.

Agonistic interactions between hummingbirds
I quantified direct aggression and chasing behavior of hummingbirds. Project
participants observed a total of 240 pairwise chasing interactions (Table 4a). Species
behaved differently, and these differences were significant (Heterogeneity χ2 = 54.489,

d.f. =7, P < 0.001). This supported my approach of analyzing the chasing interactions on
the species level, rather than pooling all the chasings across species.

A. Intraspecific agonistic interactions
1

In order to test whether a given species is more likely to chase conspecifics than

heterospecifics, I analyzed the proportion of intra- to interspecific chases. I used a
goodness of fit test and compared for each species the observed number of intraspecific
chases vs. the expected number. I generated the expected number of intraspecific chases
by taking into account the relative abundances of each species per yard and the
subsequent binomial chase probability. I performed separate Exact Binomial tests for
each of the yards and obtained the one-tailed probabilities (pi). I then combined the
independent tests using Fisher’s combined probabilities:
k

Pr = −2∑ ln( p i )
i =1

Pr is compared to the
1

χ

2
2k

distribution (Fisher 1954; Walsh 2004).

These results appear and are discussed in more detail in Bachi 2008b.
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Table 4b contains the results of Fisher’s combined probabilities (Pr) per species.
ANHU and BCHU are each involved in significantly more intraspecific chases than
expected. COHU and BBHU did not chase more conspecifics than expected (Table 4b).
B. Interspecific agonistic interactions
I quantified competition and determined dominance of a species by the outcome of
direct aggression and chasing behavior. For each chasing occurrence, project participants
recorded the species chasing and the species being chased. The overall outcome varied
depending on the interacting species (Fig. 6): ANHU and COHU were equally likely to
chase each other. The same was true for ANHU and BBHU, as well as for BBHU and
BCHU. In contrast, ANHU was dominant over BCHU. In interactions between the two,
ANHU was the chaser significantly more often than BCHU. Similarly, COHU tends to
chase BCHU more often than BCHU chases COHU. I obtained these results assuming
each of the interacting species is equally likely to win (Table 5).

Stiles (1973) found that ANHU is generally dominant over BCHU. Yet, other studies
of BCHU reveal the general aggressiveness of this species: Ewald and Bransfield (1987)
compared the territorial behavior of ANHU and BCHU when defending rich and poor
territories of artificial feeders. BCHU exhibited its territoriality through vocalization and
chasing intruders. Both ANHU and BCHU defended rich territories more aggressively
than poor ones. BCHU spent more time on the territory and chased more intruders. In
poor territories, BCHU was more aggressive and successful than ANHU (chased more
intruders and had a greater net energy gain). In rich territories, however, it expended
more energy on defense than ANHU but suffered more intrusions. In light of that, the
results of interspecific interactions involving BCHU and COHU are even more
surprising: COHU always dominated BCHU and was the chaser (in 4 out of 4 chases). A
test generating the expected probabilities with the a priori hypothesis of BCHU having
just a slightly higher likelihood of being the chaser in interspecific interactions (a
conservative scenario of 60% chance of winning), results in even higher significance
levels for ANHU and COHU being dominant over BCHU (last column in Table 5).
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DISCUSSION
Summary of findings
Four species of hummingbirds are the most abundant in Tucson: ANHU, BCHU,
COHU, and BBHU. Qualitative data collected in this study suggests that there are yearround resident populations of all four species.

Participation and data collection for this project was not uniform across Tucson.
Therefore, the results consist of the relative ADD rather than the absolute distribution.
Additionally, given that I excluded the far-southern areas from the geostatistical analysis,
the geosets are skewed towards northern Tucson. Nevertheless, the trends are generally
congruent with findings of the Tucson Bird Count (TBC 2008 species maps:
www.tucsonbirds.org/results/SpeciesResults.asp).

While ANHU is very abundant throughout Tucson, the other species reside
predominantly in less populated areas, closer to natural habitats. COHU is more abundant
in west/northwest Tucson, while BCHU and BBHU are more abundant in east/northeast
Tucson. All three species extend to the fringes of the city and the surrounding natural
areas more than ANHU.

Aggression varies within and between species. BCHU suffers most severely from
agonistic interactions. ANHU and COHU are dominant over BCHU, which also suffers
from intraspecific interference. Our results agree with previous studies that found this
species to be typically territorial. But that this may be altered by aggression from larger,
territorial species (Bene 1942; Pimm et al. 1985; Ewald and Bransfield 1987; Powers and
Conley 1994; Sandlin 2000a, b).

Our results also reveal a high level of intraspecific interference in ANHU. Previous
studies also noted its aggressiveness (Bowles, 1910; Pitelka 1951; Stiles 1971, 1973;
Calder 1975; Ewald 1985; Powers 1987; Goldberg and Ewald, 1991).
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Historical and modern distribution of hummingbirds in the Tucson area
BCHU is widely distributed over western North America. It is associated with both
urban and natural areas. In nature, it is characteristic of the Sonoran Upland subdivision
and the plains grassland (Emlen 1974; Mills et al. 1989). Its females typically nest in
riparian vegetation (Baltosser 1986, 1989).

The earliest published accounts of hummingbirds in Tucson and its surroundings date
back to the 19th century (Fig. 7). Although BCHU, BBHU and COHU were observed in
the lower Santa Catalina Mountains, BCHU was by far the most common native
hummingbird, and was also noted to breed here (Scott and Allen 1887; Mearns 1890;
Willard 1916). It used to be the only common year round resident hummingbird in the
entire area of Tucson and the “lowlands” (Scott and Allen 1887; Rhoads 1892; Swarth
1905a,b; Visher 1910; Emlen 1974; Calder 1975).

Nowadays, BCHU may be found everywhere in Tucson, but it is more abundant in
the outskirts and towards the foothills. As evident from our results, it has much lower
densities in central Tucson than ANHU.

COHU used to migrate through Tucson and was very abundant only during the spring
and summer (Scott and Allen 1887; Visher 1910; Bruner 1926; Fig. 7). It nests in
Sonoran Upland habitat (Sutton and Phillips 1942), successional scrub and desert areas
(Wethington and Russell 2003). Previous, recent studies also found it most common in
northwest Tucson and by the foothills of the Tucson Mountains (Lima 1991; TBC 2008).

BBHU also used to migrate through Tucson and was very abundant only during the
spring and summer in the foothills and lower Santa Catalina Mountains (Scott and Allen
1887; Willard 1916; Bruner 1926). It was also commonly observed with BCHU in the
Fort Lowell area of Tucson (Moore 1939). It was reported to breed in the spring in
riparian canyons, mostly Sabino Canyon (Swarth 1910; Visher 1910; Woodbury and
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Sugden 1938) and sometimes in the summer in the higher mountains in woodland (Scott
and Allen 1887; Moore 1939; Sutton and Phillips 1942, Powers and Wethington 1999). It
is evident from this study that it resides almost exclusively in northeast Tucson (Fig. 7).

Unlike the other three species, ANHU is not mentioned in any historical accounts of
hummingbirds in the area (Fig. 7; Scott and Allen 1887 mention one rare occurrence only
in the higher elevation of the Santa Catalina Mountains). ANHU is a “culture follower”
(Russell 1996; Rosenzweig 2003). It is quick to locate and respond to artificial feeders,
increasing its abundance in human-dominated areas. ANHU has been a common resident
in urban locations in Southern California as far back as 1900s (Swarth 1900a,b; Bowles,
1910). As Tucson expanded and human population density increased, ANHU inhabited
the area and became a year round resident. It was first reported to nest in AZ in 1964
(Zimmerman 1973), and first reported in the outskirts of Tucson in 1975 (Calder 1975;
Lima 1991). By 1994, ANHU was more common in Tucson than BCHU, and was
abundant in highly developed areas of town (Germaine et al. 1998). Interestingly, by
1910, when ANHU was common in the LA area, about 500,000 people lived in LA
County (Forstall 1995b). Similarly, ANHU has become common in Tucson by 1988
(Mills et al. 1989), when Pima County contained about 500,000 people (Forstall 1995a).

Community organization and dynamics
Community organization is classified by habitat choices of its members in the
absence of possible competitors. We can define three main patterns: distinct preference,
shared preference and centrifugal community organization (Pimm and Rosenzweig 1981;
Rosenzweig 1985, Rosenzweig and Abramsky 1986). Reliable methods for discerning
community organization and habitat preferences entail removal experiments: the
intolerant species is removed and the response of the tolerant species to this removal is
then monitored (Connell 1983; Schoener 1983; Abramsky et al. 1990, 1991). Thus, as
MacArthur (1958) points out, distribution in itself does not necessarily indicate the true
habitat preference of a species.
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Actual removal experiments are not feasible at a citywide scale. In our system,
however, we have in essence a natural experiment, in which possible competitors were
absent at various times. Moreover, these amount to long-term removal and addition
experiments, enabling us to explore the system after it reaches some steady state. In this
system, in addition to studying urban ecology per se, we can explore concepts of basic
ecological importance.

Beyond removal experiments, the prevalence of aggressive interactions between
hummingbirds and our ability to monitor their outcome through chasing behavior, as we
did in this study, provide a straightforward indication of dominance relationships.

Wing disc loading (WL) is physical measure, which is a function of wing length and
body weight of a bird (Feinsinger and Chaplin 1975; Kodric-Brown and Brown 1978).
Kodric-Brown and Brown (1978) proposed that WL mediates competition among
hummingbirds by imposing a trade-off of aggressive ability vs. foraging behavior: the
lower the values of WL, the less costly is the flight, but maneuverability and aggressive
abilities are also inferior. In a recent study, however, Altshuler et al. (2004) found no
direct relationship between wing disc loading and competitive abilities, especially not
dominance.

Based on results of this study, historical distributions, and the literature, I propose the
following community organization to explain the observed distribution of hummingbirds
in Tucson:

1. BCHU and ANHU have a shared preference community organization. Both these
species are opportunistic and have a wide niche. In the context of urbanization, the
primary preference of both species is the resource rich human habitat. In the absence of
ANHU (prior to 1990s), BCHU was the most abundant winter resident in Tucson.
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As is evident in our results, ANHU is dominant over BCHU. When ANHU is present
(subsequent to 1990s), it competitively excludes BCHU from the rich urban habitat into
the relatively poorer areas in the fringes of the city and closer to BCHU’s natural habitat
in the Sonoran Upland zone. In these habitats, which are characterized by more native
vegetation, ANHU is less abundant than BCHU (Mills et al. 1989).

Variation in BCHU’s habitat use from selecting the rich habitats to gradually
selecting the poor ones, in the presence of dominant competitors has been studied in the
past (Pimm 1978; Pimm et al. 1985; Rosenzweig 1986; Powers and Conley 1994).
Specifically, Ewald and Bransfield (1987) found that when ANHU and BCHU co-occur,
they partition resources such that ANHU uses the richer habitats and defends them more
aggressively, while BCHU uses and defends the poorer habitats. The fact that BCHU is
nevertheless abundant in Tucson may reflect a transitional stage in the habitat use of
BCHU (Rosenzweig 1986). Unless, we intervene as I suggest elsewhere (Bachi 2008c), I
expect that the densities of BCHU in Tucson will continue to decline because of rising
densities of ANHU.

2. COHU and BBHU seem to have a distinct preference community organization.
They are driven by their physiology and breeding preferences: COHU breeds at lower
elevation desert washes (Baltosser and Scott 1996); BBHU in riparian habitats (Powers
and Wethington, 1999; Wethington and Russell 2003). Appropriately, COHU’s primary
habitat is the west side of Tucson, which is more arid and has a higher coverage of desert
scrub; BBHU’s primary habitat is the east side of town, adjacent to the riparian canyons
and woodland habitats (e.g., Sabino Canyon and the Santa Catalina Mountains).
Consequently, data are lacking on competitive interactions between COHU and BBHU
and also there are no results of “removal experiments”.

3. Why is BCHU currently more abundant in the east than in the west side of town?
Is it a riparian breeding preference, or is it excluded by COHU in the west? Both these
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options are possible. Prior to ANHU showing up in the area, however, COHU and BCHU
exhibited in Tucson temporal habitat partitioning on a seasonal scale: COHU was the
abundant species during the summer, while BCHU was the most abundant species during
the winter when COHU migrated (Visher 1910). Bene (1942) has reported a case of
competitive exclusion of BCHU by a newly arrived COHU in a park in Phoenix.
Nowadays, COHU have a year-round resident population in Tucson. Even during the
winter, BCHU is rare where COHU are very abundant. I propose that the high
interspecific competition from COHU excludes BCHU from the west side of town, which
is COHU’s primary habitat. In contrast, BBHU appear to be less aggressive (towards
conspecifics and towards heterospecifics). This gives BCHU access in eastern Tucson,
where BBHU are found. Data from this study shows that these two species often cooccur also in urban locations south of Tucson (Bachi, unpublished data). They have
similar nesting preferences and co-occur also in nature (Baltosser and Russel 2000;
Wethington and Russell 2003).

4. Given the general equality of the interspecific interactions with Anna’s, COHU are
incapable of competitively excluding ANHU from the West side of town (COHU’s
primary preference), nor can ANHU exclude COHU from central Tucson (ANHU’s
primary preference).
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Conclusion
Of course, multiple factors, such as foraging considerations, breeding considerations,
and the interaction between these two, may affect hummingbird distribution. These
considerations may be physiological or ecological and may vary during the life cycle of a
hummingbird. Furthermore, they may act on different spatial scales and the interaction
between these scales may constrain the distribution of a species (Turner et al. 2001,
Turner 2006). While each of these factors could be important to a different extent in
shaping the community, here I examined their overall, combined effect on the community
organization of hummingbirds in Tucson.

This study explains why Anna’s hummingbird is so common in Tucson, and where all
the black-chinned hummingbirds and other species have gone.

Now that we know how hummingbird communities are organized, and how natural
history and community ecology interplay to alter their distribution in an urban area, we
can suggest ways to reconcile urban areas for hummingbirds and increase their diversity.
Anna’s hummingbird’s dominance and aggression is a key factor in the success of this
species in displacing other species from rich, urban habitats. But as I discuss elsewhere
(Bachi 2008b), this extreme aggression can also be to its disadvantage by causing
aggressive individuals to neglect their resources. We can manipulate artificial resources
in a way that will induce this aggressive resource neglect and create opportunities for
subordinate species such as black-chinned hummingbirds (Bachi 2008c).
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TABLES AND FIGURES

Fig. 1. 106 local residents registered with the Tucson Hummingbird Project (blue circles);
37 of them collected hummingbird data in their backyards (yellow circles).
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Fig. 2. Four species of hummingbirds are most abundant in Tucson. Pictures are of males,
except for the Costa’s hummingbird, which is a female with a uniquely colorful gorget.
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Fig. 3a. The weighted geosets of each of the four species, which are most common in
Tucson: gANHU=red; gBCHU=black; gCOHU=purple; gBBHU=blue. Each geoset is
composed by the ADDi,w over all locations. The maps also show the weighted mean
centers and standard deviation ellipses, and the weighted mean center of the sampling
territory (yellow cross).
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Fig. 3b. Activity Density and Distribution of hummingbirds in Tucson: ANHU is the
most widely distributed and found throughout the territory; COHU is also widely
distributed, but skewed towards western Tucson; BCHU and BBHU are narrowly
distributed in eastern Tucson. The map depicts weighted mean centers and standard
deviation ellipses of the geosets of the sampling territory, gT=yellow, and each of the
species: gANHU=red, gBCHU=black, gCOHU=purple, gBBHU=blue.
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Table 1. Parameter of dispersion and oblongity of the geosets of the different species. gT
is the geoset of the participants in the project (i.e., the sampling territory). Xc and Yc are
the projected coordinates of the weighted mean center (in km.). Parameters are calculated
along the principal x and y axes of the standard deviational ellipse.

geoset

g

T
ANHU
g
COHU
g
BCHU
g
BBHU

g

weighted mean
center
Xc
Yc
509.28
508.81
504.72
513.35
514.61

3571.55
3571.62
3574.48
3569.11
3570.48

standardized
eccentricity
T
eSP

standard
deviation

σx

σy

0.00 13.14 4.81
3.38 13.25 4.48
38.73 11.03 6.31
33.90 9.92 3.17
38.87 8.31 2.39

distance- standard
variance distance
2
d SP
d SP
195.88
195.55
161.57
108.48
74.72

14.00
13.98
12.71
10.42
8.64

looseness
d2
LSP = SP2
dT
1.000
0.998
0.825
0.554
0.381
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Broad-billed
Black-chinned

2500

N (# of incidents)

Costa’s
Rufous

2000
1500
1000
500
0

W

C
N
Area of Tucson

E

Fig. 4. Relative abundance of hummingbirds in the various areas of Tucson. N is the total
number of individual incidents reported for each species, regardless of behavior.
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Table 2. Species assemblies within yards. The number and proportion of yards with
various combinations of the different species.
Species
ANHU
BBHU
BCHU
COHU
ANHU COHU
ANHU BCHU
COHU BCHU
BCHU BBHU
ANHU BBHU
COHU BBHU
ANHU BBHU
ANHU BCHU
ANHU BBHU
COHU BBHU
ANHU BBHU
Total Yards:

COHU
COHU
BCHU
BCHU
BCHU

# Yards Proportion
4
0.129032
0
0
2
0.064516
2
0.064516
2
0.064516
5
0.16129
1
0.032258
0
0
0
0
0
0
3
0.096774
4
0.129032
2
0.064516
0
0
6
0.193548
31
1

COHU

20
11

2

5

1

2
6

4

4
3

2
2

18

26

Fig. 5. Venn diagram depicting the number of yards containing the various species
assemblies. ANHU = red, BCHU = black, COHU = purple, BBHU = blue. Numbers on
the perimeter are the total number of yards containing a given species.
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Table 3. Species reported in addition to the four focal species of the study:
Hummingbird
species
rufous / Allan’s
broad-tailed
Lucifer
Violet-crowned

