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The majority of households in the U.S., Great Britain, and Australia feed wild birds, and 53
million people in the U.S. spent more than $5 billion on bird food and feeding accessories in 2016.
Given the massive scale over which it occurs, purposeful feeding of wild birds has the potential for
widespread ecological consequences. Research has demonstrated that supplemental feeding can
exert wide-ranging effects on wild bird populations, yet we have a poor understanding of how
recreational bird feeding influences the behavior and physiology of individual, free-living wild birds.
This is especially true of small-scale supplemental feeding during the non-breeding season practiced
by private citizens who feed wild birds recreationally.
In this study, we used radio frequency identification (RFID) and passive integrated
transponder (PIT) tags to quantify fine-scale variation in supplemental feeder use by wild birds
during the non-breeding season (October 2016 through March 2017) to assess how environmental
conditions are associated with feeder use in a Mediterranean climate. We obtained >500,000

observations of 120 individual Black-capped Chickadees (Poecile atricapillus) at supplemental feeders
to investigate (1) the relationship between daily feeder use and environmental variables (minimum
daily ambient temperature, precipitation, wind speed, and photoperiod), (2) the relationship between
hourly feeder visitation by chickadees and time since sunrise during the shortest days of the year,
and (3) how individual birds varied their use of supplemental bird feeders in response to an
experimental increase in the energetic cost of flight.
We found that photoperiod, combined with whether feeder visits occurred before or after
winter solstice were the main associates of feeder visitation rates in our study system. Despite the
gradual increase in daylight hours available for foraging after the winter solstice, feeder use decreased
during late winter and spring. The circadian pattern of feeder visitation by birds in our study was not
a bimodal pattern as predicted by theory; rather, feeder visitation increased steadily until late
morning, leveled off for approximately three hours around mid-day, then gradually decreased before
an abrupt decline at sunset. Although individual birds were relatively consistent in their daily rate of
feeder visitation, variation in daily visitation rates among individual birds was two orders of
magnitude greater than the variation in daily visitation rates within individuals.
To assess how chickadees responded to supplemental food under challenging environmental
conditions, we handicapped individuals by clipping primary flight feathers to increase energetic costs
of flight, and evaluated subsequent feeder use. We found that the handicapped birds in both light (4
primary wing feathers clipped) and heavy (8 primary wing feathers clipped) feather-clipping
treatments reduced feeder visitation rates for approximately 10 days relative to control birds, after
which handicapped birds returned to levels of feeder visitation similar to control birds. In addition,
birds reduced the average number of feeders visited by approximately one-half a feeder following

the handicapping treatment. A reduction in use of supplemental feeders may have been an adaptive
behavioral response whereby birds avoided feeders, perhaps to reduce energy expenditure rates to
compensate for handicapping and/or to limit exposure to predators during a period of higher
susceptibility to predation due to handicapping. Our results reject the hypothesis that birds are
dependent on supplemental bird feeders in the winter. This study not only advances our
understanding of how chickadees use supplemental feeders in a Mediterranean climate during the
winter, but also how chickadees respond to an increase in the energetic cost of flight.
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CHAPTER 1 -- INTRODUCTION
Recreational bird feeding is a global activity, with approximately 50% of citizens in the U.S.
(U.S. Fish and Wildlife Service 2011), Great Britain (Davies et al. 2012), and Australia (Ishigame and
Baxter 2007) purposefully feeding birds for recreation. In addition to being geographically
widespread, bird feeding is a multi-billion dollar industry with >US$5 billion spent each year in the
United States alone on bird food, feeders, and related accessories (U.S. Fish and Wildlife Service
2017). Given the scale at which it occurs, recreational bird feeding has the potential for widespread
ecological consequences because supplementary feeding can have both positive and negative
influences on bird populations. For example, providing supplemental food can enhance breeding
success (Robb et al. 2008b), nutritional condition (Grubb and Cimprich 1990), and survival rates
(Jansson et al. 1981, Brittingham and Temple 1988). In contrast, supplemental food provisioning can
lead to increased disease transmission rates (Wilcoxen et al. 2015, Adelman et al. 2015), enhanced
competition (Rickett et al. 2013), reduced species diversity (Fuller et al. 2008), and increased
predation pressure (Robb et al. 2008a).
Although the recreational provisioning of supplemental food occurs globally and can have
wide-ranging effects influencing wild bird populations, we have a surprisingly poor understanding of
how recreational feeder use practiced by private citizens impacts wild birds in the non-breeding
season. Moreover, nearly all studies that have been conducted focusing on supplemental food in
winter have focused almost exclusively on regions with continental climates (i.e., cold winters with
snow cover and average temperature <0°C; Kessel 1976, Lima 1985, Ficken et al. 1990, Wilson Jr.
2001, Cooper and Sonsthagen 2007, Bonter et al. 2013; see Milligan et al. 2017 for a rare exception).
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In contrast to regions with continental climates, Mediterranean climates are characterized by rainy,
cool, mild winters with temperatures averaging >0°C (Kottek et al. 2006). Importantly, bird feeding
is widespread in these regions with non-continental climates (U.S. Fish and Wildlife Service 2011),
making it unclear whether results from past studies can be generalized to birds inhabiting regions
with milder winter climates.
During winter, ambient temperatures are the lowest, and daylight is most limited in both
Mediterranean and continental climates, and therefore foraging activities are critical for survival.
Throughout winter, birds must balance the risk of being captured by a predator, and the risk of not
acquiring adequate food energy and starving (Macleod et al. 2005, Kullberg and Lafrenz 2007,
Bonter et al. 2013, Møller et al. 2015). This predation-starvation tradeoff is particularly relevant in
the context of recreational bird feeding because the majority of birds that use such feeders are small,
with high surface area to volume ratios, and high mass specific metabolic rates. This means they
must satisfy large daily energy requirements to avoid starvation, while maintaining sufficiently low
body mass to avoid impairing flight performance and increasing predation risk (Lima 1986, Bonter
et al. 2013, Rogers 2015). It is generally the case that birds visit feeders more often as temperatures
decrease in regions with continental climates (Kessel 1976, Bonter et al. 2013); however, the extent
to which this is true in regions with Mediterranean climates is unclear, but nonetheless important for
expanding our understanding of how temperature influences use of recreational feeders across areas
with differing environmental conditions during winter.
In this study, our goal was to describe and quantify patterns of supplemental feeder
visitation by wild birds living in a Mediterranean climate during the non-breeding season.
Specifically, our objectives were to undertake a descriptive study to (1) quantify individual variation
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in supplemental feeder visitation, (2) assess how feeder visitation rates vary temporally relative to
environmental conditions, and (3) document the daily feeding patterns of birds at supplemental
feeders. In addition, we also used an experimental manipulation to (4) test how feeder visitation is
affected by an experimental manipulation of energetic costs of flight.
We collected detailed records of feeder visitation by Black-capped Chickadees (Poecile
atricapillus, hereafter, chickadee) in the vicinity of Corvallis, Oregon over a more than 5-month
period in the non-breeding season centered on fall/winter months (late October through March).
We tagged n=174 chickadees with passive integrated transponder (PIT) tags, and equipped bird
feeders with radio frequency identification (RFID) data loggers and antennae to record the date and
time of each feeder visit undertaken by tagged individuals. The RFID technology used here offers a
marked improvement over previous research methods by providing detailed data on visitation rates
by individual birds over long periods of time, which was previously not possible. We found a high
degree of variability in feeder visitation among individual birds, but individuals were consistent in
their own daily feeder visitation. Individual birds also displayed a high degree of variability in the
number of feeders used throughout the winter. Our handicapping experiment combined with RFID
is an important advance relative to past descriptive studies because it allowed us to quantify the
extent to which feeder visitation rates changed following an energetic challenge. When individual
birds were faced with an increase in the energetic cost of flight, handicapped birds decreased feeder
visitation relative to unclipped control birds up to 10 days after handicapping, and feeder visitation
levels increased to near that of controls by 30 days after handicapping. Understanding bird’s use of
supplemental feeders under an energetic challenge in a Mediterranean climate will help inform
science about the needs of birds as the climate continues to change.
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CHAPTER 2 -- FORAGING ROUTINES AND INDIVIDUAL VARIATION IN
SUPPLEMENTAL FEEDER USE BY BLACK-CAPPED CHICKADEES (Poecile
atricapillus)
ABSTRACT
Wildlife populations are often food-limited, so widespread, intentional recreational feeding
of birds during the non-breeding season has a strong potential to impact their populations.
Nevertheless, studies assessing the patterns of recreational bird feeder use by free-living birds during
winter are surprisingly rare and limited to regions with continental climates that are characterized by
below-freezing temperatures and snow cover. Moreover, there is virtually no information on bird
feeder use in regions with Mediterranean climates during winter, despite widespread recreational bird
feeding in these areas. In this study, we examined the relationship between feeder visitation rates and
several environmental variables that have been shown to influence the degree to which birds use
supplemental food (i.e., photoperiod, temperature, precipitation, and wind speed). We used radio
frequency identification (RFID) to record >315,000 feeder visits by 69 tagged individual Blackcapped Chickadees (Poecile atricapillus) for more than five months (late October 2016 through March
2017) in the vicinity of Corvallis, Oregon, USA, which is characterized by a Mediterranean climate.
Although all 21 feeders in our study area were used by tagged chickadees, we found that individuals
used from 1-9 different feeders during the period of our study. Individual feeder visitation rates
ranged from 1-406 feeder visits/day, and variation in daily visitation rates between individuals was
approximately 100 times greater than the variation in the daily visitation rates within individuals. At
the population level, we found that variation in feeder visitation rates throughout the season was
best explained by photoperiod, and that feeder visitation rates decreased prior to the winter solstice
as day length decreased, but feeder visitation rates also decreased following the winter solstice when
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day length increased. In contrast to previous studies conducted in regions with continental climates,
hourly feeder visitation rates peaked at mid-day and gradually decreased until sunset. Our study is
the first to describe and quantify daily and seasonal use of recreational bird feeders by chickadees in
a Mediterranean climate. This study gives us the first understanding of the variation both within and
among individual chickadees, and supplemental feeder’s effects on both individual and population
level behavior.

Keywords: Black-capped Chickadee, radio-frequency identification, RFID, supplemental
feeding, Poecile atricapillus, bird feeding, foraging, photoperiod, Mediterranean climate, solstice
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INTRODUCTION
Animals can be provided with anthropogenic food incidentally, such as waste generated by
population centers, food production facilities, or agricultural production (Craighead and Craighead,
1971, Becker et al. 2015, Ditmer et al. 2016), or purposefully, through direct provisioning of food
(Cowie and Hinsley 1988, Galbraith et al. 2014). In many parts of the developed world, purposeful
provisioning of food to animals is a common activity that supports a global industry (Jones and
Reynolds 2008, Galbraith et al. 2014). For example, up to 75% of households in industrialized
nations regularly feed wildlife (Cowie and Hinsley 1988, Davies et al. 2012, Galbraith et al. 2014),
and spend more than U.S. $265 million annually (P. Stancliffe, personal communication). In the
United States, >53 million people report feeding wildlife around their homes (U.S. Fish and Wildlife
Service 2011), with the great majority (95%) providing food for birds, and spending approximately
$5 billion per year on bird seed and bird feeding accessories.
Given the scale at which it occurs, purposeful feeding of wildlife has the potential for
widespread ecological consequences. Food resources are closely tied to demographic processes
(Martinson and Flaspohler 2003, Fischer and Miller 2015), and it is well known that populations can
increase when natural diets are supplemented with a regular, predictable food source from humans
(Oro et al. 2013). Indeed, empirical studies have found that supplemental feeding of wild
populations is linked to increases in individual survival (Brittingham and Temple 1988, Orell 1989)
and improved body condition (Desrochers and Turcotte 2008). Likewise, supplemental food can
reduce foraging effort and territoriality, and can alter the phenology of reproductive behaviors, with
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earlier incubation and ealier fledging (Robb et al. 2008a, Kavčič et al. 2015). Provisioning
supplemental food to birds has been shown to have positive effects on breeding success (Robb et al.
2008b), annual survival (Jansson et al. 1981), and nutritional health (Grubb and Cimprich 1990).
Conversely, supplemental feeding can potentially have negative effects on populations including
increased predation rates (Fernández-Olalla et al. 2012), increased disease transmission rates
(Adelman et al. 2015), feeder dependency (Robb et al. 2008a), and the provisioning of nutrient poor
foods relative to natural foods (Jones and Reynolds 2008).
Although providing supplemental food to birds can influence numerous ecological
processes, investigations that assess feeder use during the non-breeding season are surprisingly rare
(U.S. Fish and Wildlife Service 2017). For those studies that have quantified use of supplemental
food by birds, the great majority have been conducted in regions with continental climates that are
characterized by cold winters with average temperature < 0°C and snow cover (Kessel 1976, Lima
1985, Ficken et al. 1990, Wilson Jr. 2001, Cooper and Sonsthagen 2007, Bonter et al. 2013). These
studies have found that feeder visitation rates by songbirds in mid-winter (when photoperiod is
shortest) generally increase steadily throughout the day, with a sharp decline as sunset approaches
(Bonter et al. 2013, Mónus and Barta 2016). Additionally, feeder visitation by songbirds decreases
with wind speed (Kessel 1976, Kubota and Nakamura 2000), and increases with decreases in
ambient temperature (Chaplin 1976, Zuckerberg et al. 2011, Bonter et al. 2013), which are patterns
that are thought to be driven by the energetic needs of birds (Bonter et al. 2013). Despite these
important findings, recreational bird feeding is not restricted to regions with continental climates,
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and instead is practiced on a more extensive scale. For example, 74-100% of nearly 1,300 survey
respondents from regions without continental climates throughout the United States and Canada
reported feeding birds in the autumn (Horn and Johansen 2013, Horn et al. 2014). In contrast to
continental climates, Mediterranean climates are characterized by mild, cool, rainy winters, with
temperatures averaging >0°C (Kottek et al. 2006). Given the strong influence of environmental
conditions on feeder use (Kessel 1976, Grubb 1978, Bonter et al. 2013, Tryjanowski et al. 2015),
differences between continental and Mediterranean climates are likely to result in differences in
feeder use patterns. Therefore, findings from studies conducted in regions with continental climates
may not generalize to regions with warmer climates, and new studies are needed that investigate
recreational feeder use in Mediterranean climates where birds often use recreational bird feeders, to
enhance our understanding of how birds use feeders relative to different environmental conditions.
We obtained detailed records of feeder visitation by Black-capped Chickadees (hereafter
chickadees) by marking birds with passive integrated transponder (PIT) tags and equipping bird
feeders with radio frequency identification (RFID) data loggers that allowed us to record all feeding
visits made by individually tagged birds to our study feeders during the non-breeding period. Such
detailed data allow for improving our understanding beyond that of past studies on how individual
birds use supplemental food sources relative to environmental conditions that are linked to energy
requirements and metabolic rates. In the past, it has been difficult for researchers to obtain fine-scale
use-patterns of feeder visitation by wild bird populations because logistical constraints lead to
relatively small numbers of observations over short sampling periods. In contrast, the use of RFID
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technology provides a marked improvement over previous methods because it allows us to record
all feeder visits made by individual birds at a network of feeders over an entire fall/winter season
(Bonter and Bridge 2011). In turn, this allows for assessment of among individual variation in feeder
use by birds, and associations between feeder visitation and environmental conditions both at the
individual and the population levels.
In this study, as part of a broader study investigating feeder use by chickadees (Lajoie thesis),
we focused on exploring how songbird feeder visitation varied in a Mediterranean climate in three
distinct ways. First, we quantified the extent to which individuals varied in their use of feeders across
the fall/winter season, as individual variation in behavior and physiology is expected in wild
populations (Careau et al. 2008, Biro and Stamps 2010), and has the potential to influence how often
individuals make use of supplemental food. Second, we quantified how environmental conditions
known to influence feeder use in colder climates influenced feeder visitation rates in our
Mediterranean system. This included minimum daily ambient temperature, which is important
because birds require more food at lower temperatures to maintain homeostasis (Kessel 1976,
Grossman and West 1977, Sharbaugh 2001). Additionally, in a continental climate, feeder visitation
by songbirds generally increased as average daily temperature decreased, which is thought to be
driven by the enhanced thermostatic requirements of birds (Bonter et al. 2013), thus, we predicted
that birds would increase daily feeder visitation as daily minimum ambient temperatures (°C)
decreased (Bonter et al. 2013). We quantified the effects of maximum daily wind speed on feeder
visitation, because chickadees were found to avoid windy situations, seek shelter, and remain
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stationary, or delay their first appearance to feeders in windy situations (Kessel 1976). Therefore, we
predicted that individuals would decrease feeder visitation as wind speed (km/h; Kessel 1976,
Grubb 1978) increased. Feeding patterns associated with low temperatures and wind are thought to
be due to the higher thermostatic costs imposed by lower winter temperatures and higher convective
heat loss. Additionally, there is greater food restriction associated with snow cover in regions with
continental climates (Chaplin 1976, Zuckerberg et al. 2011) compared to those with Mediterranean
climates. We quantified feeder visitation rates relative to photoperiod, because daily photoperiod
determines the length of time birds have for foraging under daylight conditions (Kessel 1976,
MacDougall-Shackleton et al. 2003, Polo et al. 2007), so we predicted that birds would increase daily
feeder visitation as photoperiod – or day length – decreased (Bonter et al. 2013). We quantified
feeder visitation relative to precipitation (mm), predicting that birds would decrease daily feeder
visitation as precipitation increased (Zuckerberg et al. 2011). Finally, we quantified daily patterns of
feeder visitation rates, and predicted that daily feeder visitation would increase gradually throughout
the day, and peak shortly before sunset (Bonter et al. 2013), before declining rapidly, because
previous studies in regions with continental climates have found this pattern (Bonter et al. 2013,
Mónus and Barta 2016).
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METHODS AND DESIGN
Study Area and Focal Species
We established 21 feeding stations during September 2016 near the Oregon State University
campus in Corvallis, Oregon, USA (44.6˚N, 123.3˚W, 90 masl). We placed feeders at approximately
200 m intervals along the Oak Creek riparian area (Appendix 1), within 60 m of the continuously
flowing creek, in habitat dominated by Oregon white oak (Quercus garryanna), Himalayan blackberry
(Rubus discolor), bigleaf maple (Acer macrophyllum), white alder (Alnus rhombifolia), poplar (Populus spp.),
willow (Salix spp.), and a mixture of native shrubs, grasses, and forbs. In two instances we were
forced to place feeders approximately 400 m apart because of limited access (Appendices 2, 3), and
the maximum distance between any two feeders was approximately 3,200 m. We placed all feeders
>50 m from buildings in our study area, and it is possible that our tagged birds could have accessed
supplemental food from feeders other than those that we monitored. We plotted the average
number of daily feeder visits by each bird versus distance from a feeder to the nearest building, to
identify differential use of feeders due to recreational bird feeders not included in our study.
Nevertheless, the configuration of our feeding stations was such that all were in the range of what an
individual chickadee could cover in the course of a five month period and so all tagged birds
theoretically could access any feeders that were additional to the feeding stations we established in
our study area.
Chickadees generally establish temporally stable flocks by October in continental climates
(Desrochers and Hannon 1989, Smith 1991), and remain in those flocks throughout the winter