# incidents

# yards

128
10
1
2

8
4
1
1

Area of Tucson
all except east
all except center
east
west

Table 4a. A species matrix of pairwise chasing interactions (n=240).
Chaser species
Target species
ANHU
COHU
BCHU
BBHU

ANHU

COHU

BCHU

BBHU

85
25
10
3

30
45
4
1

3
0
18
7

5
0
3
5

Table 4b. Goodness of fit comparison of observed number of incidents of intraspecific
chases vs. expected. Total number of pairwise chasing interactions is n=240. To obtain
the significance level Pr is compared to the

χ

2
2k

distribution (rather than the degrees of

freedom, υ, we use 2k).
Species
ANHU
COHU
BCHU
BBHU

k
(# yards)
7
8
7
6

2k
14
16
14
12

Fisher’s
combined Pr
42.509
6.279
30.334
0.565

Significance

Outcome

P<0.001
NS
P<0.01
NS

Intra>Inter
Intra=Inter
Intra>Inter
Intra=Inter
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Table 5. Outcome of aggressive chasing interactions between the various species of
hummingbirds. I present results of both a X2 test and an Exact Binomial test. When the
expected value is smaller than 5, the results of the Exact Binomial test should be
considered. The last column shows the results of a conservative scenario of BCHU
having a slightly higher probability of winning (P=0.6).
A
B
Exp. d.f.
Interacting
# of
sp.
interactions chaser chaser
A-B
AN-CO
55
25
30
27.5 1
AN- BC
13
10
3
6.5
1
AN-BB
8
3
5
4
1
CO-BC
4
4
0
2
1
CO-BB
1
1
0
BB-BC
10
3
7
5
1

X2

P

Exact
Exact
Binomial
Binomial
(corrected)
p=q=0.5 PBCHU=0.6
0.47
NS
0.295
-3.85 <0.05 0.0461
0.008
0.625
NS
0.7266
-4.25 <0.05 0.0625
0.026
too few interactions
1.7
NS
0.171
--

CO
30
AN
25

# of incidents as chaser

20
15

*
AN
10

BC
BB

5

BC

AN

CO

*

BB

CO
BC

BB

0

0

Interacting species pair
Fig. 6. Outcome of interspecific interactions vary between species. * denotes a
significance level of α<0.05 (see table 5 for more detailed statistical results).
AN = Anna’s hummingbird, CO = Costa’s hummingbird, BC = black-chinned
hummingbird, BB = broad-billed hummingbird.
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Fig. 7. Timeline with historical reports in the literature on the occurrence of the various
hummingbird species in Tucson. The species are ANHU = Anna’s hummingbird, COHU
= Costa’s hummingbird, BCHU = black-chinned hummingbird, BBHU = broad-billed
hummingbird. The line is thicker for species that are relatively more abundant. A
continuous line denotes that the species is resident year-round in Tucson; whereas a
dashed line depicts a seasonal occurrence in Tucson during the spring and summer.
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APPENDICES
Appendix 1. Information collected during online registration for the Tucson
Hummingbird Project.
Name
First

Last

Home Address:
Nearby major
intersection:

&

City/Town:

State

Zip/Postal code:

-

Phone number: (

)

AZ

E-mail:
I live in:

a private house

an apartment complex

Size of my yards is
sq. ft.

Landscaping:

My yard / the complex has (check all that apply)
Natural desert
Native plants
Arid landscaping with non-native plants
Other landscaping
Mostly bare area
It includes the following trees:
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I have "hummingbird plants" in the yard:

78
No

List known "hummingbird plants" in the yard:

Feeder
information:

I now have

feeders in the yard.

For this project I will put a total of
option).

feeders (0 feeders is also an

Hummingbirds: I have seen the following hummingbirds in the yard (check all
that apply):
Anna's hummingbird
Black-chinned hummingbird
Costa's hummingbird
Broad-billed hummingbird
Unknown
Other,
including:

Comments:

Date
MM DD YYYY
Reset

Submit
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Appendix 2. Abundance data collection sheet.
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Appendix 3. Behavior and abundance data collection sheet.
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APPENDIX B

AGGRESSIVE RESOURCE NEGLECT (ARN): A MECHANISM PROMOTING
DIVERSITY AND UNDERLYING THE RESOURCE-DIVERSITY RELATIONSHIP
IN HUMMINGBIRDS
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Aggressive Resource Neglect (ARN): A Mechanism Promoting Diversity
and Underlying the Resource-Diversity Relationship in Hummingbirds

ABSTRACT
Hypothesis: When there are more resources that are distributed over a larger area,
dominant territory owners face a defensibility constraint. They cannot successfully
defend all the resources. This causes aggressive hummingbirds, which are chasing other
individuals, to neglect feeding opportunities; permitting access of other species to the
neglected resources and the area. I term this Aggressive Resource Neglect (ARN).
Organisms: The four most common hummingbird species in Tucson: Anna’s (Calypte

anna), Black-chinned (Archilochus alexandri), Costa’s (Calypte costae), and Broadbilled (Cynanthus latirostris) hummingbirds.
Field site: Private backyards in Tucson, Arizona, USA.
Methods: Trained citizen-scientists monitored and reported hummingbird abundance and
behavior in their backyards. Amount of resources (feeders) varied between yards.
Results:
1.

Diversity increased as the number of feeders increased.

2.

Intraspecific competition prevails over interspecific competition in the most
common species, Anna’s and Black-chinned hummingbirds. They chase
conspecifics significantly more than heterospecifics.

Conclusion: Aggressive resource neglect can promote coexistence and higher diversity
in human manipulated areas.

Keywords: hummingbirds, coexistence, aggressive resource neglect, biodiversity,
interference competition, interspecific competition, intraspecific competition, community
ecology, hummingbird feeders, urban ecology, citizen science, reconciliation.
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INTRODUCTION
Mozart’s Papageno attracted birds with a flute. Although it sounds like one, it isn’t
magic. For hummingbirds, for example, we know it should be a flute filled with sugar
water. In the following study, I show why this works.

Diversity within a habitat is determined largely by ecology and species interactions.
Indeed, interference competition has been studied extensively as a density-dependent
mechanism, regulating species distribution and habitat use. It could act either on the
interspecific level (reviews in Cody 1974; Connell 1983; Schoener 1983; Rosenzweig
1995) or on the intraspecific level (Morisita 1950 in 1997; Fretwell and Lucas, 1969;
Fretwell 1972; Holt 1985, 1987).

When individuals compete for the same resource, interspecific aggressive interference
can promote coexistence through spatial or temporal habitat partitioning (Brown 1971;
Heller 1971; Caccamise 1974; Schaffer et al. 1979; Pimm et al. 1985; Whitham 1986;
Kotler et al. 1993; Chesson 1986, 2000a). Intraspecific aggression and territoriality were
examined mostly as a mechanism for spacing out populations (Brown and Orians 1970).
That is also the main aspect of intraspecific aggression that has been emphasized in birds
(review in Brown 1969).

Studies to date, have rarely examined the effect of intraspecific aggression in
promoting coexistence and diversity within a habitat. That is especially true in urban
areas, where the role of community organization and mechanisms of coexistence are
poorly understood (Collins et al. 2000). This hummingbird study begins to fill that
knowledge gap.

Studying the ecology of a species in an urban setting has several advantages. It
enhances our understanding of biodiversity and ecology in human inhabited landscapes,
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which is meaningful for pure science as well as conserving the species through
reconciliation ecology practices (Collins et al. 2000; Rosenzweig 2003a; Bachi 2008a, c).

Interference competition and territorial defense are an import aspect of hummingbird
behavior. These interactions are a function of the temporal and spatial distribution of
resources (Stiles and Wolf 1970; Wolf 1970; Lyon et al. 1977; Kodric-Brown and Brown
1978; Pimm 1978; Pimm at al. 1985; Ewald and Bransfield 1987; Powers and McKee
1994; and reviews in Cody 1968; Carpenter 1987).

“Linking pattern with process to understand species coexistence” has been identified
by the US National Science Foundation as a research priority. Especially the need for
empirical studies in this area (Agrawal et al. 2007). Here, I study the resource-diversity
relationship in hummingbirds. In search of a mechanism underlying this pattern, I also
studied competitive interactions within and among four species of hummingbirds. The
experimental evidence shows that resource augmentation causes diversity to rise. I
discuss the theoretical and practical implications of this study: intraspecific aggressive
resource neglect can promote interspecific coexistence. In a previous paper, I explored
the distribution and community organization of hummingbirds in Tucson, AZ (Bachi
2008a). Results of this study and understanding the ecological mechanism underlying
hummingbird distribution, will further enable us to suggest scientifically based ways to
reconcile human habitats with native hummingbirds (Bachi 2008c). By adding resources
following an ecologically based protocol, we can actively increase biodiversity within a
habitat.
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METHODS
Study design
1

To carry out this study, I followed the example of the Tucson Bird Count (Turner

2003), and established the Tucson Hummingbird Project – a citizen science,
reconciliation ecology project. Its aim is to study community ecology, monitor, and
conserve hummingbirds in Tucson, Arizona.

I recruited project participants from the local community; mainly birders from the
Tucson Audubon Society and docents at the Arizona-Sonora Desert Museum. Initial
registration included address, details on yard landscaping, hummingbird plants and
number of feeders. Each participant received a project-kit, which included project
instructions, coupons to buy feeders and a hummingbird guide, courtesy of the ArizonaSonora Desert Museum. Instructions included feeder maintenance (with 20% sucrose
solution), and data collection protocols (details in Bachi 2008c). In yards with more than
one feeder, feeders were positioned at least 2 meters apart and all within observation
distance of each other. The citizen scientists collected hummingbird data in their
backyards once weekly, for 30 minutes between sunrise and 9:00AM. These are hours of
high hummingbird activity (Calder 1975; Calder et al. 1990). The project ran from April
through October 2005-2006. Participants registered for the project and reported their data
online (http://hummingbirds.arizona.edu; Bachi 2004).

All participants reported abundance and foraging preferences of hummingbirds. Data
included the species name, sex, and whether the bird ate from a feeder or from a plant. In
the latter case, plant name was also recorded. Additionally, some participants who were
particularly proficient in identifying hummingbird species reported also behavior. In that
case, they noted and timed the following behaviors: feeding, perching, singing, scout
flight or insect feeding, display flight, chasing, and identity of the target of the display or

1

The description of the study design, study site, and data reliability sections appear also in Bachi 2008a, c.
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chasing activity. I used these data to study competitive interactions and establish
hierarchy between species and territoriality (sensu Stiles 1982; Goldberg and Ewald
1991).

Study Site
Tucson (32º12´ N, 110º57´ W) lies at an elevation of 720m. in a Sonoran Desert
basin. The valley, is surrounded by mountains: Santa Catalina Mountains on the north
(max. elev. 2,791m), Rincon Mountains on the east (max. 2,640m), and Tucson
Mountains on the west (max. elev. 1,429m). Oak woodland and coniferous forest cap the
higher mountains, and riparian canyons slope down into Arizona Upland habitat at the
base. Proximity of these natural habitats characterizes the urban areas: Arizona Upland
vegetation to the east, north, and west; creosote flats to the south (see full description in
Turner and Brown 1982; Robichaux 1999; Phillips and Comus 2000).
The urban area covers approximately 600km2 and has a population of about 700,000
(data and estimate for 2006; U.S. Census Bureau 2006; City of Tucson 2007). Urbanrural gradients characterize Tucson. The residential areas are primarily one story, singlefamily houses, on lots starting at about 600m2 in central Tucson and increasing in size
towards the outskirts of the city and the foothills. Landscaping includes various
proportions of native and non-native vegetation (Emlen 1974; Bachi 2008c).

Data reliability
We took a few measures to increase data reliability. These included analyzing only
data on male hummingbirds, which are easier to identify; visiting yards of participants
and establishing the accuracy of species identification and data collection; and, finally,
error checks and correction of the database.
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Statistical analysis
We quantified the activity density of hummingbirds (N), rather than actual abundance
of hummingbirds. Pimm at al. (1985) and Abramsky et al. (2000) detail the
methodological justification for using activity densities rather than actual population size.
I used SYSTAT 12.0 (Systat Software Inc.), and JMP 7.0 (SAS Inst. Inc.) software for
statistical analysis.

Five participants of the Tucson Hummingbird Project resided outside Tucson (in
Marana, Vail, Sahuarita, Green Valley and Rio Rico). Due to the distance and small
sample size from these areas, I did not include them in the diversity-related analysis. I
included only data from Tucson and its immediate surrounding for the spatial analysis.
However, I used all of the data to study the pairwise species interactions.
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RESULTS
Four species of hummingbirds are most abundant in Tucson (Fig. 1): Anna’s
hummingbird (Calypte anna, hereafter ANHU), Black-chinned hummingbird
(Archilochus alexandri, hereafter BCHU), Costa’s hummingbird (Calypte costae,
hereafter COHU), and Broad-billed hummingbird (Cynanthus latirostris, hereafter
BBHU).

Diversity increased with resource augmentation
Yards varied in the number of feeders (Table 1); an average yard had 2-3 feeders and
2-3 hummingbird species (n = 32, X

feeder

= 2.750 , X species = 2.906 ). For statistical

reasons, I binned the number of feeders (Zar 1996). Here, I show and discuss the effects
of feeders (Fig. 2). Elsewhere, I discuss the effects of landscaping and other factors
(Bachi 2008c).

Abundance of hummingbird species in Tucson fits the shape of a log series
distribution (Linear regression: F1,8 = 64.583, P<0.000, R2=0.915; log N = 4.748 -

0.597Speciesrank). A property of small samples in a log-series distribution is that diversity
increases linearly with log abundance (Fisher et al. 1943; May 1975). Indeed,
hummingbird diversity (S) increased with log population size (N; Linear regression:

S=1.583logN+0.390; F1,37=69.612; P<0.0001; R2=0.665). I used the program WS2M
(Turner et al. 2000) to compare the performance of various diversity estimators using the
data of this study. Fisher’s α was the most accurate and required the smallest sample size
to obtain accurate diversity estimates. Fisher’s α is a relative measure of species diversity
that is independent of sample size; it assumes a log-series distribution (Fisher et al. 1943).
With our data, Fisher’s α was indeed independent of population size (Linear regression:
α=0.850-0.061logN; F1,35=0.658; P=0.423; R2=0.020). Therefore, I eliminated sampling
effect by using Fisher’s α in all further diversity analysis.
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Diversity of hummingbirds, measured by Fisher’s α, increased as there were more
feeders, and as there were more landscape types (Multiple Regression: log α = -

0.696+0.588 log feeders+0.656 log landscape; F2,30=9.973; PModel=0.001; R2=0.420; Plog
feeders=0.002;

Plog landscape =0.026).

Intraspecific vs. interspecific competition
We quantified interference competition through direct aggression and chasing
behavior. Project participants observed a total of 240 pairwise chasing interactions (Table
2a). Ecologically, we expect competitive interactions to differ within and between
species. Homogeneity across species was also rejected statistically (Heterogeneity
χ2=54.489, d.f =7, P<0.001). This supports my approach of analyzing chasing interactions
on the species level, rather than pooling the chasings across species (Zar 1996).

To test whether a given species is more likely to chase conspecifics or
heterospecifics, we analyzed the proportion of intra- to interspecific chases. I used a
goodness of fit test; for each species, I compared the observed number of intraspecific
chases with the expected. I generated the expected number of intraspecific chases by
taking into account the relative abundances of each species per yard and the subsequent
binomial chase probability. We performed separate Exact Binomial tests for each of the
yards and obtained the one-tailed probabilities (pi). I then used Fisher’s combined
probabilities:
k

Pr = −2∑ ln( p i )
i =1

Pr is compared with

χ

2
2k

distribution (Fisher 1954; Walsh 2004). Table 2b contains

the results of Fisher’s combined probabilities per species. ANHU and BCHU are each
involved in significantly more intraspecific chases than expected. They prefer to chase
individuals of their own species, over other species. COHU and BBHU did not show such
a preference.
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There was no apparent relationship between resource augmentation and frequency of
competitive interactions. When pooled across species, overall proportion of chasing
activity vs. other activities did not increase as feeders were added (Linear regression:

F1,19 = 0.161, P=0.693, R2=0.009); Neither did proportion of intraspecific to interspecific
chases (Linear regression: F1,20 = 2.712, P=0.117, R2=0.131). Relative chase frequency
per feeder also did not increase with the number of feeders (Linear regression:

F1,19=1.630; P=0.219; R2=0.087).
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DISCUSSION
Summary of results and the pattern
Hummingbird abundance in Tucson adheres to a log-series distribution. Fitting the
hummingbird diversity to a log-series distribution, which is what Fisher’s α assumes,
makes sense from a statistical and a biological perspective. Statistically, samples taken
from a population with a log-series distribution are also log-series distributed (Fisher et
al. 1943; May 1975). Biologically, a species abundance curve is expected to follow a logseries distribution when a single factor has a major influence on the community ecology,
and there is strong dominance of one species. This typically occurs in early succession, or
harsh environments (Whittaker 1965, 1972; May 1975). This ecological scenario
accurately describes the situation in our study: there is a strong dominance relationship
among the hummingbirds (Bachi 2008a); and as I discuss here, feeding opportunities are
the main limiting factor.

Hummingbird diversity, rather than merely abundance, increased with resource
augmentation. Intraspecific competition takes precedence over interspecific competition
in Anna’s and Black-chinned hummingbirds. Unlike BCHU, ANHU is dominant over
most heterospecifics (Bachi 2008a). That is not surprising; ANHU is known for its
pugnacity and territoriality (Bowles, 1910; Pitelka 1951; Stiles 1971, 1973; Calder 1975;
Ewald 1985; Powers 1987; Goldberg and Ewald, 1991). Those species are the most
widely distributed hummingbirds in Tucson (Bachi 2008a; TBC 2008).

In this study, we increased the number of feeders, not the sugar ratio per feeder. The
latter would be equivalent to increasing productivity (such as in Pimm et al. 1985; Ewald
and Bransfield 1987). By adding feeders according to the study protocol, we increased
the distribution of resources, as well as their amount. Feeders were placed at least 2
meters apart, but within sight of each other. This limited the ability of the territory owner
to protect the feeders. It also prevented the likelihood of two territorial individuals
splitting the area.
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Proposed mechanism underlying the pattern – aggressive resource neglect
I propose aggressive resource neglect as the mechanism underlying our results. When
there are more feeders, defensibility decreases. While the dominant Anna’s
hummingbird, chases conspecifics, it neglects the feeders; enabling other species to
access the feeders. This eventually results in higher diversity.

Aggressive neglect was first described by Ripley (1959) and examined theoretically
by Hutchinson and MacArthur (1959). They define aggressive neglect as “the tendency
of one species to neglect its brood, owing to the release of excessive aggressive behavior
due to the presence of a second species” (Hutchinson and MacArthur 1959). Indeed, it
was studied mostly in the context of brood neglect and its negative effect on reproduction
efficiency (e.g., Ripley 1959; Rowan 1966). Furthermore, aggressive neglect of the brood
was studied mostly as a means of maintaining interspecific dominance and habitat
displacement (e.g., Ripley 1959, 1961; Warner and Hoffman 1980). In all those studies,
the focus is on the trade-off between reproduction and territorial defense.

Here, I refer to the trade-off between resources and territorial defense. In order to
distinguish between these very different trade-offs (albeit both involving competition),
and differentiate our case from aggressive neglect of brood, I use the term Aggressive
Resource Neglect (ARN). We can define ARN as the tendency of a species to neglect its
resource patch or territory, owing to aggressive competition.

Few studies have looked at the effect of resources on aggressive neglect. One
exception is Brown (1971), who studied competitive exclusion between two species of
chipmunks, and reports that in a narrow area of overlap interspecific aggressive neglect
enables their coexistence.

The scenario I discuss is of intraspecific ARN, in which the territory-owner chases
conspecific intruders significantly more than heterospecific intruders. ARN caused by
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intraspecific aggression of a dominant species, promotes coexistence with subordinate
species. The resource neglect provides a window of opportunity for subordinate species
to take advantage of the resources. The result is an overall increase in species diversity
and coexistence. Had it not been for intraspecific aggression taking precedence over
interspecific aggression, the outcome would be competitive exclusion of the subordinate
species.

Territorial behavior is manifested in aggression. Although it may appear so, the
aggressive response does not have to be due to competition for resources. Even when
resources are plentiful and essentially unlimited, the aggression may serve to protect the
territory for nesting, mating, and shelter (Lack and Venables 1939; Udvardy 1951; Brown
1964; Orians and Wilson 1964; Huntingford and Turner 1987). There are only a few
examples of animals ceasing to defend a territory when food is plentiful (review in Grant
1993). Grant (1993) concludes, “While upper thresholds of food density for defense are
theoretically possible, they may be rare in wild populations”.

Hummingbirds, especially Anna’s hummingbird, continue to defend territories even
when food is unlimited (whether it is feeders or flowers; Ewald and Carpenter 1978;
Kodric-Brown and Brown 1978; Ewald and Orians 1983; review in Carpenter 1987). As
long as feeders are in sight of each other, the territory owner is likely to continue
defending them.

In the following sections, I present a simple model to examine ARN. Based on this
model, I then discuss alternative outcomes and implications.

Bachi 2008b_Aggressive Resource Neglect

94

Modeling the role of ARN in competition
Let us examine a two-species system using the basic Lotka-Volterra model (Volterra
1926; Lotka 1932), and following the logic presented by Hutchinson and MacArthur
(1959) for aggressive brood neglect. I use the linear equations with absolute coefficients
(following Chesson and Huntly 1997 and Chesson 2000a). The outcomes of the nonlinear form are similar (MacArthur 1958; Rosenzweig 1973). For clarification, I will
focus on competitive interactions between ANHU and BCHU and suggest a mechanism
underlying the resource-diversity pattern we found in Tucson. Let b denote BCHU, the
original inhabitant of Tucson; a denote ANHU, the invader.

For BCHU:

dN b
= rb N b (1 − α bb N b − α ba N a )
dt

And for ANHU:

dN a
= ra N a (1 − α aa N a − α ab N b )
dt

Where N is the population size, t is time, r is the intrinsic rate of increase, αbb and αaa
are the coefficients of intraspecific competition, and αba and αab are the coefficient of
interspecific competition.

A. Without ARN
We have a system of two species with shared preference, in which ANHU has
managed to invade Tucson and is competitively excluding BCHU (Bachi 2008a). The
theory suggests that for a dominant species to competitively exclude another,
interspecific competition should be greater than intraspecific competition. That is, ANHU
depresses BCHU more than it depresses its own species). Therefore:
αaa < αba
When there is one feeder (or feeders are far enough apart and there are multiple
perching points), defensibility is maximal. Therefore, ANHUs take over BCHU feeding
territories and competitively exclude BCHUs. The relative effect of ANHU on BCHU is
higher than on itself (individuals of ANHU can establish separate territories).
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B. With ARN
In my proposed mechanism, intraspecific aggressive resource neglect enables ANHU
and BCHU to coexist. I add n to denote the competitive coefficients when ARN occurs.
Given that both species coexist, the new equilibrium solution is:
αnaa > αnba and αnbb > αnab
With aggressive resource neglect, the relative effect of intraspecific competition
among ANHU is greater than interspecific competition. That is, because ANHU is busy
chasing itself and intraspecific competition takes precedence over interspecific
competition, its relative effect on BCHU decreases. BCHU also suffers more from
intraspecific competition (In addition to the fact that ANHU is dominant and does not
chase it as much, the empirical results show that BCHU prefers chasing conspecifics).

The competitive dynamics of the dominant species are the significant parameter in
our system. Let us now focus on ARN by the dominant species, ANHU, and examine it
theoretically. Given that αnbb > αnab, ARN promotes coexistence between the two species
as long as αnaa > αnba. (That is, in the standard form of the Lotka-Volterra
equations αβ < 1 . But Chesson (personal communication) points out that these conditions
are not sufficient for coexistence).

We can now define the following:

α naa = α aa + ν
Where ν = coefficient of intraspecific aggressive resource neglect.

Let:

R = Resource amount in the territory.
D = Defensibility; the ability of a territorial individual to defend the resources.
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The concept of ARN is relevant only as long as territoriality or some level of patch
defense exists. In these cases, ARN should inversely relate to the defensibility of the
territory. That is, ARN decreases as defensibility increases. Suppose defensibility is only
a function of resources. Most studies in nature do not find an upper limit to defense
efforts as a function of resources (review in Grant 1993). Some nectar feeding birds may
be an exception. Hummingbirds, however, do not cease to defend even when food is
unlimited (review in Carpenter 1987). Under these conditions, in the simplest case, we
can explore ARN for all D>0 (i.e.,ν > 0 ) and as an exponential function:

ν=

1
D( R)

Accordingly, the change in ARN as a function of resources R is:
dν − D ' ( R )
=
dR [ D( R)] 2

Qualitative predictions and applied implications of the model
We can distinguish between three different cases:
1)

D(R) is constant ⇒ D' ( R) = 0 ⇒

dν
=0
dR

Outcome: D, and with it ARN, is independent of resources.

In this case, defensibility is not a function of food resources. For example, when habitat
shape and structure, or nesting sites define defensibility. This case is beyond the scope of
our study.

Bachi 2008b_Aggressive Resource Neglect

2)

97

D(R) is an increasing function ⇒ D' ( R) > 0 ⇒

dν
<0
dR

Outcome: If relative D per R increases as we add resources, the effect of ARN decreases.
This is probably the most common scenario in urban areas. When we constantly replenish
artificial resources and have no minimum distance between them, resources become more
clustered as we add them. In effect we have unlimited resources, yet defensibility remains
equal (therefore, as we replenish resources, the relative defensibility per unit of resource
increases). This reduces ARN and increases the competitive ability of species a.
Referring to the Lotka-Volterra equations, we can see the outcome is a competitive
exclusion of species b by species a. In hummingbirds, this corresponds to maintaining
one or two close feeders. The invader dominant species, Anna’s hummingbird, ends up
excluding the native Black-chinned hummingbird.

3)

D(R) is a decreasing function ⇒ D' ( R) < 0 ⇒

dν
>0
dR

Outcome: If relative D per R decreases as we add resources, the effect of ARN increases.
This is probably the most common scenario in nature. An underlying assumption is that
resources acquire space. As resources are added, the area an individual would have to
defend increases. Defensibility diminishes and with it, ARN increases. Referring to the
Lotka-Volterra equations, we can see the outcome is a coexistence of the two species.
This case corresponds to our study system. By instigating a minimum distance between
feeders, we revert from outcome 2 to outcome 3. Every additional feeder decreases
defensibility per resource unit and increases ARN. This results in coexistence of Anna’s
and Black-chinned hummingbirds and higher diversity.

Generality of our results and the ARN mechanism
Intraspecific aggressive resource neglect, as demonstrated in results of this study and
the latter model is a stabilizing mechanism of coexistence. That is, it increases the effect
of intraspecific interactions relative to interspecific interactions (Chesson 2000a; see also
Chesson 1986 for a review of traditional mechanisms of coexistence).
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Traditional mechanisms of coexistence require an axis of environmental
heterogeneity and a differential ability of species to take advantage of this heterogeneity
(Chesson 1986, 2000a and references within; Brown 1989a; Kotler and Brown 1999).
We could force ARN into this framework by loosely defining that the environmental
heterogeneity manifests itself in the variance in resource distribution, with species having
differential abilities to defend these resources. But, I am not convinced that variance in
resource distribution is a necessary requirement for ARN to act as a mechanism of
coexistence.

Chesson (2000b) distinguishes between “variation-dependent” and variationindependent” mechanisms of coexistence. ARN belongs to the latter. It applies to
territorial species and relies on a defensibility constraint. It further requires that
intraspecific competition is stronger than interspecific competition. As such, ARN is a
stabilizing mechanism of coexistence (Chesson 2000a). When adding resources in a
manner that decreases their defensibility, one is adding a constraint for the dominant
species. It is this constraint and the consequent trade-off between foraging and territory
defense that prevents competitive exclusion.

Brown (1989b) proposed a mechanism for competitive coexistence on a seasonal
resource. It relies on a trade-off between foraging efficiency and maintenance efficiency,
and temporal variability in resource abundance (such as nectar concentrations, which
diminish throughout the day). His model may be especially applicable to some
hummingbirds in nature. For example, it can probably explain the coexistence of ANHU
and BCHU: with ANHU foraging when resources are plentiful; BCHU when patches are
poor (I discuss this further in Bachi 2008a). In human dominated environments, however,
artificial feeders provide a non-diminishing resource. Therefore, this mechanism is
inapplicable.
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Of course, assuming that defensibility is only a function of resources simplifies the
system. In actuality, the feasibility and decision to defend a territory depends on multiple
factors, including: competitor densities, temporal and spatial distribution of resources,
and supply of resources (Brown 1964; Carpenter 1987; Grant 1993). However, our
assumption is ecologically valid in light of the significance of resources seen in the
literature. I use it to examine particularly how a system prone to ARN will respond to
resource augmentation.

What is it about resource augmentation that causes defensibility to decline and ARN
to rise? There are two possible hypotheses with varying predictions:
1) The issue at hand may be one of an economic decision and optimality: additional

amount of resources enhance patch quality, causing relative intruder pressure to rise
(which in turn limits the defensibility) or lowers defense effort by the territory owner
(i.e., “economic defendability”; Brown 1964).
In this case, ARN would rise (and with it diversity) only if the proportion of
aggressive interactions increases as well.
2) Alternatively, the territory owner faces a constraint: resources may be more widely

distributed and the ability to defend them successfully decreases; that is, technical
defensibility decreases.
In this case, ARN would rise (and with it diversity) even if the frequency of
aggressive interactions does not increase.

Results of our study support the second hypothesis. Frequency of competitive
interactions did not rise when there were more feeders. Either way, these hypotheses are
not mutually exclusive. We cannot decisively rule out the first possibility because we do
not have behavior data from yards with only one feeder. The effect of increasing
resources may not be linear, and the difference in response from one to two feeders may
be stronger than from two to three or four feeders (for which we have results). Yards with
one feeder would enable to test ARN under maximum defensibility.
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Brown (1964) argues that “economic defendability” is one of the most important
determinants of territorial behavior. That should not surprise students of optimality
theory. An individual should defend a territory as long as the overall benefits exceed or
equal the overall costs of defense. By adding resources, the economics change (benefits
may increase, yet defense cost due to intruders may increase as well), and so should the
decision (Charnov 1976). Like any optimal decision, however, it is made in light of the
constraints. Next, I will elaborate on these two facets of resource augmentation, and the
contribution of this study to our understanding of each.
Amount of resources and patch quality
Higher patch quality induces competitive aggression (Carpenter 1987; Grant 1993).
Specifically, some hummingbird studies suggest that when food is unlimited more
intraspecific intruders are chased (Lyon et al. 1977; Kodric-Brown et al. 1984; Powers
and McKee 1994). Our results on intraspecific vs. interspecific competition are congruent
with these studies. When it comes to feeders, the resources are essentially unlimited. One
properly maintained feeder provides ample resources. Nevertheless, as we add feeders the
perceived quality may increase. This study allows us to understand how we can increase
patch quality (an intrinsic factor) in order to induce competitive aggression (an extrinsic
factor), which will lead to ARN. It is not patch quality per se that increases diversity;
rather the competitive response to it.
Distribution of resources and patch defensibility
The crucial factor determining probability and success of aggressive defense is
probably the distribution and density of resources, rather than their amount (Grant 1993).
When resources are clumped, they are physically more defendable. Although research on
the interaction between spatial distribution of resources and intruder pressure is limited, it
suggests that when resources are clumped aggression increases in an attempt to defend
these resources (Grant 1993; Goldberg et al. 2001; Johnson et al. 2004). In
hummingbirds, when intruder pressure increases, and with it cost of defense, the
dominant species spends less time defending resources (Lyon et al. 1977; Kodric-Brown
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and Brown 1978; Pimm 1978; see also review in Carpenter 1987). Qualitative results of
our model remain the same, even if we use economic defensibility (the tendency to
defend a territory), rather than the physical defensibility. Hence, the mechanism
promoting diversity in the aforementioned cases also seems to be ARN.

Beyond these economic decisions, higher distribution of resources primarily poses a
constraint. Indeed, studies have shown that the probability of successfully defending
resources, and accordingly foraging success of dominant individuals, declines as patch
size increases (Zahavi 1971; review in Grant 1993). This study demonstrates how we can
induce ARN by adding resources and reducing the defensibility of a territory.

Defensibility might very well be a control variable (Rosenzweig 1986) that can cause
a gradual change in hummingbird habitat use. As we lower the defensibility of patches
(for example, by adding feeders at certain distances), we get a gradually increasing ARN
and with it new species using the patch, ultimately causing diversity to rise.

ARN in human dominated habitats
For all purposes, Anna’s hummingbird is an exotic species in Tucson (technically it is
a range expander). Rosenzweig (2004) emphasizes the need to study why exotic species
sometimes enhance local diversity and at other cases, they do not. In this study, the
explanation lies in the combined effects of the role of the exotic species in the local
community organization and the distribution of artificial resources. For ARN to raise
diversity effectively, the most abundant species, which may be dominant over other
species, should have a preference to chase conspecifics. We cannot control the
community organization, but we can control resources and affect whether the outcome
will be competitive exclusion, or competitive coexistence.

At least eight hummingbird species are found to different extents and during different
seasons in Tucson (details in Bachi 2008a). In this paper, I demonstrate the mechanism of
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ARN by focusing on Anna’s and black-chinned hummingbirds as an example. ARN by
Anna’s hummingbird enables other species, in addition to Black-chinned hummingbirds,
to access the feeders. Therefore, ARN has a stronger effect on hummingbird diversity
than I detail here.

Little theory and experimental work has been done on community organization and
mechanisms of coexistence in human dominated habitats. The mechanisms promoting
coexistence and higher diversity may vary in these cases, depending on the community
organization of the focal species. Non-territorial species in human dominated habitats are
likely to have alternative competitive relationships than those I presented in this study.
Our hope is that others will follow this study and examine the role of community
organization and mechanisms of exclusion and coexistence in human manipulated areas.
This information is essential for ecologically based, intentional reconciliation of wildlife.

Intraspecific aggressive resource neglect, as demonstrated in our model system, may
be considered a mechanism of competitive coexistence. Resource distribution and
defensibility are the varying niche access (Levins 1979). The competitive ability and
preference to defend and utilize the resources differs between species. In fact, relying on
ARN we can actively promote species coexistence and diversity within a habitat.
Artificial resource augmentation, when engineered following system-specific ecological
principals, can be used to increase biodiversity and surround ourselves with native
wildlife, such as hummingbirds.

To be Papageno, one should replace the magic flute and bells with feeders,
enabling to indeed equally give sugars (“der gäb ich gleich den Zukker her”; Schikaneder
and Mozart 1791).
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Fig. 1. Four species of hummingbirds are most abundant in Tucson. Pictures are of males,
except for the Costa’s hummingbird, which is a female with a uniquely colorful gorget.

Table 1. Feeder distribution among yards of project participants (n=32). Yards with 4 or
more feeders were binned for the statistical analysis.
Number of feeders in a yard 1 2 3 4 5 6 7 8
Number of yards
5 12 10 2 0 1 1 1
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Fig. 2. Feeders caused a rise in hummingbird diversity (quantified by Fisher’s α). Raw
data are presented on a log-log scale, for which I did the statistical analysis.