12

(Odum 1942). We selected the chickadee for this study for the following reasons (1) they are a small
species (10 g – 14 g; Smith 1991) with high energetic needs, (2) they commonly use recreational bird
feeders (Brittingham and Temple 1989, Smith 1991, Horn et al. 2014), (3) they typically select a
single sunflower seed during each feeder visit and then move away from the feeder to consume or
cache the seed (Ficken et al. 1990, Smith 1993). We captured chickadees from late October to early
December 2016, on fair days (clear or light drizzle, wind <10 km/h) between 08:00 h and 17:00 h
PST, during which we fitted each individual with a USGS aluminum leg band, a colored plastic leg
band, and a color band that contained a uniquely numbered PIT tag (IB Technology, Aylesbury,
UK). We captured and tagged additional individuals during pilot data collection the previous fall in
the same manner, and also included those birds in this study. This resulted in a total of 86 birds
tagged during fall/winter 2015/2016, and 88 birds tagged during fall 2016.

RFID-equipped Feeding Stations
Each feeding station consisted of a customized tube feeder that had a single feeding port at
the base of the feeder so only one individual could visit the feeding station at a time (Appendix 4).
Each feeder was hung approximately 2.5 m off the ground from a metal pole fitted with a baffle to
deter visitation by the western gray squirrel (Sciurus griseus ) and the Douglas squirrel (Tamiasciurus
douglasii), and was fitted with a 10 x 15 cm wire mesh trap at the feeding port to facilitate capture of
individual chickadees. Feeders were each capable of holding approximately 3 kg of in-hull black oil
sunflower seed, and we provided food ad libitum throughout the course of the study. We attached a
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small waterproof box to the base of each feeder to house a 12 V battery for power, and an RFID
data logger. The data logger was programmed to record all visits during daylight hours (i.e., 1 h
before sunrise until 1 h after sunset). We attached an antenna which had a detection range of
approximately 5 cm to the perch of each feeder for detecting tagged birds when they visited the
feeder for seeds. Thus, each time a PIT-tagged bird landed on the feeding port, the feeder
identification number, unique bird identification number, time of day (to the nearest second), and
date were recorded by the RFID data logger (Bonter and Bridge 2011). Chickadees typically make
short visits (<1 s) to feeders to obtain sunflower seeds, and sometimes return within 10 s of their
previous visit (Lima 1985, Dolby and Grubb 2000). Therefore, to avoid missing visits, we
programmed RFID loggers to scan for a PIT tag every 0.5 s, followed by a 0.5 s pause. Such a short
interval could lead to double-counting individuals if they remained on a feeder for >1 s, so we
removed tag detections of each individual that occurred within 10 s of each other. Thus, we
considered a ‘visit’ by an individual to be one that was separated by at least 10 s from a previous
visit.

Vegetative Cover at Feeding Stations
The extent of feeder use by birds may be linked to nearby escape cover (Lima 1985, Cowie
and Simons 1991, Ya-Fu et al. 2005). Therefore, we quantified vegetative cover surrounding each of
our feeders as an index of escape cover. To measure vegetative cover we established a 20 m radius
circle centered at each feeding station. Within each circle we visually estimated percent surface area
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that was covered by tree cover (>3 m tall), shrub cover (0.5 – 3.0 m tall), and herbaceous cover
(<0.5 m tall). When more than one vegetation type occurred, the type closest to the ground surface
was measured and recorded first. The recorded percentage for the next higher layer was calculated
by subtracting the lower layer’s measurement from the percent of ground surface covered by this
next vertical layer. When no vegetation was present above the ground surface, the area was
considered to be covered with bare soil. We plotted the average number of daily feeder visits by all
birds at each feeder versus percent vegetation cover (tree, shrub, and herbaceous cover) to identify
differential use of feeders due to the presence of escape cover.

Environmental Data
We obtained daily weather data recorded at the Corvallis, Oregon Airport (44° 33' N, 123°
15' W) by the National Oceanic and Atmospheric Administration’s (NOAA) National Centers for
Environmental Information (National Centers for Environmental Information 2017). The weather
station was located within 9 km of all feeding stations, and was therefore considered to represent
local conditions. Weather data included minimum daily ambient temperature (C°; hereafter, Tmin),
average daily wind speed (km/h, hereafter, wind), and total daily precipitation (mm, hereafter,
precipitation). In addition, we obtained sunrise and sunset times from the Astronomical
Applications Department of the U.S. Naval Observatory (Department of Defense 2011) for the
same location. We obtained the daily photoperiod length (hereafter, photoperiod) by subtracting
sunrise time from sunset time for each day. To obtain hours since sunrise, when the elapsed time
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since sunrise was ≤1 h, we considered hour since sunrise to be one, when the elapsed time since
sunrise was >1 h, and ≤2 h, we considered hour since sunrise to be two, etc.