Table 2a. A species matrix of pairwise chasing interactions (n=240).
Chaser species
ANHU
COHU
BCHU
Target species
ANHU
85
30
3
COHU
25
45
0
BCHU
10
4
18
BBHU
3
1
7

BBHU
5
0
3
5

Table 2b. Goodness of fit comparison of observed number of incidents of intraspecific
chases vs. expected. To obtain the significance level, Pr is compared to the χ 2
2k

distribution (rather than the degrees of freedom, υ, we use 2k). Observed number of
intraspecific interactions was significantly higher than expected for ANHU and BCHU.
Species
ANHU
COHU
BCHU
BBHU

k
(# yards)
7
8
7
6

2k Fisher’s combined Pr Significance

Outcome

14
16
14
12

Intra>Inter
Intra=Inter
Intra>Inter
Intra=Inter

42.509
6.279
30.334
0.565

P<0.001
NS
P<0.01
NS
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Applying Community Ecology to Reconciliation of Human-Dominated
Habitats: Case Study with Hummingbirds

ABSTRACT
Questions: What is the relationship between hummingbird diversity and the various
components that characterize urban yards (landscaping, nectar plants, feeders, location,
and size)? How can we integrate such knowledge with principals of community ecology
to reconcile cities for native wildlife?
Organisms: Hummingbirds (family: Trochilidae).
Field site: Private backyards in the various areas of Tucson, Arizona, USA.
Methods: Trained citizen-scientists monitored hummingbirds in their backyards. They
reported abundance and behavior. Yards varied in landscaping and had 1 to 8 feeders.
Results:
1. Four hummingbird species are most abundant in Tucson: Anna’s (Calypte anna),
black-chinned (Archilochus alexandri), Costa’s (Calypte costae), and broad-billed
(Cynanthus latirostris) hummingbirds.
2. Diversity is greater if there are more landscape types (habitat heterogeneity) in a yard.
3. Diversity also increases as the number of feeders increases.
4. Diversity was greater in yards with nectar plants. There was no statistical interaction
between feeders and nectar plants to affect diversity.
5. All four species preferred feeders compared to nectar plants.
Conclusions: We can apply principals of community ecology to reconcile humandominated areas for wildlife: adding artificial resources or habitat diversity can promote
species coexistence, eventually resulting in higher diversity. Specifically, we can
manipulate backyards to enhance native hummingbird diversity in urban areas, and
provide stopover habitats for migrating ones.

Keywords: backyard habitats, bats, citizen science, community ecology, competition,
conservation, diversity, environmental justice, feeders, habitat diversity, hummingbirds,
hummingbird plants, reconciliation ecology, urban ecology.
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INTRODUCTION
Habitat loss due to human development is among the main causes of species
extinctions nowadays (Sisk et al. 1994; Vitousek et al. 1997; Wilcove et al. 1986, 1998;
Sala et al. 2000; IUCN 2007; USFWS 2008). This includes habitat loss due to spread of
agriculture, logging, industry, and urbanization. As a group, hummingbirds are among the
many species jeopardized by human development. Of about 340 known species of
hummingbirds (all in the Americas) 90 are red listed; at least five of these are endangered
or critically endangered (IUCN 2007). Four years ago, when I started this study, 66 were
red listed; at least two considered extinct and the rest declining (IUCN 2003). The listing
criteria have not changed during these four years.

Concern for hummingbirds comes from loss and degradation of their primary habitats
and of stopover habitats, which are used by migratory species (Nabhan 2004). But
development and biodiversity need not conflict. With little effort, even urban areas could
provide valuable replacements for degraded natural habitats. Hummingbirds are one of
many native treasures people could enjoy in backyards.

Reconciliation ecology is “the science of inventing, establishing and maintaining new
habitats to conserve species diversity where people live, work or play” (Rosenzweig
2003). The urgency and rationale of practicing reconciliation are well grounded in
ecology and discussed in Rosenzweig (2004). Nevertheless, seldom is the ecology of a
system studied in order to reconcile it intentionally using a strong scientific foundation.
In this study, I give an example of applying fundamental ecological principals and our
knowledge of community ecology to begin reconciling Tucson for hummingbirds.

Anna’s hummingbird was first documented to nest in Arizona in 1964 (Zimmerman
1973). Nowadays, it is the most common species in Tucson (Turner 2002; Bachi 2008a).
Its range expansion has been attributed to the increase in hummingbird feeders and exotic
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plants (Russell 1996; Wethington and Russell 2003). While densities of Anna’s
hummingbirds are higher in Tucson compared to the surrounding natural habitats, other
native species of hummingbirds, though found in the city, are not as common. In previous
papers, I explore why Anna’s hummingbird is so common (Bachi 2008a, b). Here, I look
at what we can do to improve the city for the other species.

The region of Tucson today has over half a million people (City of Tucson 2007). The
city’s expansion is fairly recent: up until the early 1900s, there were only about 14,000
residents in the entire county (Forstall 1995). Development and increased human pressure
quickly destroyed native habitats and their diversity. In light of this degradation of the
original natural habitats, the only remedy is to provide artificial habitats and reconcile the
city so it can once again harbor its diversity of native wildlife. But what should these
artificial habitats look like?

Multiple studies, many of which were conducted in Tucson, have found that native
landscaping correlates with overall native avian diversity in human-dominated areas
(Emlen 1974; Thomas et al. 1977; Green 1984; Tweit and Tweit 1986; Mills et al., 1989;
Germaine et al. 1998; Green and Baker 2003; Turner 2006). Moreover, some studies have
found that vegetation factors had a higher effect on breeding bird density than measures
of housing density (Mills et al. 1989). But is native landscaping enough to harbor a
diversity of closely related species within a specific taxon? When we design an urban
habitat with “native landscaping”, how do we replace the mosaic of different
microhabitats that exists in nature?

Regardless of landscaping, in most cases, urbanization reduces native species
diversity and population density. For some species, however, we may see the opposite
trend. Urban areas, though highly disturbed and rich in domestic predators (such as cats),
are also richer in resources. Hummingbirds are an excellent example: due to the common
use of artificial feeders, urban areas may sometimes provide more resources than the
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natural surrounding habitats, causing increased numbers of hummingbirds. The fact that
new food resources, such as feeders, may affect a hummingbird population at a local
level if not through an overall range expansion has been suggested previously (e.g.,
Inouye et al. 1991; Wethington and Russell 2003). Despite the popularity of artificial
feeders though, I am unaware of any study that tested whether feeders affect only the
population densities of hummingbirds, or also the number of hummingbird species. Jones
and Reynolds (2008) point out to the general lack of reliable knowledge on the effects of
feeding birds in urban areas.

In this study, I use well-established community ecology theory and the considerable
amount of published knowledge about hummingbirds to design and test a system to
increase native hummingbird populations and diversity in human-dominated areas.
Backyard habitats are important. However, my recommendations do not call merely for
creation of a backyard habitat. Beyond that, following Rosenzweig (2003a), I give a
reconciliation recipe for a specific focal taxon with members that are of conservation
concern. Specifically, I studied the Activity Density Distribution (ADD) of
hummingbirds in relation to various urban factors, such as landscaping and feeding
resources (nectar plants and artificial feeders). I then apply the knowledge gained to
suggest ways to reconcile human habitats for hummingbirds and indeed add diversity.
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METHODS
Study Site
3

Tucson (32º12´ N, 110º57´ W) lies at an elevation of 720m in a Sonoran Desert

basin. The valley is surrounded by mountains: Santa Catalina Mountains on the north
(max. elev. 2,791m), Rincon Mountains on the east (max. 2,640m), and Tucson
Mountains on the west (max. elev. 1,429m). Oak woodland and coniferous forest cap the
higher mountains, and riparian canyons slope down into Arizona Upland habitat at their
base. Proximity of natural habitats characterizes the urban areas: Arizona Upland
vegetation to the east, north, and west; creosote flats to the south (see full description in
Turner and Brown 1982; Robichaux 1999; Phillips and Comus 2000).
The urban area covers approximately 600km2 and has a population of about 700,000
(data and estimate for 2006; US Census Bureau 2006; City of Tucson 2007). Urban-rural
gradients characterize Tucson. The residential areas are primarily one story, single-family
houses on lots starting at about 600m2 in central Tucson and increasing in size towards
the outskirts of the city and the foothills. Landscaping includes various proportions of
native and non-native vegetation. (Pictures of the natural desert habitat and a Tucson yard
with and without natural vegetation are found in Turner 2006.)

Study design
Following the example of the Tucson Bird Count (Turner 2003), I founded the
Tucson Hummingbird Project: a citizen-science, reconciliation ecology project (Bachi
2004). Its aim is to study community ecology, monitor and conserve hummingbirds in
Tucson, Arizona.

I recruited project participants from the local community: mainly birders from the
Tucson Audubon Society and docents at the Arizona-Sonora Desert Museum. Initial

3

The description of the study design, study site, and data reliability sections appear also in Bachi 2008a , b.
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registration included exact address, details on yard size, landscaping, nectar plants, and
number of feeders (appendix I). I then sent each participant project instructions, a
hummingbird guide, courtesy of the Arizona-Sonora Desert Museum, and coupons to buy
feeders, courtesy of Wild Birds Unlimited of Tucson. Instructions included feeder
maintenance (with 1 part sugar to 4 parts water), and data collection protocols (Bachi
2004). After learning to identify hummingbird species that are common in Tucson, the
citizen-scientists collected hummingbird data in their backyards once weekly for 30
minutes. They did that during hours of high hummingbird activity: between sunrise and
9:00AM (Calder 1975; Calder et al. 1990). The project ran from April 2005 through
October 2006. Participants registered and reported their data online through the website I
designed for this project (http://hummingbirds.arizona.edu; details in Bachi 2008d).

Experimental protocol
All participants reported abundance and foraging preferences of hummingbirds
(appendix II). For each observation, they documented species name and whether the bird
ate from a feeder or a plant. If the latter, plant name was also recorded. These data
enabled me to calculate the total number of incidents of each behavior per species (for
example, the number of times individuals of a given species fed from a feeder).
Observers also noted whether the bird was a male or female (or possibly juvenile). Data
on adult males are usually more reliable because it is easier to determine their species.
Additionally, unlike females, which are sometimes constrained to nesting locations,
males may use a greater variety of habitats, especially ones with abundant and reliable
food (Wethington and Russell 2003). Here, I analyze and report data only on males.

Additionally, some participants who were particularly proficient in identifying
hummingbird species reported behavior, too. I used these data to study hummingbird
community organization and mechanisms of coexistence in urban areas. I discuss those
results elsewhere (Bachi 2008a, b).
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I took a few measures to increase data reliability. In addition to analyzing only data
on adult males, I visited yards of most participants to establish accuracy of species
identification and data collection. Finally, I checked and corrected errors in the database.

Manipulations, unlike mere observations, enable one to make predictions and test
causality. There are, however, two types of manipulations: one may assign predetermined
manipulations to various study plots; alternatively, one may use the occurring variance as
the manipulations. When doing citizen-science, there is a limit to the type and amount of
chores one can expect volunteers from the general public to perform. This is especially
true in the first stages of a study before a group of committed volunteers is established.
Therefore, in this study, I used the natural variation between yards as the test factors.

I tested the effect of the following factors on hummingbird abundance and behavior:
1. Landscaping: Vegetation provides hummingbirds with food (nectar and insects),
nesting and perching sites. Participants reported which of the following landscaping
their yard contains: natural desert (no landscaping), native xeriscaping, non-native
xeriscaping, bare, and other (none of the former). They also noted numbers and
species of trees in their yard.
2. Artificial food enrichment: Participants reported the number of feeders in their yard.
If they had more than one feeder, they were instructed to hang feeders at least 2
meters apart, yet have them all visible from common perching and monitoring points.
As in previous studies, feeders contained 20% sucrose solutions (e.g., Ewald and
Bransfield 1987; Goldberg and Ewald 1991; Wethington and Russell 2003).
3. Natural food enrichment: I use the term hummingbird plants to refer to plants that
hummingbirds utilize as nectar resources (for details see Grant and Grant 1968;
Brown and Kodric-Brown 1979). Participants reported the species of hummingbird
plants in their yard, as well as actual bloom during the days of data collection.
4. Covariates: When relevant, I incorporated yard size, date, and climatic data as
covariates in the statistical analyses.
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Statistical analysis
Five of the project’s participants resided outside Tucson (in Marana, Vail, Sahuarita,
Green Valley and Rio Rico, AZ). Due to the distance and small sample size from these
areas, I did not include them in the diversity-related analysis; I included only data from
Tucson and its immediate surroundings. However, I used all of the data to study feeding
preferences.

I quantified the activity density of hummingbirds (N), rather than their actual
abundance. Pimm at al. (1985) and Abramsky et al. (2000) detail the methodological
justification for using activity densities rather than actual population size.
Fisher’s α is a measure of species diversity, which is insensitive to population size or
area (Fisher et al. 1943; Rosenzweig 1995). I used Fisher’s α for the diversity analyses,
thus eliminating sampling effects. Elsewhere, I detail the statistical justification for using
Fisher’s α with our data (Bachi 2008b). I selected the factors for the multiple regression,
feeders and landscape, based on existing knowledge and theory, and accordingly included
them in the model (Mac Nally 2000).

I used SYSTAT 12.0 (Systat Software Inc.), and JMP 7.0 (SAS Inst. Inc.) software
for statistical analysis.
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RESULTS
Citizen-Science
106 members of the local community registered with the Tucson Hummingbird
Project; 37 of them collected data regularly in different locations in and around Tucson,
Arizona (detailed maps and information in Bachi 2008b, d). Participants reported either
only abundance data (Nabund = 7964 sighting records), or abundance and behavior data
(Nbehav = 2580 sighting records).

Hummingbird species in Tucson
Four species of hummingbirds are most abundant in Tucson (Fig. 1): Anna’s
hummingbird (Calypte anna, hereafter ANHU), black-chinned hummingbird
(Archilochus alexandri, BCHU), Costa’s hummingbird (Calypte costae, COHU), and
broad-billed hummingbird (Cynanthus latirostris, BBHU). Populations of some of these
species may migrate during the winter months. However, contrary to previous belief
(e.g., SABO 2008), data collected in this study indicate that all four species have at least
some year-round resident populations in Tucson.

Participants in the project also recorded some less common species, which are rare in
or migrate through the area. These species included rufous hummingbird (Selasphorus

rufus, hereafter RUHU), broad-tailed hummingbird (Selasphorus platycercus), Lucifer
hummingbird (Calothorax lucifer), magnificent hummingbird (Eugenes fulgens), and
violet-crowned (Amazilia violiceps) hummingbird.

Landscaping
Yards contained one or more of the following landscape categories: natural desert;
native xeriscaping; non-native xeriscaping; and other (none of the former; Fig. 2). There
is no significant association of a specific hummingbird species with a specific landscape
category.
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All yards but one had at least one tree. The most common species were mesquite
(Prosopis spp.; n=18), followed by paloverde (Parkinsonia spp.; n=15), various citrus
(Citrus sp.; n=8), and acacia (Acacia sp.; n=6).

Feeders
Yards varied in the number of feeders (Table 1). An average yard had 2-3 feeders and
2-3 hummingbird species (n = 32, X

feeder

= 2.750 , X species = 2.906 ). For the following

statistical analyses, I grouped the number of feeders in yards into four bins: 1; 2; 3; and 4
or more feeders.

Feeders vs. hummingbird plants
In yards that have both feeders and hummingbird plants, hummingbirds feed from
feeders significantly more frequently than from flowers of hummingbird plants (Paired ttest: t1, 62 = 3.213 Pfeeder-flower < 0.001). This is true across species; there is no significant
difference between species in the proportion of hummingbirds eating from feeders vs.
flowers (F3, 59= 0.8029, Pspecies = 0.4972). Average number of incidents per yard in which
a hummingbird (regardless of species) ate from a feeder is X
X

flower

feeder

= 63.95 ; from a flower

= 3.48 .

When hummingbirds feed from flowers (n=220), the most common plants in
descending popularity are: sage; ocotillo; red yucca; honeysuckle; Baja fairyduster; and
yellow bells (Epple 1995; Table 2). Multiple hummingbird plants bloomed during all but
one of these reports. Those tendencies cannot be tested statistically due to the small
number of replicates (i.e., combination of number of yards and number of incidents).
Nevertheless, they give a general idea of the plants that hummingbirds use when other
nectar plants are available.
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Diversity
There are more individuals as there are more resources. However, also the actual
number of species of hummingbirds, not merely their abundance, increases as there are
more feeders in a yard or more landscape types (Fig. 3, Table 3; Multiple Regression:

F4,28 =6.290 PModel = 0.001, R2=0.522; PLog feeders = 0.003; PLog landscape = 0.017 ; Log α = 0.662+0.628 Log feeders +0.738 Log landscape). There is no interaction between feeders
and landscape heterogeneity, nor does yard size have any significant effect on diversity.

Diversity is significantly higher in yards with non-native xeriscaping (Fig. 4;
ANOVA: F1,30=6.524, P=0.0164).
Most participants in the project reported hummingbird plants (25 out of 30). All of
them had at least one hummingbird feeder. Existence of hummingbird plants had no
significant effect on diversity ( X 12,30 = 0.446 ; P=0.522). Given the small sample size of

participants without hummingbird plants, this may be a Type II error. I also used the
registration data to analyze the effect of hummingbird plants on diversity. Registration
data included 14 yards without hummingbird plants; 86 with. Because the following
analysis uses only registration information, hummingbird diversity is relative rather than
absolute values. I assume the accuracy of registration did not differ between the group
with the hummingbird plants and without them.

There was no statistical interaction between the effect of hummingbird plants and
feeders on number of species(GLM: F3,100 =17.801; Pmodel <0.0001; Pfeeders x plants =
0.171). Therefore, the effect of hummingbird plants can be tested with an ANCOVA.
The number of hummingbird species is higher in yards with hummingbird plants than in
yards without hummingbird plants. In both cases, it increases as there are more feeders
(Fig. 5; ANCOVA, with feeders as the concomitant variable: F2,100 =17.801; Pmodel
<0.0001; Pintercept < 0.0001; Pfeeders < 0.0001; Phummingbird-plants = 0.0326).
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In the absence of hummingbird plants, average diversity is significantly higher when
having 3 feeders compared to 2 feeders (Fig. 5, t-test: X 2 feeders = 1.75 ; X 3 feeders = 3.67 ;

t2,10=2.41; P< 0.037).
Rufous hummingbird

Rufous hummingbird (Selasphorus rufus, hereafter RUFU) migrates through the area
and has no resident populations in Tucson. Few participants reported activity of RUHU
during their once weekly data collection. Hence, I did not include these data in the former
analyses. In addition to these data, some participants reported sightings of RUHU. All
those reports reveal that activity of RUHU in Tucson peaked between the end of July and
mid August during both years of the project (Fig. 6). The activity reported in 2005 was
noticeably lower than in 2006.
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DISCUSSION
Summary of results

Feeders and landscaping significantly affect the number of hummingbird species in a
yard. The more feeders or the more landscape types in a given yard, the higher the
hummingbird diversity. Particularly, yards with non-native xeriscaping harbored more
species. Hummingbird plants also had a positive effect on the number of hummingbird
species. In yards with fewer feeders (<3), hummingbird plants led to more species.
Because I used Fisher’s α, I can conclude that the increase in diversity is not a
sampling effect. It does not result from the mere increase in population size and the
consequent higher probability of new species showing up in a yard.

I begin the next sections, with a recipe for reconciling cities for hummingbirds. The
species that one is likely to attract varies depending on location. Accordingly, the
sequence in which species arrive will also differ. A recipe for reconciling a city, such as
Tucson, for hummingbirds should comprise of and account for three components:
1. Habitats.
2. Region and area within the city.
3. Species interactions.
In the following sections, I elaborate and explain what we learnt from this study and why
each of these three components is important. I discuss the reasoning for this recipe and
mechanisms underlying the positive effects of landscape and feeders. I end with a
discussion of conservation-related consequences and a brief treatment of other
noteworthy topics.
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Reconciliation recipe for building hummingbird diversity in Tucson, Arizona

How to get the largest number of hummingbird species in your Tucson, Arizona yard:
•

Plant a diversity of landscapes. If you have natural desert habitat – keep it, and add
some native and non-native arid plants. Some popular plants include cacti, ocotillo,
bird of paradise, brittlebush, and various sage species.

•

Plant trees. Options include various acacia species, palo verde and desert willows.

•

Hang at least 3 hummingbird feeders and keep them well maintained (appendix 3).
Place them about 3-4 meters apart (~ 10 ft.). Yet keep them all visible simultaneously
from perching points in your yard.

•

Grow nectar plants, especially if you have fewer than 2-3 feeders.
Hummingbird nectar plants are characterized by their reddish color and tubular
flower structure. Some popular and available choices are: sage; ocotillo; red yucca;
honeysuckle; Baja fairyduster; and yellow bells (table 2).

•

It’s also a good idea to fill feeders with two different sugar solutions (appendix 3):
higher concentration (1 part sugar to 3 parts water) and lower concentration (1 part
sugar to 4 parts water). But do not change a concentration of a feeder once you decide
which concentration it will have.

Ideas for landscaping and lists of trees, shrubs, and flowers suitable for Tucson, are
available through the SmartScape program of the Pima County Cooperative Extension
and the University of Arizona (http://cals.arizona.edu/pima/smartscape/links.html).
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Habitat diversity begets species diversity

The positive impact of habitat heterogeneity on diversity has been documented since
Darwin (1859), and is well established in ecological theory (see reviews in Rosenzweig
1995 and in Tews et al. 2004). Although in this study we are referring to a yard, the scale
we are dealing with is, in practice, the mainland scale of species-area relationships. On
that scale, the number of habitats is the major determinant of diversity (Rosenzweig
1995). Fundamentals of this body of theory actually emerged from bird studies
(MacArthur 1958; MacArthur and MacArthur 1961).

Indeed, hummingbird diversity in a yard increases with habitat heterogeneity, as there
are more landscape types. Also other studies have found that hummingbirds exhibit
changes in habitat choice and respond to spatial-patch heterogeneity. For example, Mills
et al. (1989) studied the effects of landscaping in yards in Tucson on avian diversity.
Unlike most native bird species that they surveyed, they found that Anna’s hummingbird
was associated with exotic landscaping. This species was absent from native areas. In
contrast, BCHU, although also associated with urbanization, was more frequent in yards
with native vegetation.

My finding that diversity was higher in yards with non-native xeriscaping can be
attributed to a large variety of commonly used hummingbird plants that are exotic, such
as salvias. This is an excellent demonstration of the difference between reconciliation and
reservation or restoration ecology. The habitats we design need not physically resemble
the natural world. Yet they must function as such. And functionality is in the eyes of the
beholder, in our case, a hummingbird.

For some people non-native xeriscaping is more appealing than the natural
alternatives. These people should know that it is not an all or none situation and they can
still do an excellent job of reconciling their yards with wildlife. The alternative to cacti
and creosote does not have to be a grass lawn (which is effectively a wildlife “desert”).
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This is not to say that non-native xeriscaping is preferable. Natural habitats and native
xeriscaping can be crucial to sustain species that specialize on the local vegetation.

When we reconcile an area, the intent is to create habitats that can sustain a
population independent of surrounding nature reserves. Such habitats should include not
only food resources, but also provide shelter and reproduction needs. In the case of
hummingbirds, beyond feeding territories (which should supply nectar and insects)
habitats serve for mating, nesting and other intra- and inter-specific interactions.

In nature, trees provide hummingbirds with perching points and nesting locations. In
human manipulated areas, hummingbirds successfully build their nests also on artificial
structures, even mobiles hanging on the porch. While building their nest, they are known
to incorporate pet hair, dryer lint, cigarette paper, and paint chips (Williamson 2002).

The different native hummingbird species of Tucson differ in their natural nesting
habitats. BCHU is characteristic of the Arizona Upland subdivision and the plains
grassland (Emlen 1974; Mills et al. 1989). Its females typically nest in riparian vegetation
(Baltosser 1986, 1989). COHU nests in Sonoran Upland habitat, successional scrub and
desert areas (Wethington and Russell 2003; Sutton and Phillips 1942). BBHU breeds in
the spring in riparian canyons, and sometimes in the summer in the woodland of the
higher mountains (Swarth 1910; Visher 1910; Woodbury and Sugden 1938). ANHU used
to be rare; it sometimes migrated through the area in small numbers (Lowe 1964).

Due to human development, the natural mosaic of habitats in the Tucson area no
longer exists. For example, a century ago, the Santa Cruz River often flowed through
western Tucson, providing lush riparian habitats adjacent to the desert scrub habitats. The
Santa Cruz River is now dry almost all of the year. Although we cannot restore the
natural mosaic, having a diversity of landscapes in a yard can help accommodate the
varying needs and abilities of these different species, and enhance coexistence through
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mechanisms of habitat subdivision. But habitats aren’t enough. The area of the city and
region at large, as well as species interactions are also important and should be
considered.

Region and area of the city

Even if a yard is heterogeneous and harbors all the various landscape types, trees, and
resources, all possible species of hummingbirds may not appear in that yard. The larger
scale environment and macrohabitats also matter. There is a limit to diversity and the
possible number of species. This limit is a function of the regional species pool (γ
diversity; Whittaker 1972).

Furthermore, location within the region may determine the species composition and
likelihood of a specific species in a given yard. The four species of hummingbirds most
abundant in Tucson are not distributed uniformly in the city. I discuss their ecological
characteristics, distribution, and community organization elsewhere (Bachi 2008a).
Counter-intuitively, central Tucson actually has a potential for higher diversity than some
of the less populated areas at the outskirts of the city: it can harbor species that are
naturally abundant mainly in west Tucson or mainly in east Tucson (COHU and BBHU,
respectively). Alas, given that the central area is more highly developed, it has less
natural resources and habitats for hummingbirds. This is where our reconciliation efforts
are crucial.

For the purposes of reconciliation, we should strive to design an urban area as a web
of yards that as a whole can accommodate all the needs of a species independent of the
surrounding natural areas.

Feeders increase diversity through species interactions

Increasing the amount of feeders had a high positive impact on diversity. That was
significant whether hummingbird plants were present or absent. Aggressive resource
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neglect (ARN) is a mechanism of coexistence that explains how in some communities
resource augmentation alone can enhance diversity. While Bachi (2008b) should be
consulted for details, the general mechanism is as follows: competitive aggression among
hummingbirds increases when resources are more abundant. While the dominant territory
owner chases intruders, other individuals can sneak a sip from the neglected feeders.
When the dominant individuals prefer chasing conspecifics (as is the case with ANHU;
Bachi 2008a, b), this eventually results in higher diversity.

It is not only the number of feeders that matters, but also their placement in a yard. In
order to induce diversity through ARN, feeders should be placed a few meters apart with
all visible from single perching points of the hummingbirds. This setting limits the ability
of a dominant territory owner to protect all the feeders simultaneously. Hence, one feeder
will attract ANHU, whereas 3 feeders placed in this setting will promote coexistence with
other species. The marked increase in diversity in yards with more than 2 feeders,
especially in the absence of hummingbird plants, lends further support to my hypothesis
that ARN is the mechanism underlying the effect of feeders on diversity: the defensibility
of three feeders is simply lower than that of two.

Productivity is the rate of energy flow to organisms in a given system (Lotka 1956).
The rise in diversity as productivity increases up to an intermediate level, followed by a
possible decline at higher productivities, has been researched extensively in ecology
(review in Waide et al. 1999; Mittelbach et al. 2001). With feeders, the equivalent to
increasing productivity is increasing the sugar ratio per feeder, thus adding more energy
per resource unit. In this study, we did not change productivity. We simply augmented
the number of feeders and controlled their spatial distribution. For the following reasons,
I expect that having feeders with varying sugar concentrations will contribute positively
to hummingbird reconciliation ecology.
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Previous studies taught us that productivity affects habitat choices and foraging of
hummingbirds (e.g., Schondube and del Rio 2003). Ewald and Bransfield (1987) studied
the response of ANHU and BCHU to rich (high productivity) and poor (low productivity)
habitats. They found that in poor territories, BCHU was more aggressive and successful
than ANHU (chased more intruders and had a greater net energy gain). In rich territories,
however, it expended more energy on defense than ANHU but suffered more intrusions.

Similarly, Stuart Pimm and his colleagues (1985) monitored the response of three
species of hummingbirds to three different habitats, each containing a combinations of
feeders with high and low sugar concentrations. They found that while some species
preferred the richer habitats, some species utilized the poor ones (Pimm at al. 1985;
Rosenzweig 1986). This may either be a true preference (distinct preference), or a
perceived one (shared preference and competitive exclusion from the rich habitats).

Having feeders with variable sugar concentrations also introduces variability and
unpredictability to the environment. And although extreme unpredictability may reduce
diversity, an intermediate one may increase it (Pimm 1978).

Besides their effect on the number of species through ARN, I show elsewhere that
feeders also caused an increase in hummingbird abundance (Bachi 2008b). Baltosser
(1989) studied nectar availability and habitat selection by four species of hummingbirds,
including BCHU, COHU and BBHU. He found that there were more nests in areas with
greater quantities and more predictable nectar supplies. With feeders, we can provide just
that.

Here, I showed that hummingbirds preferred feeding from feeders compared to
flowers of hummingbird plants. Lists of hummingbird plants are widely available (e.g.,
Grant and Grant 1968; Calder 1975; Williamson 2002; Van Devender et al. 2004; and
from popular resources, such as botanical gardens). In nature, hummingbirds use feeders
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more intensively when wildflowers are scarce (Inouye et al. 1991). This exemplifies the
importance of our artificially created habitats and resources in light of drought and native
habitat degradation.

Feeders are not an ecological trap

Some may be concerned that a high density of feeders would act as an ecological trap
(see review and discussion of ecological traps in Schlaepfer et al. 2002; Battin 2004). But
as Calder (1993) points out, in the case of hummingbirds, these possibilities are
speculations and have not been scientifically quantified or studied (see also Jones and
Reynolds 2008). Moreover, some have no ecological merit. Among those concerns are
the following:
1. Aggressive individuals would devote so much effort to defending a good territory that
they cease to feed and die. The likelihood of this scenario is low in our system.
Previous research on hummingbirds has shown that when intruder pressure increases,
and with it cost of defense, the dominant species spends less time defending resources
(Lyon et al. 1977; Kodric-Brown and Brown 1978; Pimm, 1978; Carpenter 1987 and
references within).
2. Elevated resource densities in urban areas may attract birds, but then end up
subjecting nests to more disease and predation (Hutto and Young in Paige et al.
1999). Boal and Mannan (1999) initially proposed this to be the case with Cooper’s
Hawks (Accipiter cooperii) nesting in Tucson. Recently, however, Mannan et al.
(2008) have found that the urban area does not function as a sink and that the hawk’s
population in Tucson has a positive growth rate. They specifically recommend
caution in defining an area as an urban sink without sufficient empirical evidence. A
recent paper
3. Feeders would delay migration and trap birds in areas too cold to sustain them during
winter (Paige et al. 1999).
4. Other concerns, such as attracting hummingbirds into urban areas and diminishing
their populations in nature, stem from a static view of population ecology. Fretwellian
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dynamics teach us that populations will distribute themselves among all available
habitats (Fretwell and Lucas 1969; Fretwell 1972). Similar arguments also apply to
the previous concern related to migrating hummingbirds.

Defining conservation goals and the scale of reconciliation

Reconciling a city for wildlife requires shared efforts of multiple entities: from
government and policy-makers to the public and individuals living in that city. It can be
achieved on multiple scales: private yards; neighborhoods; school yards; public parks;
and road medians. One should bear in mind, however, that conservation and decisions
done on a small scale can result in major outcomes (Cooper et al. 2007; Odum 1982).
Odum (1982) refers to this as “the tyranny of small decisions”.

Thus far, I discussed and gave a recipe for maximizing the number of three native
species in a yard. This goal is achieved by reducing the ability of ANHU to dominate the
yard. This recipe is appropriate for the case of hummingbirds in Tucson because of their
community organization (Bachi 2008a). If one’s goal, however, is to reconcile a yard
only for one specific species, the aforementioned recipe may not apply.

Consider for example BCHU, which dominated the area prior to ANHU’s arrival
(Scott and Allen 1887; Emlen 1974; Calder 1975). This species is more successful than
ANHU in low productivity habitats (Ewald and Bransfield 1987). In order to reconcile an
area for BCHU, it may be preferable to keep a natural desert habitat and eliminate exotic
hummingbird plants and feeders all together, or have only feeders with low sugar
concentrations, thus discouraging ANHU from establishing residency in the first place.

In this study, I did not find an association between landscape types and a specific
species. But I did not test the effects of the various factors in isolation (e.g., yards that
had only native vegetation and no other landscaping or feeders). Neither did I look at the
effects of entire neighborhoods containing specific conditions.
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Reconciliation of a yard does not necessarily scale up to a neighborhood or city. And
maximizing the number of species in a yard does not necessarily mean maximizing the
number of species in a neighborhood or city.

Some species may require very specific conditions or large extents of habitats with
very specific conditions (Hostetler and Holling 2000; Turner 2006; Deppe and
Rotenberry 2008). The recipe I gave and ARN may not promote these very specialized
species. In nature, a mosaic of habitats with temporal and spatial variation in resources
and differences between species in their ability to take advantage of resources along that
gradient enables coexistence on larger scales and through multiple mechanisms.

I expect that we could invoke these classical mechanisms of coexistence (Chesson
1986) to reconcile urban areas. For example, create spatial and temporal patchiness of
entire neighborhoods: neighborhoods with only local vegetation and no feeders may
encourage a higher abundance of COHU without attracting ANHU; others, with riparian
conditions and no feeders may encourage BBHU. Such reconciliation would require
orchestrated efforts and co-operation on a neighborhood and city scale. While this could
be achieved and there are neighborhoods that are likely to partake in such an effort, such
as the Notch Neighborhood in Tucson (Caldwell et al. 2007), it would be more
complicated than reconciliation on the scale of a single yard.

Migrants and specific local conservation needs

It is beyond the scope of this paper to discuss reasons for conservation, be they moral,
scientific, economic, aesthetic, or other. In the specific context of hummingbirds though,
I will just briefly mention their importance as plant pollinators. Hummingbirds pollinate
well over 100 plant species in the western U.S. and many more throughout the Americas.
Of these, many are specialized and depend on hummingbird pollination (Grant and Grant
1968; Brown and Kodric-Brown 1979; Feinsinger et al. 1982; Buchmann and Nabhan
1996; Calder 2004; NRC 2007). Calder (2004) further points out the importance of
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hummingbirds as year-round pollinators, even in sub-freezing or rainy conditions.

For the most part, the hummingbirds in Tucson are listed as species of “least concern”
(IUCN 2007). However, Costa’s hummingbird is considered by Partners in Flight (2008)
as a “Regional Stewardship species” and a species of “continental concern” that is
recommended for “Planning and Responsibility”. It is also on the Audubon watch list
(Audubon 2007). Rufous hummingbird is another species that has been recommended in
the past for management and protection (Paige et al. 1999; Calder 2004).