Seed Energetics
To determine the amount of energy that chickadees acquired from feeders on a daily basis,
the Linus Pauling Institute at Oregon State University performed an extraction analysis on a
haphazardly selected sample (n=20) of black oil sunflower seeds used in our feeders. Using an
accurately weighed 0.2 g sample (±0.01 g) of dried, ground, sunflower seeds, 4 ml 50% MeOH:H2O
with 1% HCl, and 450 µl 17:1 FFA IS2 was added. After 10 min of vortexing and sonication, 4 ml
chloroform was added, followed by a second 10 min vortex and sonicate session, and then
centrifuged 10 min at 1000 G. After saving the lower layer, the upper layer was re-extracted in the
same manner as above. The lower layer was then combined with the re-extracted upper layer, and 3
ml 0.88% KCl solution was added, followed by 5 min of vortexing and sonication, then centrifuged
10 min at 2000 G to get phase separation. The upper layer was removed and discarded, CM added,
the sample was dried under N2, and then the extracted lipids were weighed. The lipid extraction
yielded a mean of 0.26 kcal fat/sunflower seed meat (i.e., hulled seed).
To quantify how many black oil sunflower seeds a chickadee required to fulfill its daily
energy requirements, we assumed that chickadees require approximately 66 kJ of energy/day
(Karasov et al. 1992, Cooper 2000), that the rate of metabolizable energy from sunflower seeds was
0.87 (Wu 2018), and that lipids were the primary energy source individuals obtained from sunflower
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seeds. Using our per-seed lipid estimate, we determined that a chickadee requires approximately 67
sunflower seeds/day to cover its entire daily energy expenditure (DEE). Given that chickadees do
not subsist on seeds alone in the winter (Smith 1991), and that previous estimates of DEE (Karasov
et al. 1992, Cooper 2000) were measured at lower ambient temperatures than those of our study site,
our estimate of 67 seeds/bird/day is likely an upper limit to what chickadees in our study population
would be expected to consume during winter (Lajoie, thesis).

Statistical Analysis
To address the relationship between feeder visitation rates and focal environmental variables,
we summed the total number of feeder visits by each individual for each day across all feeders from
October 23, 2016 to March 31, 2017 to calculate our response variable, ‘daily visits’. To quantify
how feeder visitation rates varied relative to time since sunrise, we restricted our analysis to
November 09, 2016 to January 31, 2017 because those days were the shortest during the course of
our study and were of limited variation in day length (8.8-9.8 hours). We summed the total number
of visits at any feeder during each hour since sunrise during this period for each individual bird to
calculate our response variable ‘hourly visits’. We also summed the number of days each individual
visited any feeder within each hour since sunrise, and used it as an offset in the model (hereafter,
‘total days’).
We used generalized linear mixed models (GLMMs) to relate daily visitation rates or hourly
visitation rates to Tmin, wind, precipitation, photoperiod, winter solstice (hereafter, solstice), and time
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since sunrise. Exploratory analysis of data prior to modelling demonstrated that although the general
pattern of response was similar among birds, the magnitude of the response differed widely among
individual birds; therefore, we included a random effect for each individual bird in all models.
Because visitation rate was repeatedly measured over time for each bird, for all models, we
graphically assessed the autocorrelation function (ACF) of residuals in our single variable models,
and chose a first order autoregressive model for the temporal autocorrelation in visitation rate.
When we modeled daily visitation rate, we used a negative binomial distribution; when our
response variable was hourly visitation rate, we used a Poisson distribution. We fit models using the
glmmTMB package (ver. 0.1.1; Magnusson et al. 2017) in R (ver. 3.4.0; R Core Team, 2017) and we
used Akaike’s information criterion (AIC) statistics to rank the degree of support for each regression
model, given the data.
Initial assessment of daily visitation rates relative to the solstice, suggested that visitation
varied differently before and after the solstice. Thus, we investigated whether effects of
environmental variables differed between the pre-solstice period, when photoperiod was decreasing,
and the post-solstice period when photoperiod was increasing.
We regressed total daily visits on Tmin, wind, precipitation, photoperiod, and an indicator for
post-solstice days. Initially we fit a null model with no explanatory variables, a full model with all
four explanatory variables, and each of the four single-variable models with a random effect for each
bird and random effects for the autoregressive covariance structure. We also fit four additional
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models with solstice as an indicator variable that allowed the effect of each environmental variable
to differ in the pre and post solstice periods.
We considered the effect of a variable to be supported if the AIC statistic for the null model
was at least 2 AIC units greater than the AIC for the model that included the variable and the
solstice indicator. We determined that the relationship did not differ before and after the solstice if
the AIC statistic for the model without the solstice indicator was at least 2 AIC units greater than the
model that included the solstice indicator. If the support for any single variable model was at least 2
AIC units greater than the support for the full model (that included all single variables) we
concluded that visitation was associated with more than one environmental variable. In addition, we
computed relative likelihood and evidence ratios based on ΔAIC to further quantify support for
each model.
We regressed hourly visits on hour since sunrise, and included number of days each bird
visited any feeder within each hour since sunrise as an offset to adjust for the varying number of
days an individual bird visited during each hour of the day. Graphical examination of the
relationship suggested a quadratic-like relationship, but the lack of symmetry and residual plots
suggested it was not a good fit. We treated hour since sunrise as a factor because a cubic model
proved to be over-parameterized, and would not converge, and graphical examination of the
relationship between hourly visits did not suggest that the curve changed slope more than once.
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RESULTS
Of 174 individuals tagged at feeding stations, 70 individuals (45 birds tagged in fall 2016, and
25 birds tagged in fall/winter 2015/2016) returned to feeders and were detected by RFID data
loggers, making a total of 315,745 visits over our 160 day field season. The average body mass of
chickadees at capture was 10.93 g (range=9.1 g to 12.5 g, 95% C.I.: 10.91 to 10.94 Appendix 5),
average right tarsus length was 17.19 mm (range=15.5 mm to 19.7 mm, 95% C.I.: 17.16 to 17.21),
and average wing chord was 61.35 mm (range=56.5 mm to 65.0 mm, C.I.: 61.31 to 61.39). Twentytwo of the 70 birds were also used as un-treated controls in a concurrent experimental study on
handicap challenges.
We found no relationship between feeder visitation rates and vegetation cover (trees and
shrubs) in a 20 m radius centered at each feeder (Appendix 6). We did show slight evidence of a
relationship between feeder visitation and distance to the nearest building (F1,68 = 4.22, p = 0.04;
Appendix 7), but the configuration of our feeding stations was such that all feeders were in the range
of what an individual chickadee could cover in the course of a five month period, so all tagged birds
could theoretically access any feeders that were additional to the feeding stations we established in
our study area.

Individual Variation in Feeder Visitation
We found substantial variability in daily visitation rates among individual birds (F69,7128 ,
69.53, p=<0.001; Appendix 8), although individuals were generally consistent in their patterns of
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feeding throughout the day (Appendix 9). Individual birds visited feeding stations an average of 44
times per day, although variation in the observed daily visitation rate by any bird over the season
varied from 1 to 406 visits (median=30; Fig. 2.1). The average daily visitation rate by each bird over
the season ranged from 2 to 148. Of the 160 days feeding stations were available to chickadees,
individuals used feeders an average of 103 days, with a range of 2 to 160 days (SD=48,
median=118). Individual birds used feeders an average of 66% of the days feeders were available to
them (range=1.2% to 100%, median=79%). Over the course of the 160 day season, the average total
number of all visits by an individual bird at any one particular feeder was 1,305, and ranged from
one to 15,512 (median=115). The mean total number of visits over the winter by individual birds
over all visited feeders was 4,511, and ranged from 8 to 23,209 (SD=4,456, median=2,995).
Individual birds were highly variable in the number of feeding stations they used, with an
average of 3.5 feeders used during the course of the study (SD=1.94, range=1-9). Many of the
tagged individuals that returned to our feeding stations eventually visited the feeder at which they
were captured (40%), and individuals took an average of 11 days to return to any of our feeding
stations after capture took place (range=0 to 118 days). Five individuals used just one feeder, and
individuals that were detected at two to four different feeders (n=50) still made the majority of their
feeder visits to a single feeding station suggesting that these individuals favored a particular feeding
station. Birds that were detected using five to nine feeders (n=15) made the great majority of their
feeder visits to the two most visited feeders (Fig. 2.2). The mean number of days it took all
individuals to find the first feeder they used over the season was 12, with a range of 0 to 118 days
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(median=2 days). The average number of days it took birds to discover all feeders they ultimately
used over the season was 37 days (range=0 to 151 days, median=12 days), and the average number
of days it took all individuals to find the last feeder they used over the 160 day season was 75 days
(median=61 days). The number of times a feeder was ultimately visited by all birds in the study was
highly variable (range=874 to 31,561, average=15,035, median=17,627), and the number of
individual birds using a particular feeder was also highly variable (range=3 to 20, mean=11.5,
median=12; Fig. 2.3). The maximum distance any tagged individual travelled between feeders was
approximately 1,850 m.
Association Between Environmental Variables and Feeding Visits
Feeder Visitation Patterns Relative to Time of Day
We regressed 918 hourly visits by each of 70 individual birds on the hour since sunrise.
Hourly feeder visitation rates peaked at mid-day and gradually decreased until sunset (Fig. 2.4).
Feeder visits did not occur prior to one hour before sunrise. The point estimate for mean hourly
visitation rate in the one hour before sunrise was 1.6 visits. Hourly feeder visitation increased sharply
during the first two hours after sunrise, and maximum hourly visitation occurred during the 3rd, 4th,
and 5th hours after sunrise, when the point estimates for mean hourly feeder visitation rate were
4.14, 4.27, and 4.22 visits, respectively. During the 6th, 7th, and 8th hours after sunrise, the estimated
mean hourly visitation rate gradually decreased, and in the final two hours before sunset, estimated
mean average feeder visitation declined rapidly.
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Daily Feeder Visitation Patterns Relative to Photoperiod and Weather
While our a priori hypotheses that feeder visitation rates would increase with a decrease in
Tmin, or increase with either increased wind speed or increased precipitation were not supported by
the data, we found support for the effect of photoperiod on visitation rate that differed between the
pre- and post-solstice periods (Table 2.1). Average daily Tmin duing this study was 2.07 °C, average
daily wind speed was 19.40 km/h, and average daily precipitation was 6.61 mm; the 30-year averages
for these measurements are 1.94 °C, 7.42 km/h, and 5.18 mm, respectively. Daily feeder visitation
decreased over the course of our study across the period when photoperiod decreased to its
minimum, then daily feeder visitation continued to decrease as photoperiod increased after the
winter solstice (Fig. 2.5). The mean estimated feeder visits per day prior to the solstice decreased by
17% for every one hour decrease in daily photoperiod (95% C.I.: 2%, -31%). Following winter
solstice, the mean estimated feeder visits per day decreased by 9% for every one hour increase in
photoperiod (95% C.I.: -2%, -16%).