Our ability to reconcile an urban area for hummingbirds is especially significant for
migrating species, in light of droughts and deterioration of their natural stopover habitats.
The rufous hummingbird, for example, migrates twice a year between its breeding
grounds in northwestern America and its wintering habitats in southeastern US and
northern Mexico (Calder 1993). It relies heavily on stopover habitats. RUHU in
particular, shows a strong memory for nectar sites (Hurly 1996) and fidelity to its
migration routes (Calder and Jones 1989; Calder 1993). Deterioration of natural stopover
habitats can be detrimental for such migrating species (Brown and Kodric-Brown 1979;
Calder 1993, 2004; Nabhan 2004; Wilcove and Wikelski 2008). But RUHU are known to
take advantage of feeders during migration, especially when natural resources are sparse,
and they are competitively dominant over local territorial species (Kodric-Brown and
Brown 1978; Schondube at al. 2004). Therefore, urban areas along the migration route
can serve as stopover habitats where feeders supply reliable nectar resources.

The general dates during which RUHU showed up in Tucson according to this
research are consistent with studies of their migration (Calder 1993; Whethington et al.
2005). The noticeably lower activity of RUHU in Tucson during 2005 fits with data from
monitoring sites in natural areas in CA and AZ (HMN 2006; Williamson, personal

communication). Drought and fewer wildflowers may have been the cause for the
reduced abundance in some sites (Wethington, personal communication).
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Some hummingbird species reside only in higher elevations. Nonetheless, even these
species will frequent the lower elevations and Tucson. For example, project participants
reported magnificent hummingbird (Eugenes fulgens) in central Tucson, violet-crowned
hummingbird (Amazilia violiceps) in western Tucson, and even a unique sighting of a
white-eared hummingbird (Hylocharis leucotis) in north-western Tucson. Out of all the
participants in the projects, those who reported these and other rare species had yards
with diversity of landscapes, hummingbird plants, and a few feeders. It may not be a
coincidence that those rare species stopped over in reconciled yards.

Conserving endangered species

The Tucson Hummingbird Project is a model system that demonstrates how we can
apply principals of community ecology to reconcile and increase biodiversity in human
dominated areas. Specifically, by manipulating resources and habitats, we can shift the
competitive advantage of some species. These principals could be applied to
accommodate other species in other locations following their system-specific community
organization and ecological interactions.

The system we outline here gives a framework to help conserve also those species
that are of specific conservation concern. I detail the logistics and citizen science aspects
of the project in Bachi (2008d). Ryan (1992) gives examples where village-based
conservation of wildlife in Africa was more effective than country-level law enforcement.
Of course, I am not advocating the use of human dominated areas and community-based
reconciliation to replace the protection of natural reserves, rather to supplement them and
fill in for destroyed habitats. Any detailed recommendations require research and
adjustments specific to the focal species, the ecosystem, and the local human inhabitants.
But local towns and villages within the range of species in trouble should be aware of
their role and ability to make a difference. And even more so, we should be aware of their
role.
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Unintentional reconciliation of threatened and endangered bats

Use of feeders in human dominated areas can benefit not only hummingbirds, but also
other species of conservation concern, such as bats. There are two nectarivorous bats in
the Tucson area: the lesser long-nosed bat (Leptonycteris curasoae yerbabuenae) and the
Mexican long-tongued bat (Choeronycteris mexicana). They migrate from Mexico and
form roosts in Southern Arizona in the spring (Fleming 2004). Large populations of these
species are found in natural areas surrounding Tucson. They live and roost in caves,
rocks, and in some man-altered areas, such as mines and even buildings (SDCP 2002;
Wolf 2006). They feed regularly on fruit, pollen, and the nectar of columnar cacti and
agaves (SDCP 2002; Wolf 2006). They are considered keystone pollinators of Sonoran
Desert plants and are threatened by loss of habitat and foraging opportunities (Fleming
2004). The lesser long-nosed bats is listed as federally endangered and the Mexican longtongued bat is listed as a species of concern (SDCP 2002; USFWS 2008)

Apparently, artificial feeders can contribute to conservation of these bats. In a recent
study, Wolf (2006) found that both these species expanded their feeding range into
Tucson, where they commonly use hummingbird feeders throughout the city. Participants
of the Tucson Hummingbird Project also reported that bats drained their feeders during
the crepuscular hours and night. The lesser long-nosed bat was previously considered as
sensitive to human disturbance of its roost sites (USFWS 1995 in Wolf 2006; Fleming
2004). Nevertheless, Wolf (2006) found that it uses feeders not only in lower-density
residential areas, but also in higher density ones (≥3 houses/acre). Mexican long-tongued
bats may be less prone to use feeders in the highly developed areas. Neither species was
reported in feeders in the center or southern parts of Tucson. Wolf’s study, however,
suffered from the same bias as the Tucson Hummingbird Project: data collection was
skewed towards the north side of town (Wolf 2006; Bachi 2008a, d).
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Environmental justice, education and public demand

Scholars demonstrate and discuss the ecological urgency for practicing reconciliation
ecology (e.g., Lubchenco 1998; Holling 2001; Rosenzweig 2003, 2004). Beyond the
conservation need, there is a social need. Moreover, reconciliation is a readily available
tool that can promote education and environmental justice. Citizen-science reconciliation
projects, such as the Tucson hummingbird project are a relatively inexpensive and
convenient way to introduce nature to impoverished communities and neighborhoods,
and expose their residents to wildlife.

One such example is Brichta Elementary School, a public school on the west side of
Tucson. Like most public school in the area, much of its schoolyard used to be bare dirt
and some grass. Within the past year, one of the teachers, Katherine Eddleman, decided
to reconcile that yard for local wildlife. By engaging the kids in her class and their
parents, and with help from local nurseries, university students and the community at
large, she transformed part of the empty yard into a thriving habitat with natural
vegetation. First came the trees, then came the shrubs and flowers, and then came the
native birds (e.g., cactus wrens) and other wildlife (e.g., ground squirrels, lizards). Many
of Brichta’s students come from lower income households. Their exposure to nature and
awareness to wildlife and its protection had been limited. Such projects can achieve all
three objectives: expose impoverished communities to nature, promote their awareness,
and reconcile habitats for native wildlife.

Registration for and participation in the THP was biased towards northern Tucson
(details in Bachi 2008d). This is also the area where neighborhoods of higher
socioeconomic status are, whereas most lower income neighborhoods are in central and
southern Tucson. These areas are also more densely populated and highly developed
(City of Tucson 2008).
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Socioeconomic status is one of the main positive correlates with vegetation diversity
in neighborhoods (Martin et al. 2004; Hope et al. 2003). Hope et al. (2003) term this the
“luxury effect”. By reaching out to neighborhoods of lower socioeconomic status, we are
not only promoting environmental justice and education, but also scientific aspects of the
project. These neighborhoods are usually the most highly populated areas of the city. As
such, the density of human-follower species is largest and that of the native species is
minimal (Turner et al. 2004; Turner 2003). Understanding the effects of development and
cities on nature must include data from these areas. Likewise, reconciling human habitats
for nature must include active participation of the local residents, especially from the
highly developed areas.

Beyond environmental justice, there is also public demand for more research and
knowledge on reconciliation ecology. While carrying out the Tucson Hummingbird
Project, I received countless public requests from all over the country for reconciliation
advice. Examples of inquiries include the following:
•

“One question for you. I love the broad-billed hummers after seeing one last fall at
Agua Caliente. Is there anything special I can be doing to attract this variety?” (J.
Camm, 04/15/07; e-mail communication).

•

“About every year, I get a letter from the city saying I must cut all my “weeds”.
Apparently, city authorities do not consider honeysuckle, hummingbird plants, or
butterfly bushes acceptable flowers. Can you send me any tips because I love to sit in
my yard and enjoy a natural environment of flowers, plants, butterflies and birds” (L.
Lewis, 09/17/07; e-mail communication).

Concluding remarks

We cannot afford to give up on developed areas. The Tucson Hummingbird Project
exemplifies that we indeed don’t have to. The science draws a very rosy future composed
of the colorful hummingbirds we can draw to our human habitats.
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Informed communities and citizens make better decisions. This research and studying
community organization of a focal taxon in an urban area enabled me to suggest
scientifically sound ways in which citizens can reconcile their city for one family of
wildlife.

Many cities, especially younger ones such as Tucson, have not reached a steady state
yet. We have a dynamic system in transition (Rosenzweig 2001) in which we can
manipulate the role of exotic species and range expanders, such as Anna’s hummingbird.
Many of these species that are so abundant in human manipulated habitats dominate
native species (Daily and Ehrlich 1994). We should create an environment that enhances
coexistence of local wildlife rather than ecological conditions in which these dominant
species thrive and competitively displace the native ones. Results of the Tucson
Hummingbird Project reveal that this is possible: feeder and landscape manipulations can
increase native hummingbird diversity and abundance. THP participants, Jim and Ann
Ritter (2008; e-mail communication), describe their yard two years after the project
ended: “We have 5 feeders in the yard. I fill them most every day. We have Broadbills,
Anna’s, and Costa’s, about 35-40 most of the time. They are wonderful. A few Rufous in
August… Having been part of the study enriched our lives”. This can be a common
scenario in Tucson and other cities. With increasing urbanization plans, the alternative
scenario would be a monoculture of only ANHU throughout the developed areas of
western US. The science tells us we can make the difference; it is up to the local
community to apply this knowledge.

Moore’s (1939) first encounter with a broad-billed hummingbird: “A glittering spirit
seemingly from another world darted into our dry wash, and with its tiny bit of iridescent
blue-and-green fire brought a spiritual quickening to a dulled mind, overpowered by
torrid heat.”
-- Reliving his experience on a daily basis does not have to be left to the imagination!
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Fig. 1. Four species of hummingbirds are most abundant in Tucson. Pictures are of males,
except for the Costa’s hummingbird, which is a female with a uniquely colorful gorget.

Table 1. Feeder distribution among yards of project participants (n=32). Yards with 4 or
more feeders were binned for the statistical analysis.
Number of feeders in a yard 1 2 3 4 5 6 7 8
Number of yards
5 12 10 2 0 1 1 1
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Fig. 2. Distribution of the various landscape categories and their combinations among
yards of project participants (n=36).

Table 2. Popularity of various hummingbird plants. The popularity measures overall
commonness of utilizing a certain plant.
Common name
Scientific name
Popularity =
#incidents x #yards
sage
Salvia spp. and
220
Leucophyllum spp.
ocotillo
Fouquieria splendens
92
red yucca
Hesperaloe parviflora
81
Mexican honeysuckle
Justicia spicigera
44
cape honeysuckle / honeysuckle Tecomaria capensis and
27
/ Chuparosa
Aniscanthus spp.
Baja fairy duster
Calliandra californica
21
Arizona yellow bells
Tecoma stans
18
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Fig. 3. Diversity (measured with Fisher’s α) increases with more feeders (a) and more
landscape types (b). Graphs a and b contain raw data on a log-log scale, for which the
analysis was done.
Multiple Regression (c): Log α = -0.662+0.628 Log feeders +0.738 Log landscape;
F4,28 =6.290 PModel = 0.001, R2=0.522; PLog feeders = 0.003; PLog landscape = 0.017.
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Table 3. Multiple regression results of the effects of the various parameters on diversity.
There is no interaction of landscape and feeders, nor does yard size significantly affect
diversity.
Term
Intercept
Log feeders
Log landscape
Log yard size
Log feeders x Log landscape

Estimate
-0.662
0.628
0.738
-0.025
-2.396

Std Error
0.160338
0.184926
0.286389
0.038239
1.495437

t Ratio
-4.13
3.40
2.58
-0.66
-1.60

Probability
0.0004
0.0025
0.0169
0.5182
0.1228

1.5

Fisher's α

1.25
1
0.75
0.5
0.25
0
0

1

Non-native Xeriscaping

Fig. 4. Diversity is higher in yards with non-native xeriscaping.
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Fig. 5. Average number of hummingbird species is larger in yards with nectar plants.
Either way, it rises as there are more feeders (see results in the text). Number of species is
larger in yards with more than 2 feeders, especially in the absence of nectar plants.
Graphs depict mean and standard deviation, * denotes a significance level of P<0.05.
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Figure 6. Activity density of rufous hummingbirds in Tucson on different dates.
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APPENDICES
Appendix 1. Information collected during online registration for the Tucson
Hummingbird Project.

Name
First

Last

Home Address:

Nearby major
intersection:

&

City/Town:

State

Zip/Postal code:

-

Phone number: (

)

AZ

E-mail:
I live in:

a private house

an apartment complex

Size of my yards is
sq. ft.

Landscaping:

My yard / the complex has (check all that apply)
Natural desert
Native plants
Arid landscaping with non-native plants
Other landscaping
Mostly bare area
It includes the following trees:
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No

List known "hummingbird plants" in the yard:

Feeder
information:

I now have

feeders in the yard.

For this project I will put a total of
option).

feeders (0 feeders is also an

Hummingbirds: I have seen the following hummingbirds in the yard (check all
that apply):
Anna's hummingbird
Black-chinned hummingbird
Costa's hummingbird
Broad-billed hummingbird
Unknown
Other,
including:

Comments:

Date
MM DD YYYY
Reset

Submit
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Appendix 3. Feeder maintenance

Having feeders entails a responsibility. Hummingbirds, which are frequently
territorial, will learn to rely on them. Therefore, feeders must be maintained on a regular
basis. This includes:
1. Cleaning: Clean feeders frequently and fill them with fresh sugar solution.
Depending on temperature, do this every 1-3 days.
2. Predator avoidance: Place feeders above reach of predators, such as house
cats.
3. Sugar solution: Feeders should be filled with regular white table sugar
dissolved in tap water. Although boiling water may help slow fermentation
and dissolve the sugar quickly, it isn’t necessary. The solution must be cold
when filling the feeders.
4. Concentration of sugar solution: Sugar to water ratio should be in the range
of 1 part sugar to 3-5 parts water (concentration of 20-30%).
5. Commercial nectar: Hummingbird experts agree that commercial “nectars”
(sugar solutions) are not necessary and some can even be harmful. Red food
coloring is also harmful to hummingbirds (S. Wethington, S. Williamson, and
K. Krebs; personal communications).
Additional details on feeder maintenance are found in Williamson (2002).
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The Science of Citizen Science

ABSTRACT
Questions:

1.

What are the benefits and drawbacks of employing citizen science in an ecological
study?

2.

Besides science, what are other benefits of citizen science projects?

Organisms: Hummingbirds (family: Trochilidae).
Field site: Private backyards in various areas of Tucson, Arizona, USA.
Methods: The Tucson Hummingbird Project (THP) is a citizen science project. I

recruited project participants, mainly birders, from the local community. After training,
they monitored and reported hummingbird abundance and behavior in their backyards.
Yards varied in landscaping and had between 1 and 8 feeders. All communication,
training of citizen scientists and data report were done via the project’s website.
Conclusions: Citizen Science (CS) can be employed for experimental research involving

data collection on community ecology. In addition to monitoring, amateurs can collect
rigorous ecological data on behavior and species interactions. CS can contribute to
science and conservation, while promoting environmental justice and outreach to local
communities. I discuss lessons learned from the Tucson Hummingbird Project in regards
to employing citizen science for studying community ecology and reconciliation ecology.

Keywords: citizen science; community ecology; conservation; education; environmental
justice; feeders; hummingbirds; outreach; reconciliation ecology; socioeconomic;
species diversity; urban ecology.
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INTRODUCTION
Data collection and science conducted by amateurs has a long tradition in ecology,
especially in ornithology. Recently, however, Citizen Science (CS) is gaining popularity
in ecological studies (comprehensive review in Greenwood 2007). Consequently, a more
systematic approach to CS is called for.

Most projects that are referred to as CS are done in the context of monitoring studies
where volunteers report abundance of a species (sometimes referred to as CommunityBased Monitoring; CBM). Whitelaw et al. (2003) define CBM as “a process where
concerned citizens, government agencies, industry, academia, community groups, and
local institutions collaborate to monitor, track, and respond to issues of common
community concern”.

Examples of CBM in North America include The Christmas Bird Count (CBC); The
North American Breeding Bird Survey (BBS); The Tucson Bird Count (TBC; Turner
2003, McCaffrey 2005); Project Tanager (Rosenberg et al. 1999) and additional studies
done at the Cornell Lab of Ornithology (Bhattacharjee 2005). There are also two
hummingbird monitoring programs in AZ that rely on volunteer help and collect data
predominantly in natural areas (they are run by The Hummingbird Monitoring Network
and The Southern Arizona Bird Observatory).

Besides CBM, most other studies that are considered CS studies are surveys
involving the public (examples in White et al. 2005). Many of these surveys rely on
sporadic reports; any person, trained or not, can submit information online. There are a
few such surveys involving hummingbirds (e.g., SABO 2008, in Arizona). White et. al
(2005) reviewed the use of surveys and questionnaires in ecology. One of the main
problems that they point out is lack of ground-truthing (performed by less than 10% of
the studies).
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The Tucson Hummingbird Project (THP) is a CBM study. But beyond monitoring, it
includes experiments that require participants to study community ecology of
hummingbirds and report species interactions and other behaviors. I am not aware of
other CS studies that do that.

The literature uses the terms amateurs, citizen scientists and volunteers
interchangeably in reference to non-professional data collectors. Greenwood (2007)
points out the problems involved with these terms. Here, I use the terms citizen scientists
and project participants.

Citizen science, the way I see it, is scientific knowledge produced through the active
involvement and contribution of non-professional citizens. “Science” implies that
participants in a citizen science project collect scientifically rigorous data. To achieve
that goal, ideally, a CS project has to be designed with the scientific method in mind.
That is, with specific questions, testable hypotheses and predictions, and a study protocol
that will provide biologically and statistically sound answers to these questions.

Rosenzweig (2003) defines:

Reconciliation ecology is the science of inventing, establishing, and
maintaining new habitats to conserve species diversity in places where
people, live, work, or play.

Because reconciliation ecology seeks to promote the coexistence of humans and wildlife,
and due to its focus on human dominated habitats, CS is an ideal approach for studying
and practicing reconciliation ecology.