DISCUSSION
Individual Variation in Feeder Visitation
Although the relationship between day length and feeder visitation was consistent across
chickadees, variation in daily visitation rates by individual birds foraging during the same period, and
under the same environmental conditions was pronounced. Many vertebrates, including birds can be
classified along a proactive – reactive personality axis (Koolhaas et al. 1999, Sih et al. 2012). Along
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this axis, proactive individuals tend to be bolder, explore new items quickly (albeit superficially), and
engage in higher risk activities (Aplin et al. 2014), while reactive individuals are characterized by
shyness, slow but thorough exploration, and caution (Dingemanse and Goede 2004, Quinn et al.
2011). Reactive individuals often use feeders in large groups, while proactive individuals move away
from areas with a high density of birds (Aplin et al. 2014). Thus, it is possible that the position an
individual held on the proactive – reactive axis axis led to the pronounced difference in individual
feeder visitation rates we recorded in our study.
Winter flocking chickadees have well established social-dominance hierarchies within the
flock, and these hierarchies are known to affect access to foraging resources, and provide increased
mating benefits and improved protection from predation (Ficken et al. 1990, Smith 1991, Ratcliffe et
al. 2007, Milligan et al. 2017), so social dynamics may play a role in determining feeder visitation
rates among individual birds. Thus, individual variation in feeder visitation could be limited by the
individual’s rank in the flock. In some areas, chickadees have been known to float between as many
as five different flocks during the winter (Smith 1991), which greatly increases their home range and
could affect the number of feeders individual birds encounter.
Individual birds in our study utilized a range of different feeders, some birds used a single
feeder for the entire season, while other individuals consistently visited multiple feeders. One
explanation for the large variation in the number of feeders individual birds visited could be because
chickadees are territorial in winter, and birds fight for food most often in mid-winter (Gibb 1954).
However, when food sources are abundant and predictable, as they are at bird feeders, territoriality
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subsides because the energetic costs of defending the territory are greater than the benefits (Krebs
and Davies 1993, Fort and Otter 2004, Sih et al. 2012). Winter food sources are often clustered
(Milligan et al. 2017), and the species composition of vegetation near each of our feeders varied, so
the variability in the number of feeders individual birds visited could be due to variation in natural
food resources near different feeder locations. Thus, it is probable that individuals were more
successful foraging on natural food sources at some locations than others, which could influence
feeder visitation.
Because chickadees acquire a single seed during each feeder visit (Ficken et al. 1990, Smith
1991), there is uncertainty in the amount of energy individuals may have obtained from our feeders.
If an individual bird obtained all its daily energetic needs from our feeders, it would require
approximately 65 seeds/day, but birds obtained between one and >400 seeds/day during our study.
Previous literature states that chickadees cache food items in the fall and early winter (Odum 1942,
Smith 1991, MacDougall-Shackleton et al. 2003), and that as day length begins to decrease, caching
increases to increase energy reserves for the forthcoming winter (Karpouzos et al. 2005). Birds that
made >65 feeder visits/day could have been in good body condition, obtaining all their daily energy
from feeders, and taking extra seeds for caching; conversely, birds that visited feeders >65 times/day
could have been in poor body condition, needing to consume extra food to survive, and
supplemental feeders provide an easily accessible, constant, predictable food source. Thus, birds in
poor body condition could be dependent on feeders for their daily energetic needs. Birds obtaining
<65 seeds/day could be in better body condition, and able to expend more energy to forage on
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natural foods; similarly, birds in poor body condition could obtain much <65 seeds/day if the
energetic requirements to travel to and from the feeder are too great or if they have a low position
within the social-dominance hierarchy.
Visits in Relation to Environmental Variables
We regressed 7,198 total daily visits by 70 individual birds on Tmin, wind, precipitation,
photoperiod, and winter solstice. We found that prior to the winter solstice, daily feeder visitation
rate decreased, and it continued to do so after the solstice passed, indicating that feeder visitation is
driven more by the time of year than by the length of the day. In addition, we found limited
evidence of a relationship between feeder visitation rates and several meteorological measures (Tmin,
wind speed, and precipitation).
In contrast to our study, some previous studies found that feeder visitation increased as
temperatures decreased. For example, weather conditions influenced feeder visitation for 18 bird
species in the northeastern U.S. and Canada, and as temperatures decreased (Tmin -18.9°C to 7.1°C),
birds were more dependent on supplemental food from feeders (Zuckerberg et al. 2011). In
addition, chickadees in interior Alaska (64° N), increased their use of feeders during low ambient
temperatures (Kessel 1976). In Alaska, extremes occur below -50°C, daily temperature fluctuations
of up to 27°C frequently take place, and precipitation falls mostly as snow. In addition, overnight
temperatures are not as low in Mediterranean climates as they are in continental climates, and snow
and ice events are less frequent, which could provide more opportunities for energy gain while
foraging on natural food sources for birds in Mediterranean climates. In our study, the lowest
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minimum temperature was -10°C, the largest daily temperature fluctuation was 18°C, and
precipitation fell primarily as rain. This indicates that chickadees use feeders more often in
conditions of extremely low ambient temperatures, with greater variation in daily temperatures and
where photoperiods are much shorter than those that occur in our study system.
We predicted that feeder visitation rates would decrease with an increase in wind speed, but
were unable to detect an effect even though average wind speed during our study was nearly 12
km/h higher than the long-term average wind speed in our study area. This result is in accordance
with previous work in Massachusetts that found chickadee’s foraging activity was unaffected by
wind (Van Buskirk and Smith 1989). Mediterranean climates are warmer than continental climates,
with lower wind velocities, so birds do not need as much energy to survive the day as birds in
regions with continental climates, which could result in lower daily feeder visitation rates for birds in
Mediterranean climates. Thus, wind speed may not play an important role in driving chickadee
foraging behavior in some systems, although it should be noted that foraging by the closely related
Carolina Chickadee (P. carolinensis) in Ohio did decrease as wind speed increased (Grubb 1978), and
black-capped chickadees in interior Alaska decreased overall movements under windy conditions
(Kessel 1976).
Prior to the winter solstice, feeder visitation decreased, and continued to decrease following
the winter solstice. The association between day length and feeder visitation rates is comparable to
findings from previous studies in continental climates evaluating factors that drive chickadee
foraging ((Brittingham and Temple 1992a, Wilson Jr. 2001); however, effects in relation to the

27

winter solstice were not considered in those studies. As day length increased after the solstice,
chickadees could have foraged increasingly on foods richer in protein than sunflower seeds – foods
that emerge and become more available as spring approaches. This could explain the further decline
in feeder visitation rates, since small birds shift foraging patterns as prey species become more
plentiful (Smith 1991). It is also possible that chickadees decreased feeder visitation rates as the
winter solstice approached, because by caching seeds early in the season, chickadees could rely more
on cached food reserves instead of visiting feeders.
Chickadees in our study followed a distinct pattern of daily feeder visitation during the
shortest days of the year, increasing their use of feeders sharply after sunrise, with a plateau around
mid-day, followed by a gradual decrease in use until sunset. Theoretical models of optimal foraging
predict that small birds should feed in a bimodal pattern, with heavy bouts of foraging in the
morning and again before going to roost at night (Bednekoff and Houston 1994, McNamara et al.
1994). These models were not supported by the daily pattern of feeder visitation by birds in our
study system. One explanation for our findings could be that birds in our system satiate themselves
during the mid-day plateau in feeding, and that during the gradual decrease in visitation as sunset
approaches, birds are simply maintaining the energy reserves needed in order to survive the night,
without undue exposure to predators. In contrast to our study, a study in Wisconsin witnessed a
lower number of chickadees visiting feeders in the morning, and a higher feeding rate as sunset
approached, in an apparent effort by the birds to maximize energetic intake before nighttime
roosting (Brittingham and Temple 1992a). Feeder visitation for chickadees in New York state
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gradually increased throughout the day, with a marked increase two hours prior to sunset, and a
sharp decrease in the hour before sunset (Bonter et al. 2013), as opposed to the gradual decrease we
observed by birds as sunset approached. These results could be attributed to the idea that birds
postpone body mass gain until later in the day in order to minimize the energetic costs associated
with carrying the extra fat reserves needed to survive overnight, thereby minimizing risk of
predation. (Lima 1986, McNamara et al. 1994, Polo et al. 2007, Farine and Lang 2013). Shorter
nights in Mediterranean climates increase the amount of time in a day available for foraging, so birds
may be able to distribute feeder visitation throughout the day differently than birds in regions with
continental climates. The low feeding rates in the evening in our system could be because, as dusk
approaches, birds are returning to or searching for roosting sites away from feeders (Brittingham
and Temple 1992a, Farine and Lang 2013). In addition, limited light just prior to sunset could
increase the threat of predation by nocturnal predators (Polo et al. 2007), or reduce the profitability
of foraging for small birds (Kacelnik 1979). This regional variation in the diurnal pattern of feeder
use suggests that local aggregations of small birds may regulate energy intake based on local climatic
conditions.
CONCLUSIONS
Our study highlights the variation in individual bird’s supplemental bird feeder visitation, the
impact of meteorological conditions on feeder visitation, and daily patterns of feeder visitation, from
sunrise to sunset. This study found that there is a high degree of variability in feeder use among
individual Black-capped Chickadees in our study system. Birds in our system did not feed in a bi-
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modal pattern on the shortest days of the year. Instead, they increased feeder visitation from
morning to mid-day, then sharply decreased feeder visitation during the last two hours before
sunset. These results differ from results of previous research, which has shown that birds increased
feeding rates as sunset approached. We found that birds decreased feeder visitation rates before the
winter solstice, as photoperiod decreased, and continued to decrease feeder visitation following the
winter solstice, as day length increased. In addition, we found that minimum daily ambient
temperature, wind, and precipitation did not have an effect on feeder visitation for chickadees in the
winter in a Mediterranean climate. This research is the first to describe how individual birds use
recreational bird feeders during the winter in a mild, Mediterranean climate.
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FIGURES

(a)

(b)

Figure 2.1: (a) Total number of feeder visits from October 23, 2016 – March 31, 2017 for each of
the 70 Black-capped Chickadees in our study ranked from lowest number of visits to highest
number of visits (range = 8 – 23,209), (b) distribution of total daily feeder visits (range = 1 – 406)
for each of the 70 chickadees in our study ranked in the same order as (a).
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Figure 2.2: Individual chickadees used from 1-9 feeders. The black horizontal lines represent
expected visitation if the number of feeders used were used equally in each group. The blue bar
indicates the largest proportion of feeder visitation for each group. Birds that were detected at 2-4
different feeders made the majority of their feeder visits at, on average one feeder; chickadees using
5-9 different feeders made the majority of their feeder visits at, on average two feeders.
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Figure 2.3: Each of 21 bird feeders ranked in order from the lowest total number of visits by
Black-capped Chickadees from October 23, 2016 to March 31, 2017 to the highest total number of
visits. This figure shows the full range of variation in the total number of visits by all tagged
chickadees to each feeder. Total number of visits by all chickadees to any one feeder ranged from
874 – 31,561 (mean=15,035, median=17,627). The numbers below each point indicate the number
of individual chickadees that visited each feeder and comprised the total number of visits at that
feeder.
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Figure 2.4: Estimated mean hourly feeder visitation rates averaged for all tagged Black-capped
Chickadees each hour of the day (day length = 8.82 to 9.82 h from sunrise to sunset) with 95%
confidence intervals based on a generalized linear mixed model (GLMM) with a Poisson
distribution. Chickadee feeder visitation rates increased sharply from the hour before sunrise to the
first three hours after sunrise, and maximum visitation occurred from the 3rd to the 5th hour after
sunrise. From the 6th to the 8th hour after sunrise, visitation decreased, with an abrupt decline in the
final hours before sunset.
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Figure 2.5: Predicted mean daily feeder visitation rates (solid line) by tagged Black-capped
Chickadees as a function of daily photoperiod based on a generalized linear mixed model (GLMM
on left vertical axis). Before the winter solstice (vertical line), feeder visitation rates decreased as
photoperiod decreased. After the winter solstice, feeder visitation rates decreased as photoperiod
increased. Dashed line is length of daily photoperiod in hours (on right vertical axis).
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TABLES
Table 2.1: Selection criteria of generalized linear mixed models (GLMM) used in modeling feeder visitation by Black-capped
Chickadees (Poecille atricapillus) relative to individual environmental variables in Corvallis, Oregon. ‘Solstice’ is used as an indicator
variable. ‘Solstice’ indicates that the indicator variable and the interaction of the indicator variable with the continuous environmental
variable are included. Models are ranked according to differences in Akaike’s Information Criterion (ΔAIC).
Modela
Kb
ΔAIC
wid
ERe
AIC
Photoperiod + Solstice
7
0
16.566
1.000
62456.5
Photoperiod
6
6.2
0.746
22.198
62462.7
Null
5
9.1
0.175
94.632
62465.6
Photoperiod + Solstice + Tmin + Wind Speed
9
10.7
0.079
210.608
62467.2
Null
5
0
0.461
1.000
62465.6
Precipitation
6
0.7
0.325
1.419
62466.3
Photoperiod + Solstice + Tmin + Wind Speed
9
1.6
0.207
2.226
62467.2
Precipitation + Solstice
7
2.7
0.120
3.857
62468.3
Null
5
0
0.505
1.000
62465.6
Photoperiod + Solstice + Tmin + Wind Speed
9
1.6
0.227
2.226
62467.2
Tmin
6
1.9
0.195
2.586
62467.5
Tmin + Solstice
7
3.9
0.072
7.029
62469.5
Null
5
0
0.493
1.000
62465.6
Photoperiod + Solstice + Tmin + Wind Speed
9
1.6
0.222
2.226
62467.2
Wind
6
1.9
0.191
2.586
62467.5
Wind + Solstice
7
3.3
0.095
5.207
62468.9

36

Included model covariates
Denotes the number of parameters in the model
c The top ranked model had AIC = 62456.5
d Relative likelihood of the model based on AIC
e Evidence ratio
a

b
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CHAPTER 3 – TESTING SUPPLEMENTAL FEEDER USE BY BLACK-CAPPED
CHICKADEES (Poecile atricapillus) SUBJECTED TO AN EXPERIMENTAL
ENERGETIC CHALLENGE