Following the preliminary results of the Tucson Bird Count (Turner 2003) and
inspired by it, I founded the Tucson Hummingbird Project: a citizen-science,
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reconciliation ecology project. Beyond monitoring hummingbirds, THP participants
studied the effects of resources and habitats on the community ecology of hummingbirds
in Tucson. This included documenting foraging behavior and species interactions. They
carried this out for an extended period, thus providing replicates and a large amount of
rigorous data. These data enabled us to understand community organization and
dynamics of hummingbirds in an urban area (Bachi 2008a); propose and model an
ecological mechanism of coexistence (Bachi 2008b); and finally, devise and propose a
plan for reconciling a city for native hummingbirds and providing stop-over habitats for
migrating ones (Bachi 2008c).

Tucson is a great city for ecological CS studies:
1. Many of its citizens are nature aware and nature friendly.
2. The city is big, yet not too big to carry out a manageable project that can encompass
the entire city.
3. It has a large retired community, many of whose members are interested and able to
participate in such studies.
4. There is a clear gradient of human development, from high-density urban areas in the
center of the city to the natural habitats surrounding the city.
5. Similarly, there is a range of wildlife comprised of both human-follower and human
avoider species.

In fact, a few current CS studies in Tucson include: The Tucson Bird Count (Turner
2003, McCaffrey 2005); a project for the reestablishment of lowland leopard frogs
(Caldwell et al. 2007); monitoring of endangered bats (Wolf 2006); and recently, Project
BudBurst (launched by the National Phenology Network; NPN).

While running the Tucson Hummingbird Project, I had multiple inquiries from
science colleagues, conservation authorities, journalists, and policy makers about the
details and logistics of the project. Previous papers have outlined the general key features
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of CS studies and their benefits and drawbacks (Cooper et al. 2007; Greenwood 2007 and
references within). Here, I discuss details and some specific and general lessons learned
from the THP in respect to citizen science.

This paper provides an example of employing citizen science for studying community
ecology in addition to monitoring species abundance. It is also a methodological paper on
citizen science. As such, I go into details of carrying out the project, study protocol,
methods and their justification, results of analyses related to CS, methodological lessons
learned, and some general discussion on CS. Elsewhere (Bachi 2008a, b, c), I present the
actual scientific results of the study.

In her presidential address to the American Association for the Advancement of
Science, Lubchenco (1998) rightfully points out the social responsibility that
accompanies the privilege of being a scientist. In addition to their scientific function, CS
projects serve a social one. Particularly in urban areas, CS projects are a readily available
tool to promote education and environmental justice. Beyond the science and
methodology, I discuss also the contribution of the THP to these social aspects.
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METHODS – THE TUCSON HUMMINGBIRD PROJECT
Tucson, Arizona and its citizens

Tucson (32º12´ N, 110º57´ W) lies at an elevation of 720m in a Sonoran Desert basin
(see full description in Turner and Brown 1982; Robichaux 1999; Phillips and Comus
2000).
The urban area covers approximately 600km2 (City of Tucson 2008). Urban-rural
gradients characterize Tucson. The residential areas are primarily one-story single-family
houses on lots starting at about 600m2 in central Tucson and increasing in size towards
the outskirts of the city and the foothills.

Currently, Metro Tucson (Pima County) has a population of nearly 560,000 people.
As of 2000, the racial/ethnic breakdown included: 61.5% White, Non-Hispanic; 36%
people of Hispanic origin (can be any race); 3% Native American; and 3% Black. One
third of Tucson’s population speaks a language other than English at home.
The median age in Tucson in 2000 was 32.1 and 12% of the population was over 65 years
old. Median family income in 2007 was $52,400, and an unemployment rate of about
4.7% (U.S. Census Bureau 2008; City of Tucson 2008).

Target Populations and Recruitment for the project

The THP’s objectives were to answer questions regarding community ecology of
hummingbirds and reconciliation on a citywide scale. Producing scientifically sound
conclusions necessitates a sufficient amount of reliable data from across Tucson. This can
be achieved by having a large number of participants, distributed throughout the city.
I recruited project participants from the local community. Although local media showed
interest in the project, I deliberately avoided advertising the project through them. In
order to minimize training, yet maximize data accuracy, I was interested in recruiting
participants who have at least a basic proficiency in identifying hummingbirds. To
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achieve that, my target population was mainly amateur and professional birders. I
recruited them by advertising the project through the following means (see also
appendices 1 and 2):
•

Articles in the newsletter of the Tucson Audubon Society, the Vermilion Flycatcher
(Bachi 2005, appendix 3; Bachi 2006, appendix 4).

•

Exposure among docents of the Arizona-Sonora Desert Museum, especially those
working at the hummingbird aviary of the museum.

•

Exposure in specialized local bird stores: Wild Birds Unlimited and the Wild Bird
Store.

•

Public lectures and meetings with birders (through the Audubon Society in Tucson
and Green Valley), and with residents of the Notch Neighborhood in Tucson, which
collaborates in other ecological citizen science projects (Caldwell et al. 2007).

Recruitment effort is reflected in the registration for a SC project. Not all who register
with the project, however, contribute as active participants. Some level of dropout at
various stages of the project is expected (e.g., Bradford and Israel 2004; McCaffrey
2005). Maintaining a large number of participants in a project requires a large pool of
registrants to begin with, followed by ongoing retention efforts (as detailed in Cooper et
al. 2007).

Participation of the Citizen Scientists

Participants collected data for the project from April 2005 through October 2006.
Initial registration included exact address, details on yard size, landscaping, hummingbird
plants, and number of feeders (appendix 5). I then sent each participant a welcome pack
with project instructions, a hummingbird guide, courtesy of the Arizona-Sonora Desert
Museum (appendix 6), and coupons to buy feeders, courtesy of Wild Birds Unlimited of
Tucson (appendix 7). Instructions included feeder maintenance (with 1 part sugar to 4
parts water), feeder placement in the yard, and data collection protocols (appendix 8).
After learning to identify hummingbird species that are common in Tucson, the citizen-
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scientists collected hummingbird data in their backyards once weekly for 30 minutes.
They did that during hours of high hummingbird activity: between sunrise and 9:00AM
(Calder 1975; Calder et al. 1990).

All participants reported abundance and foraging preferences of hummingbirds
(appendix 9). For each observation, this included species name, sex, and whether the bird
ate from a feeder or a plant. If the latter, plant name was recorded. Depending on their
proficiency in identifying hummingbird species, some participants also reported species
interactions and hummingbird behavior. This included intra and interspecific chasing
interactions and other behaviors (appendix 10).

Website and database

Communication with participants was through a website I designed for this project
(http://hummingbirds.arizona.edu; Fig. 1). Through it, people registered with the project,
downloaded PDF data collection sheets, and reported their data. Web pages created with
PHP script linked registration and data report to a MySQL relational database.
The website also included a project overview, instructions, information on feeder
maintenance, hummingbird ID page, project updates, and an educational page on science
and conservation-related aspects of the project. Results will also be posted through the
website.

Data reliability

The reliability of data collected by citizen scientists compared with that collected by
professional scientists merits further investigation. Some of the few studies that
considered this question find that CS data is as reliable as data collected by professionals.
Others are inconclusive or report mixed results (Galloway et al. 2006; Greenwood 2007
and references within).
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Greenwood (2007) categorizes the causes of errors in scientific data collection into
four: inexperience, poor knowledge of the system, fatigue, and carelessness. He further
notes that apart from inexperience, there is no reason for amateurs and professionals to
differ inherently in the other categories. Given the routine of data collection for some
professionals, I would argue that amateurs may actually collect data more precisely due
to novelty and voluntary aspects of their work. In the case of amateur birders, their
experience often compares or exceeds that of professionals.

To the list of error of concern in CS projects, I would add:
1. Intentionally biased reports. In the case of citizen scientists, these reports may be
naive and result from a misunderstanding of the nature of science and its objectives.
For example, treating monitoring as a competition and wanting to show that they
recorded more rare species (or have more hummingbirds in their backyard).
2. Scientific errors stemming from inexpert observers. For example, misidentification of
species (e.g., Wharton 2006) or inaccurate measurements of various study factors
(e.g., Galloway et al. 2006; Becker et al. 1998).
3. Failure to follow study protocol.
4. Lack of uniform data collection, given that multiple individuals collect the data
(Verner and Milne 1990).
5. Technologically related errors. For example, errors in data entry made by participants
who lack the necessary computer skills for an online project.
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While designing the experimental protocol and website, I took a few measures to
increase data reliability:
•

Most data that participants were required to collect were nominal (therefore discrete;
e.g., sp. X ate from feeder vs. from nectar flower; Appendices 9 and 10).

•

Participants downloaded standardized data collection sheets.

•

Data sheets included explicit examples.

•

Online data entry pages closely corresponded to the data collection sheets.

•

Most fields in the database had limited possibilities for data entry.

•

In order to minimize the probability of false reports of rare species or unusual data
(which would correspond to a type I error), only the relatively common species and
behaviors were available in the online drop-down menus. Participants had to
manually type in names of rare species or unusual data. Therefore, such reports
required knowledge and active confirmation from project participants.

•

Hummingbirds are sexually dimorphic and adult males are easier to identify. Thus,
participants were required to report whether individuals were a male, female or
juvenile.

•

In the early stages of the project, I visited yards of many participants to establish
accuracy of species identification and data collection.

•

Participants were instructed to save the hard copies of their data collection sheets for
backup and verification.

Geographical and statistical analyses

Research involving species distribution usually entails using maps or GPS. These
methods require user skills and increase technical complications, likelihood of errors, and
expenses. One of the advantages of running a CS project in an urban location where
participants collected data in their backyard is that we can avoid the use of maps and
GPS. Participants were required to report only their address (appendix 5). I then used a
Geographical Information System (GIS) to geocode the addresses and map the exact
locations of data collection. If there was a problem with geocoding the exact address, I
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geocoded and mapped the nearest street intersection. This method allowed me to map
bird locations and study distribution, while minimizing the expertise required from
participants, and reducing expenses.

I followed Bachi’s (1968, 1999) geostatistical methods in order to analyze the
geographical distribution of participants in the project and of the various hummingbird
species (full details in Bachi 2008a). Rather than just using qualitative map
visualizations, I was interested in measuring and comparing quantitative parameters of
location and territorial dispersion for the participants and across species of
hummingbirds. Therefore, I calculated spatial parameters including the weighted mean
center and the standard deviational ellipse. These descriptive statistics are somewhat
analogous to the mean and standard deviation measured for unidimentional variables. The
standard deviation ellipse allows one to recognize directional distribution patterns and
extent of overlap between distributions. Here, I only show results related to the
registration and participation in the project. In Bachi (2008a), I show results concerning
hummingbirds.

I used ArcGIS 9.2 (ESRI Inc.), SYSTAT 12.0 (Systat Software Inc.), and JMP 7.0
(SAS Inst. Inc.) software for geographical and statistical analysis.
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RESULTS OF METHODOLOGICAL ANALYSES
Registration and participation

106 localresidents registered with the Tucson Hummingbird Project. Of them, 37
collected data regularly in 36 different known locations in and around Tucson (Fig. 2;
one participant collected data, but did not register with the project).

25 participants reported only abundance related data (Nabund = 7964 records); 15
abundance and behavior related data (Nbehav =2580 records). 3 people started by reporting
only abundance but became more proficient in identifying the hummingbirds and, later
on, reported behavior, too. About 10% of the registrants collected data only once (9
people). These data were excluded.
Socioeconomic-related information

Five participants of the Tucson Hummingbird Project resided outside Tucson (in
Marana, Vail, Sahuarita, Green Valley, and Rio Rico). When examining only the
registrants from Tucson, one can see that registration as well as participation was biased
towards the north side of town (depicted in red in figure 2).

Of the participants, thirty-five live in a private house and one in an apartment
complex. Yard size of those who only registered with the project and those who actually
participated in data collection was similar. Number of feeders was also similar (Table 1).

Hummingbirds -- registration information compared to data

As mentioned in the introduction, some CS projects rely only on surveys and sporadic
questionnaires. The difference between active data collection and a questionnaire can be
demonstrated by comparing information from registration with data.
In this section, I compare information given at registration with actual data collected
during the project. Of the 37 participants who collected data for the project one did not
register. The following analyses are for the 36 who did.
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Mean number of species reported at registration was not significantly different from
the number of species for which data were collected during the project (Paired t-test:

n=36, t1, 35= 1.67; P= 0.104; X registration = 3.39 , X

project

= 2.89 ).

Though significant, there was a low correlation between the number of species
reported by participants when they registered compared to the number of species that
they actually sighted and reported during data collection (Spearman’s correlation: n=36;

P=0.036; ρ=0.3285; Fig. 3). For the most part, the number of species reported during
registration was slightly higher than the actual number of species that participants
encountered along the course of the project.

Errors

Typical errors made by participants during the project can be divided into four categories:
1. Providing incomplete information. For example:
a. Not including yard size or zip code during registration.
b. Not reporting the plants in bloom during data collection.
2. Computer proficiency (or website problems). For example:
a. Mistaken entries of blank records (0 entry): There were 596 (~7%) blank
records in the abundance database, and 77 (~2.9%) in the behavior database.
3. Imprecision in following project instructions. For example:
a. Providing a more concentrated sugar solution in the feeders.
b. Collecting data during the wrong hours (i.e., after 9:00AM).
c. Excessive data collection (i.e., more than once a week for 30 min.).
4. Scientific errors. For example:
a. Misidentification of hummingbird species. (Most such problems entailed
reports of females or juveniles.)
b. Reports of rare species or species in unexpected locations.
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About 30% of the participants were excellent data collectors – they followed the
protocol and were very proficient in identifying male and female hummingbirds. 50%
were good – they were proficient in identifying male hummingbirds and for the most part
followed the protocol. The remaining 20% required closer guidance and some collected
data for only one day.

Proficiency in hummingbird identification and data collection is an acquired skill.
Some participants required various levels of training, especially in the initial stages of the
project. Training was done online, through individual e-mail communication, or by
personally visiting their yards and addressing their knowledge gaps.
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DISCUSSION
Registration compared to data

It is not surprising that the average number of hummingbird species reported during
registration was slightly higher than that found during data collection (although not
significantly). There are at least three possible explanations (which are not mutually
exclusive):
1.

Sampling effect: Data collection was limited in period, whereas in registration
they were asked to note any species that they have possibly seen in the yard at
any time in the past. Therefore, registration data are more likely to include rare
occurrences.

2.

Registration relies on memory.

3.

Registration preceded training and learning to identify the species.

Comparative studies of data collected by citizens vs. by professional scientists have
found that CS is generally a very reliable source of data (Galloway et al. 2006;
Bhattacharjee 2005; Becker et al. 1998). Nevertheless, our results exemplify the
importance of relying on actual data collection, rather than survey questionnaires. Just as
surveys are not acceptable in standard science, they should be treated with caution also
(or maybe especially) when it comes to CS. There is a difference between notion and

notation.

Methodological lessons

The public enthusiasm, number of registrants, and level of participation in the project
was far beyond my anticipation. Running a CS with many participants should not be a
one-person show. PR and outreach, website development and maintenance, managing
participants, data management and analyses -- when combined, require more attention
and work than one person can handle. Some of the topics I discuss can be addressed
through adequate funding and manpower.
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Others have outlined necessary components and methodological recommendations for
running a citizen science project (Cooper at al. 2007; Greenwood 2007). My experience
and recommendations generally agree with those put forth by them. Here are some
detailed examples.

Registration and dropout from the project

Of 106 people who registered with the project, 37 collected data regularly. 69 of the
registrants either never submitted data, or submitted data only once or twice.

Few CS projects report drop out rates. Most monitoring projects require only periodic
monitoring (e.g., once a year, during the breeding season). Far more effort was required
from THP participants: they had to maintain feeders; collect intricate ecological data; and
do so once weekly for a duration ranging from a few months to almost 2 years. Therefore,
a higher dropout rate could be expected from the THP compared to CBM projects.

The registration itself provided valuable data even without participation. Registration
for the THP was comprehensive and included questions on location, landscaping, feeders
and hummingbirds (Appendix 5). Therefore, registration can be treated as a survey and
used to study the ecology of hummingbirds (Bachi 2008c). Nonetheless, considering the
aforementioned difference between notion and notation, it is important to treat some
registration data cautiously. Information given during registration can also provide other
valuable knowledge, including socio-economic insights.

Error prevention and correction

Error minimization starts during recruitment. The target population should be defined
according to the project’s goals. This is not to say that only “experts” should be targeted.
Depending on the scope and duration of a CS project, it can also rely on members
training each other in data collection, or developing these skills during the course of the
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project. Many THP participants who were experienced birders were happy to teach and
aid those who were not. But even this volunteer effort requires coordination.

Had we been aware of the possibility of certain errors, they could have been
prevented by considering them when designing the website and database. For example, to
enable comparisons between different locations, data collection efforts had to be
homogeneous. I designed the project by considering the minimal effort required from
participants in order to get scientifically sound data. As such, the protocol specified that
participants should collect data once weekly for 30 minutes (appendix 8). Little did I
know how enthusiastic participants would be. Some of them collected data for hours and
days at a time. Some of these avid data collectors continued doing so even after I noticed
this problem and asked them to “slow down”. This is a delicate situation because a
researcher does not want to lower the enthusiasm of participants. Yet sometimes more is
less. In our case, I had to deal with some of these issues during data analyses by
randomly selecting only part of the data.
The following measures enabled me to reduce scientific errors related to species
identification and community ecology:
1. Analyzing data only on males. Data on males is usually more reliable because they
are easier to recognize unequivocally.
2. Verifying reports of rare species through pictures or by personally visiting the yards.
3. Personally verifying with participants any unusual behavioral data.