ABSTRACT
Supplementary feeding of wildlife in general, and birds in particular, is a widespread activity
with a global footprint that can influence population dynamics through both positive and negative
effects. Nevertheless, we have a poor understanding of how supplementary feeding influences
behavioral and physiological responses of birds, especially during the winter when ambient
temperatures are the lowest, food resources the most limited, and individuals are most constrained
by the time available for foraging. In this study, we used a manipulative experiment combined with
passive integrated transponder (PIT) tagging to assess the extent to which Black-capped Chickadees
(Poecile atricapillus) depend on recreational bird feeders during periods of elevated energetic
requirements. We feather-clipped free-living, wild chickadees to increase energetic costs for flight at
two distinct levels, and compared their feeder visitation patterns to unmanipulated controls during
the same time period. Contrary to our prediction, we found that birds in feather-clipped treatments
had lower feeder visitation rates relative to controls for up to 10 days following feather-clipping, and
the response was similar between birds experiencing two different levels of handicapping. However,
daily feeder visitation rates by individuals in both handicapping treatment groups increased to the
level of controls within 2-4 weeks of handicapping. Experimental birds varied widely in their use of
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supplemental feeders both before and after receiving handicapping treatments, and the wide
variation in the baseline visitation rate among individuals within treatment groups likely made it
difficult to detect differences between treatments. We conclude that birds did not appear to be
dependent on supplemental bird feeders as predicted even after experiencing an extensive removal
of flight feathers, probably because individuals were able to compensate for decreased flight
efficiency.
Keywords: Handicapping, energetic challenge, Poecile atricapillus, starvation-predation tradeoff,
flight performance, recreational bird feeding, energy requirements
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INTRODUCTION
Intentional supplementary feeding of wildlife in general, and birds in particular, is a
widespread activity that takes place throughout the world, most often within a recreational context.
For example, a majority of households in the U.S. (U.S. Fish and Wildlife Service 2011, 2017;
Baicich et al. 2015), the United Kingdom (Davies et al. 2012), and Australia (Ishigame and Baxter
2007, Jones 2011) provide supplemental food for birds in rural and urban areas. Bird feeding is a
multi-billion dollar global industry, with >$4 billion spent annually on bird food, feeders, baths, and
houses (U.S. Fish and Wildlife Service 2017). Given how extensive and widespread it is,
supplementary feeding of wild birds has the potential to influence population dynamics on a broad
scale. On one hand, supplemental feeding can facilitate disease transmission (Becker et al. 2015,
Adelman et al. 2015), enhance competition (Rickett et al. 2013), reduce species diversity near feeders
(Fuller et al. 2008), and result in increased predation pressure (Robb et al. 2008a). In contrast,
supplemental bird feeding can lead to greater overwinter survival (Brittingham and Temple 1988),
enhanced breeding success, and increased local populations (Orell 1989, Lahti et al. 1998). Recently,
bird feeding has even been found to result in evolutionarily significant changes to bill structure in
species that commonly visit recreational feeders (Bosse et al. 2017), suggesting this activity has
broad, yet unrecognized effects on a wide range of species around the world.
Despite previous research, we still have a poor understanding of how recreational bird
feeding influences the behavior and physiology of birds that regularly visit supplemental feeders.
This is especially true during the winter when supplemental feeders are most readily available,

40

ambient temperatures are the lowest, and food resources are the most challenging to acquire because
of low availability and reduced daylight for foraging by diurnal birds (Kessel 1976, Mónus and Barta
2016). During this period, birds are thought to be constrained by a tradeoff between the costs of
obtaining an adequate amount of food energy needed for survival and the costs of being captured by
a predator (Kullberg et al. 1998, Macleod et al. 2005, Møller et al. 2015). This so-called starvationpredation tradeoff is especially relevant to recreational bird feeding because most birds that visit
feeders are small, with high surface area to volume ratios and high mass-specific metabolic rates, and
must maintain energy reserves that are large enough to avoid starvation over the short term, but not
so large as to impair flight performance and increase predation risk (Lima 1986, Bonter et al. 2013,
Rogers 2015).
Recent research focusing on patterns of feeder use has found that individual birds can vary
greatly in the frequency of their feeder visitation (Lajoie et al. in preparation, Firth et al. 2015,
Arvidsson and Matthysen 2016, Milligan et al. 2017). For example, individual Black-capped
Chickadees (Poecile atricapillus, hereafter chickadees) vary in the number of daily visits to bird feeders
in winter by two orders of magnitude (range=1-406 daily visits; Lajoie et al. in preparation). These
findings indicate that some individuals visit recreational bird feeders infrequently, and derive limited
energetic benefits from supplemental food, whereas others visit feeders often, and appear to depend
extensively on them to obtain a substantial part of their food energy during the winter months.
Although what drives this variation in feeder use remain unclear, these recent findings raise the
question as to whether individuals that use feeders extensively are dependent on them and would
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have negative consequences in their absence, or whether they are simply taking advantage of a highly
profitable food source. This is an important question within the context of recreational bird feeding,
as supplemental feeders are widespread in many developed countries, and typically provide a
temporally constant, concentrated source of high-energy food (Ishigame and Baxter 2007, Robb et
al. 2008a, Horn and Johansen 2013). Yet this question remains virtually unstudied, largely because
obtaining detailed data on feeder use at the level of the individual is challenging. Indeed, previous
research evaluating the extent to which winter birds depend on feeders was constrained to a
descriptive study that compared overwinter survival of chickadees in groups that did and did not
have recreational bird feeders available, finding no differences in survival between the two groups
(Brittingham and Temple 1992). Importantly, that work was unable to quantify the degree of
individual-level variation in the use of feeders which is prevalent in wild populations (Lajoie et al. in
preparation, Aplin et al. 2015, Crates et al. 2016, Milligan et al. 2017), and this variation has the
potential to impact fitness (Dingemanse et al. 2004). Thus, new studies are needed that adopt an
experimental approach whereby energetic cost of flight is manipulated and individual-level responses
can be recorded. Such studies are now possible because of advances in the miniaturization of passive
integrated transponder (PIT) tags that can be used in conjunction with radio frequency identification
(RFID) technology to obtain highly detailed records of feeder visitation by individual birds (Bonter
and Bridge 2011, Bonter et al. 2013, Firth et al. 2015, Arvidsson and Matthysen 2016, Milligan et al.
2017). These advances allow for quantifying changes in the use of feeders relative to experimental

42

challenges experienced during winter that are linked to the energetic cost of flight (Bonter et al.
2013, Milligan et al. 2017).
In this study, we assessed how chickadees varied their use of supplemental bird feeders after
being subjected to an experimental manipulation of the energetic cost of flight by feather removal
(Harding et al. 2009, Rivers et al. 2017). Experimental removal of flight feathers leads to an increase
in wing loading, a decrease in flight performance and an increase in the energy needed to initiate
flight (Carrascal and Polo 2006), and we expected feather-clipped chickadees would require more
energy to maintain the same level of activity as non-clipped controls. Specifically, we tested the
feeder dependency hypothesis, which posits that birds increase their use of supplemental feeders
when faced with increased energy demands stemming from challenging conditions that require
increased food energy intake. This prediction is based on the assumption that when energetic
requirements increase due to an energetic challenge (i.e., reduction in flight efficiency) and food
energy is readily available via bird feeders which an individual has already visited, individuals will
increase the extent of their visitation to recreational feeders because they offer a concentrated, highvalue food source that has temporal and spatial continuity. To test this hypothesis, we used featherclipping treatments as proxies for challenging conditions to alter wing-loading and increase the
energetic cost of flight (Slagsvold and Lifjeld 1988, Pennycuick 1989, Love and Williams 2008,
Tsurim et al. 2010, Cantarero et al. 2014, Wegmann et al. 2015, Rivers et al. 2017). We
experimentally removed primary flight feathers at two different intensities (i.e., 4-feather removal
[22% of primary flight feathers], 8-feather removal [44% of primary flight feathers]), and predicted
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that birds receiving a feather clipping treatment would increase feeder visitation relative to control
birds whose feathers remained intact, with post-treatment visitation rates expected to be higher for
birds in the more intensive feather-removal group.
Alternatively, energetically challenged individuals might avoid visiting bird feeders after
having a reduction in flight efficiency, because reduced lift and take-off speed might increase
predation risk (Swaddle et al. 1999, Kullberg and Lafrenz 2007), and birds might be particularly
prone to attack by predators (Dunn and Tessaglia 1994, Kullberg et al. 1998) that target individuals
in locations where prey regularly congregate, such as at recreational bird feeders. Under this
scenario, feather-clipped birds might be expected to decrease their use of supplemental bird feeders
relative to unclipped individuals, so the risk-avoidance hypothesis predicts that the degree of feeder
use is greatest for control birds, and the degree of feeder use decreases with increasing featherclipping intensity.
We tested these alternative hypotheses in a free-living chickadee population during winter.
Although variation in feeder use is high between individuals, chickadees consistently use feeders
throughout the winter season (Lajoie et al. in preparation). Moreover, this species typically takes a
single seed per visit when visiting feeders stocked with sunflower seeds (Ficken et al. 1981, 1990),
allowing us to use data from PIT-tagged birds as a robust measure of the amount of food obtained
by tagged individuals either for immediate consumption or for caching and delayed consumption.
Finally, it is well known that birds are able to adjust physiologically and behaviorally to
environmental stressors, including experimental feather-clipping treatments, after an acclimation
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period (Harding et al. 2009). For example, small songbirds typically experience reduced body mass
and increased relative size of pectoral flight muscles within days after handicapping (Witter et al.
1994, Lind and Jakobsson 2001, Kullberg et al. 2002, Soler et al. 2008). To evaluate this idea we
tested the recovery hypothesis, which posits that changes in feeder use are limited to an initial period
of acclimation, after which feeder visitation rates do not differ from those of control birds. Given
that previous work has found that birds exhibit an adaptive wing loading response to featherclipping in less than 10 days (Lind and Jakobsson 2001, Kullberg et al. 2002), we predicted that
feeder visitation rates of feather-clipped birds would return to levels similar to those of
unmanipulated birds after 10 days.