Database and website design

“If you wish to converse with me,” said Voltaire, “define your terms.” When
designing the website and in all communication with citizen scientists it is important to
avoid and limit use of jargon. For example, we used the term “arid non-native
landscaping” rather than “exotic xeriscaping”. If using jargon, one should define it in
detail. For example, “hummingbird plants are plants with flowers that hummingbirds use
as nectar sources”.
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Problems of too much data, as discussed in the previous section, can be prevented
through database and web design. The website can limit the amount of data one can
submit, or show pop-up messages when participants enter after-hour reports or data from
consecutive days. It is all a matter of how much effort goes into web design. Of course,
this effort should match the likelihood of various errors. Too much data was not a
problem I anticipated.

In data and registration entry forms, drop-down lists produce fewer opportunities for
errors than open entry fields. It is very important, however, to consider what the default
of such a drop list is. In our case, the species abundance forms had the default of ‘0’,
Anna’s, Male, for the fields of time, species, and sex, respectively. The ‘0’ for time
enabled us to differentiate data entered from mistaken submissions of empty data pages.
Otherwise, this could have biased the data towards Anna’s when there was no real data
reported. There should also be an ability to differentiate between cases where no data was
entered because data was not collected in the first place vs. cases where the observer
conducted his weekly observation but no hummingbirds were recorded. The latter was
rare in our study. Also if participants skipped a week (or more) of data collection they
usually notified me through e-mail.

The protocol specified that data should be collected between sunrise and 9:00AM.
But time report through the website was unlimited. Military time was not used. In the
beginning of the project, a few participants collected data in the afternoon. Had I not
realized it, those data could have been confused with valid morning reports (e.g., 05:00
could be AM or PM). When a protocol requires specific times of data collection,
measures to prevent such errors are very important.

In most cases, errors in the database were located and corrected by communicating
with participants or by comparing data entered through the website with hard copies. This
exemplifies the importance of ongoing personal contact with participants, not only for
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outreach but also for ensuring scientific data integrity. Requesting participants to mail
hard copies of their data serves also as backup.

Information not collected during the THP

The following information was not collected during the THP. I recommend adding these
questions when running other CS projects.
A. During registration:
1. How did you hear about the project?
2. What is your prior relevant experience?
This information can give better indication of knowledge background.
3. A socioeconomic survey, which could be anonymous, can serve to promote
education and environmental justice aspects of a CS project.

B. At the end of the project, or when a participant leaves the project:
1. Why did you join the project?
2. Why did you leave the project?
3. What did you learn?
4. What would you recommend in order to improve this and other future CS
projects?

As an example, Bradford and Israel (2004) present results of a motivational and
socioeconomic survey in an evaluation of volunteer motivation for sea turtle conservation
in Florida. In the case of the THP, even after completion of the project, we can learn
about the effectiveness of reconciliation ecology or educational goals of the project
through an annual follow up with participants. This can include a questionnaire on yard
characteristics (such as landscape, hummingbird plants, and feeders) and possibly some
short-term data collection on hummingbird abundance and diversity. This will enable
adaptive management and feedback on conservation on the scale of an entire
metropolitan area.
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Additional considerations

When planning the project, I expected to provide the participants with feeders, sugar
supply, a hummingbird guide, printed data collection sheets, and possibly binoculars.
However, participants were enthusiastic and extremely happy to partake in the project.
Except for the field guides provided by THP, they were self-sufficient. We did invite
registrants who wished financial assistance to contact us.

Apart from study-related communication, one should expect a high e-mail load, with
some of the participants corresponding on topics unrelated to the project. Creating an
online listserv and chat room where participants can interact among themselves both
increases their involvement in and outreach aspects of the project, and eases the load on
the researcher. That would also contribute to training and retention of participants.

Public understanding of science

When communicating a CS project to the public, protocol and procedures have to be
very clear, yet concise. Instructions for the THP deliberately included some explanation
and rational for the procedures. By doing so, we hoped that informed participants would
adhere to the protocol more closely. Nevertheless, we learned that even reiterating clear
instructions cannot be relied on for perfect error prevention.

Explaining to participants the underlying science and reasoning of a CS project’s
protocol increases the public understanding of science. While this understanding may
result in some participants following instructions more closely, it may also result in the
contrary. According to Beck (1995), the increased exposure of public to science causes
“reflexive scientization”, where the science is subject to “demystification and
deconstruction”. Thus, explaining the science opens it to debate among laymen. In the
context of CS projects, participants may feel the legitimacy to alter the protocol following
their personal understanding of the underlying science.
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Durant (2008) argues,

Science must become less deterministic and more ambiguous in its
cultural identity, and more flexible and open to negotiation in its
interactions.

A researcher running a CS project must be willing to engage in a scientific dialog with
the public. Participants in a CS project are not merely technicians; they should be treated
as partners in the learning process. The science, however, need not be compromised. The
researcher’s duties are to make the scientifically sound decisions in light of this dialog.

Scientific contribution of citizen science

Scientifically supported action, and quality data collected by citizen-scientists who
care, are the core of this project. By utilizing skilled citizen scientists, researchers can
perform extensive, yet intensive studies: in depth and highly reliable data can be collected
from large-scale study areas and over long periods. As such, research done by citizen
scientists can contribute to advance pure as well as applied science (review in Greenwood
2007).

Of course, there are limits to the type of projects and data collected that can be
adapted to a CS frame. Some protocols may have higher chances of errors and
incomplete information. As in other scientific studies, but even more so in CS, one
should remember that sometimes more is less: limiting the scope of the study and keeping
it simple with an easy to follow protocol is likely to produce more accurate and robust
results. This is especially true in the first stages of a study before a group of committed
participants is established.

For example, in this study, I initially intended to have participants alter the landscapes
in their backyards (e.g., by planting nectar plants for hummingbirds). Instead, I decided to
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use the natural variation between yards as the test factors. Manipulations, unlike mere
observations, enable one to make predictions and test causality. There are, however, two
types of manipulations: one may assign predetermined manipulations to various study
plots; alternatively, one may use the occurring variance as the manipulations. We did the
latter.

CS is especially applicable for urban ecology studies. Studying the ecology of a
species in an urban setting has several advantages. It enhances our understanding of
biodiversity and ecology in human inhabited landscapes, which is meaningful for basic
ecological understanding (Collins et al. 2000), as well as conserving the species through
reconciliation ecology practices (Rosenzweig 2003).

THP, for example, demonstrates how participants can reconcile human-dominated
areas for hummingbirds. While participating in the projects, they created, or tested the
effect of previously created, artificial habitats on native wildlife. Beyond augmenting and
conserving native species, the reconciled yards can provide stop-over habitats for
migrating ones.

One of the guiding principals of conservation is that “the human presence must be
included” (Meffe and Carroll 1997; Rosenzweig 2003, Vitousek et al. 1997). CS enables
one to do that not only by considering the human factor in conservation planning, but also
by engaging it and having continuous public input and feedback. Hence, it creates also a
framework for conservation and adaptive management and policy (for discussion of
adaptive management see Lubchenco 1998; Berkes et al. 2000; Holling 2001; Robertson
and Hull 2003; Berkes 2004; Cooper et al. 2007). Accordingly, Conrad and Daoust
(2008) emphasize the importance of communicating the results of citizen based
monitoring projects to policy makers and conservation authorities and give a framework
for doing so.

Bachi 2008d_The Science of Citizen Science

176

Social contribution of citizen science

For ecological studies that are suitable for CS, the benefits extend beyond
contribution to science. In the following sections, I discuss some social aspects of a CS
study.

Note that I use the term “participants” when referring to people who collected data for
the project. They are not volunteers. They are active participants in a project from which
they also benefit, whether educational, reconciling their own yard and city for wildlife, or
other benefits. We have formed a community with shared goals. Volunteering time and
expertise to serve science is only one aspect of the project.

Outreach and education

CS is a bridge between science and the public. Projects such as the THP can and
should serve to increase the public’s scientific understanding and education. This is done
through dissemination of knowledge in a popular and non-scientific language. Achieving
that through the THP happened through personal communication with participants and
addressing their general ecological or scientific questions, and through the “official”
framework of the project.

The project’s website included information and links on hummingbirds
(http://hummingbirds.arizona.edu/Hummingbird%20ID.htm), as well as on science and
conservation (http://hummingbirds.arizona.edu/Science%20and%20Conservation.htm).
Results of the project will be published online and in popular resources (e.g., Bachi
2006).

In addition to the hummingbird pocket-guide sent in the welcome package, active
participants received a Peterson field guide to hummingbird of North America
(Williamson 2002). After two years with the project, participants received the DVD
“Hooked on Hummingbirds” (Kaminski 2004).
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On the project’s one-year anniversary, we organized a gathering of all participants.
Participants shared their experience with the project, heard results of the 1st year’s data
analyses, and heard lectures from Michael Rosenzweig about reconciliation ecology and
from Rachel McCaffrey about the Tucson Bird Count.

CS gives the public hands-on scientific experience. Research shows that people who
participate in a CS project are more likely to learn a specific topic, such as bird biology
(Brossard et al. 2005). People that experience nature first hand are also more likely to
appreciate and conserve it.

Environmental justice

Registration for and participation in the THP was biased to northern Tucson (red
circle in Fig. 2). Other CS projects in Tucson suffer from a similar bias (e.g., Wolf 2006).

In Tucson, neighborhoods of higher socioeconomic status lie predominantly in the
northern parts of the city, whereas the lower income neighborhoods lie in the central and
southern areas. Central and south Tucson are also more densely populated and highly
developed, and they consist of a higher ethnic and racial diversity (City of Tucson 2008).
Thus, local CS projects miss involving some less affluent neighborhoods and those with a
higher proportion of Spanish-speaking residents.

The bias in the THP could have resulted partly from the target population in the
recruitment process. Membership in the Tucson Audubon Society is distributed
throughout metropolitan Tucson (Tucson Audubon Society data in Wolf 2006). Similarly,
docents at the Arizona-Sonora Desert come from all over Tucson (M. Long, Interpretive
Program Manager at ASDM, personal communication). The project’s website, however,
was only in English. And the bird stores where the project was advertised are in central
and north Tucson.
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Given the large proportion of Hispanics and Spanish-speaking residents and their
locality in the more densely developed areas of Tucson, local CS projects must include
this significant part of our community. An important step for achieving that is having a
Spanish version of websites for CS projects. Although I originally intended to, due to
limited resources, I could not get the THP website translated into Spanish.

Tucson is not unique; worldwide, neighborhoods of lower socioeconomic status are
usually in the most highly populated areas of cities. As such, the density of humanfollower species is largest and that of native species is minimal (Turner et al. 2004).
Socioeconomic status is also one of the main positive correlates with vegetation diversity
in neighborhoods (Martin et al. 2004; Hope et al. 2003). Hope et al. (2003) term this the
“luxury effect”.

Consequently, people of lower socioeconomic background are usually less exposed to
nature and wildlife. In addition to lower daily exposure, resulting from where they live,
overall awareness and exposure through education, and leisure activities are lower.

We can help change that situation: citizen science and especially reconciliation
projects are a relatively inexpensive and convenient way to promote environmental
justice. They are means of introducing nature to impoverished communities and
neighborhoods, and exposing their residents to wildlife.

By reaching out to neighborhoods of lower socioeconomic status, we are not only
promoting environmental justice and education, but also scientific aspects of SC projects.
Understanding the effects of development and cities on nature must include data from
areas that have more culture-follower species and less native wildlife.

Applying that understanding of basic ecology to conservation also requires inclusion
of these areas, which are most degraded, through reconciliation ecology plans.
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Furthermore, reconciling a city for wildlife demands a community effort. Therefore, it
must include active participation of the local residents, especially from the highly
developed areas.

To summarize, inclusion of people living in areas of lower socioeconomic status in
citizen science projects is important for all aspects of such projects: outreach, education,
environmental justice, science and conservation!

Public demand and response

With increased urbanization and most people in modern society living in cities, the
gap between nature and humans keeps growing. The population of Tucson, alone,
increased by ~17% between 1990 and 2000 (U.S. Census Bureau 2008). The thirst of the
public for scientific knowledge and information on wildlife in cities also keeps increasing
(Lindsey and Adams 2006). Alongside the public’s needs, there is an increased necessity
to incorporate public knowledge and action with pure science, science policy, and
conservation (Rosenzweig 2003; Cooper et al. 2007). Yet there is a knowledge and
communication gap and scientists and citizens speak in different languages (Schulman
2007; Lindsey and Adams 2006). CS is a great way to bridge these language and
knowledge barriers.

This paper is about citizen scientists. Who more appropriate to express what the value
of CS is than they?

•

“It was very enjoyable to take half an hour in the yard this morning, enjoying at
relative leisure the birds I usually just glimpse or hear on my way somewhere else.”
(Dr. R. Wright 2005; e-mail communication).

•

“Just wanted to let you know I had a great bird-watching time in Tucson over the past
couple of weeks (back in NYC now). We still have Anna’s in the yard, and I’m
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feeling confident I can easily identify the males for Anna’s, Costa’s, and Blackchinned. My wife & I went down to Agua Caliente Park - - a great place; saw two (2)
peregrine falcons, a Coopers Hawk, plus a Broad-billed hummer. I have not had
broad-billed in the yard, but next season will try to attract them. Since we’re
members of the Desert Museum, decided to go down to their Hummer aviary and I
was able to see a male broad billed up close & personal, which is the picture below….
Thanks for firing up my birding enthusiasm.” (J. Camm 2006; e-mail

communication).

•

“…Thank you so much for the wonderful Hummingbird book. I feel honored to be
involved with this project.… This past week I designed and planted a
hummingbird/butterfly garden in the front yard and included a hummingbird feeder
(using the discount coupon you sent me) and fountain. It looks beautiful. I can't wait
for the plants to get a little larger with more blooms. Thank you again for heading up
a worth wild project.” (D. Stocks 2006; e-mail communication).

•

“Thanks, too, for doing the project. My husband and I moved here from New
England, where we had only one hummer species, rarely-seen; seeing them in the
yard now every day, all year, is still a daily thrill for me after five years. It's good to
see, through your project, that hummers are not being taken for granted here.“ (D.
Marchinetti 2005; e-mail communication).

•

“…Having been part of the study enriched our lives” ( J. & A. Ritter 2008; e-mail

communication).
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Fig. 1. Screen capture of the homepage of the Tucson Hummingbird Project’s website
(http://hummingbirds.arizona.edu).
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Fig. 2. 106 people from the local community registered with the Tucson Hummingbird
Project (blue). 37 of them actively participated in the project and collected hummingbird
data in their backyards (yellow). In addition to the actual location of registrants and
participants, the map shows the standard deviational ellipse (circles) and mean center
(stars) for the distribution of the registrants (blue), all the participants (yellow), and of the
Tucson participants only (red).
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Fig. 3. Although significant, there was a low correlation between the number of species
that participants reported during registration (X axis) and the number of species actually
reported during data collection for the project (Y axis).

Table 1. Information submitted during registration. The table shows data for all
registrants compared to the subgroup who participated in data collection.
Category

Living conditions
# Feeders
(Mean+S.D.)
Mean yard size (m2)

Details

Private house
Apt. complex
Feeders now
Feeders during project

# in Registration
(out of n=106)
99
7
2.04+1.47
N/A
4589

# in Participation
(out of n=35)
34
1
2.39+1.59
2.67+1.53
3809
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Appendix 1. PR material used to advertise the Tucson Hummingbird Project (THP)

The card and snapshot of THP’s home page were distributed to recruit participants.
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Appendix 4. Questionnaire used to recruit participants for the project

Tucson Hummingbird Reconciliation Project
Spreading the beauty of hummingbirds throughout thecity

_____ Yes, I may be interested in participating in a research on Tucson’s hummingbirds.
Name: _________________________________________________________________
Address:________________________________________________________________
_______________________________________________________________________
Area of town or nearby major intersection: _____________________________________
________________________________________________________________________
Tel:____________________________________________________________________
E-mail:__________________________________________________________________

____I live in a single-family house.

____ I live in an apartment complex.

____ It has a yard / garden.

The complex has:

Approximate yard size: _____________

____ some natural area

Yard Landscaping (circle the appropriate):

____ some landscaped area

Natural desert

____ some bare area

Native Plants
Arid Landscaping w/ non-native Plants
Other landscaping
Bare
Major plants in your garden (optional): ________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________
___ I have “hummingbird plants” such as: Aloe Vera, Fuchsia, Ocotillo, Penstemon.
I now have __________ feeders around my house or apartment (fill in number).
I have seen hummingbirds in my yard: yes / no (circle)
I think they may be the following (mark all that apply):
___ Anna’s hummingbird

___ Costa’s hummingbird

___ Black chinned hummingbird

___ Broad billed hummingbird.
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Appendix 5. Information collected during online registration for the THP

Name
First

Last

Home Address:
Nearby major
intersection:

&

City/Town:

State

Zip/Postal code:
Phone number:

AZ

(

)

E-mail:
I live in:

a private house
Size of my yards is

Landscaping:

an apartment complex
sq. ft.

My yard / the complex has (check all that apply)
Natural desert
Native plants
Arid landscaping with non-native plants
Other landscaping
Mostly bare area
It includes the following trees:
I have "hummingbird plants" in the yard:

No

List known "hummingbird plants" in the yard:
Feeder
information:

I now have

feeders in the yard.

For this project, I will put a total of
option).

feeders (0 feeders is also an
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I have seen the following hummingbirds in the yard (check all that
apply):
Anna's hummingbird
Black-chinned hummingbird
Costa's hummingbird
Broad-billed hummingbird
Unknown
Other, including:

Comments:

Date
MMDDYYYY
Reset

Submit
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Appendix 6. Pocket guide for identification of hummingbirds

This guide, courtesy of the Arizona-Sonora Desert Museum, was sent to participants
upon registration. It is also available online from the museum’s website:
http://desertmuseum.org/books/getgo_hummingbirds.php
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