METHODS AND DESIGN
Study Area and Focal Species
We conducted this study from January 5 - April 1, 2017 along the Oak Creek riparian zone
near the campus of Oregon State University in Corvallis, Oregon, USA (44.6° N, 123.3° W, 90
masl). This study was part of a larger study investigating individual and population-level responses in
feeder visitation rates relative to environmental variables (Lajoie et al. in preparation). The
vegetation at our study site was dominated by willow (Salix spp.), poplar (Populus spp.), white alder
(Alnus rhombifolia), Himalayan blackberry (Rubus discolor), Oregon white oak (Quercus garryanna), and
bigleaf maple (Acer macrophyllum). We placed 21 tube feeders approximately 200 m apart, except in
one instance when we were limited by access and we placed the feeder approximately 400 m away.
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Residential housing density was low in our study area, although one feeder was placed within 50 m
of a building, but it is unknown whether that building had a recreational bird feeder. Although it is
possible birds in our study obtained additional supplemental food away from our feeders, it is
important to note that our experimental design was such that all three treatments were implemented
in roughly equal measures at all bird feeders. Therefore, all treatment groups had equal access to the
supplemental feeders we provided during the course of our study even if individual birds did indeed
visit recreational feeders at nearby buildings that were beyond the scope of our study.
We selected chickadees for this investigation because they are small birds with high surface
area to volume ratios, high mass-specific metabolic rates, and high daily energy requirements;
therefore, they are an ideal species for investigating energetic challenges during winter (Kessel 1976,
Smith 1991, Karasov et al. 1992). In addition, they are frequent visitors at bird feeders, readily accept
supplemental food, and typically remove only a single seed during each visit to a feeder to be eaten
away from the feeder (Ficken et al. 1981).
RFID-Equipped Feeding Stations
To record feeder visitation, we built customized PVC tube feeders, each capable of holding
approximately 3 kg of black oil sunflower seed (Global Harvest Foods Limited, Seattle, WA). Each
feeder was equipped with a radio-frequency identification (RFID) data logger that was set to record
feeder visits during daylight hours (i.e., 1 h before sunrise until 1 h after sunset). The RFID antenna
served as the perch at the lone feeding port on each feeder (see details on tagging below), allowing
us to record a visit each time a PIT-tagged bird landed on the perch to take a seed. The RFID data

46

logger recorded the date, the time of day to the nearest second, the unique bird identification
number, and the feeder identification number on a memory storage card (Bonter and Bridge 2011).
We considered a “visit” to be a recorded visit by one individual separated by at least 10 s from its
previous visit. Individual chickadees have been found to obtain one seed per feeder visit on 80% to
100% of feeder visits (Ficken et al. 1990), thus, we assumed that each feeder visit by an individual
bird resulted in the removal of one seed, allowing us to easily quantify the number of feeding visits
made and estimate the amount of food energy obtained from seeds (Ficken et al. 1990). Food was
available to birds ad libitum approximately 4 weeks prior to the start of this study beginning
(September 24, 2016), and the feeders were kept filled to provide seeds until April 1, 2017.
Initial Capture and Tagging
We banded n=88 chickadees during the fall of 2016, with an additional n=86 chickadees
banded during a non-experimental pilot study of feeder use the previous fall/winter (December
2015-February 2016). We captured birds with 30 mm mist nets or on-feeder traps on clear days or
days with minimal precipitation from late October-early December 2016, between 07:45 and 16:45
PST. We fitted each bird with a 2.3 mm split plastic leg band with a uniquely numbered PIT tag (IB
Technology, Aylesbury, UK), an aluminum leg band, and a colored plastic leg band to allow for
future identification of individuals in the field by sight. Birds banded in the pilot study were captured
and banded in a similar fashion. We monitored feeder visitation from late October-early January to
obtain pre-treatment data on feeder visitation to control for individual variation in daily feeder use.
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For each individual, we recorded mass to the nearest 0.01 g with a digital scale, right tarsus length
(mm), and wing chord (mm) to the nearest mm.
Bird Recapture and Handicapping
For this study, 20 of the 86 birds banded in the pilot study were included in the
handicapping study, and 49 of the 88 birds banded during this study were included in the
handicapping study. The smaller proportion of handicapped birds from the pilot study compared to
this study likely arose because of mortality or birds moving out of the area in the period between
banding and handicapping. All individual birds ultimately used in this study that were originally
captured during the pilot study were control birds during the pilot study, so we did not confound
pilot treatments with treatments during this study.
We conducted additional trapping sessions at all feeders from January 25-March 02, 2017 to
capture as many previously banded birds as possible and apply handicapping treatments. After
measuring recaptured birds as described above, we applied one of three treatments to each
individual (light feather-clipping, heavy feather-clipping, or no-clip control) such that all three
treatments were assigned in a blocked design, to individuals in random order for each successive
group of three birds (Fig. 3.1); we undertook this approach to ensure even representation of our
three treatment groups through time and across feeders. In the light feather-clipping treatment, we
removed two primary flight feathers from each wing (primary #4 and #8; n=23 individuals) whereas
in the heavy feather-clipping treatments we removed four primary flight feathers from each wing
(primary #2, 4, 6, and 8; n=24 individuals). We handled individuals in the no-clip control in the same
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manner as birds whose feathers were clipped, except we removed no feathers (n=22 individuals). We
clipped primary feathers at the base of each feather with a pair of sharp scissors so that feathers did
not regrow and therefore represented a consistent handicap during the course of our study.
Quantifying Feeder Visitation
For each bird, we summarized daily visitation rate as the number of visits per day for each of
5 time periods: 1-20 days prior to the start of handicapping (Period -1), 1-5 days after handicapping
(Period 1), 6-10 days after handicapping (Period 2), 11-20 days after handicapping (Period 3), and
21-30 days after handicapping (Period 4). These experimental periods were chosen a priori because
previous research has found that small songbirds can exhibit rapid, adaptive physiological responses
to feather-clipping in as little as a week. (Lind and Jakobsson 2001, Kullberg et al. 2002), so we
constructed time periods that were short enough to detect such rapid effects post-treatment. For all
periods, we summed the number of visits made during each period for each individual bird, and
divided the total number of visits by the number of days in the period (hereafter, ‘mean daily
visits/period’).
For all periods, and for each bird, we subtracted the mean daily visits/period in the prehandicapping period, from the mean daily visits/period for each of the 4 post-handicapping periods
to calculate our first response variable: the difference in each bird’s average daily visits posthandicapping from its pre-handicapping mean (hereafter, ‘adjusted daily visitation rate’).
In addition, for each bird, we summarized the number of different feeders used per day for
each of the 5 time periods: pre-handicapping (Period -1), and post-handicapping (Periods 1-4). For
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each post-handicapping period, and for each individual bird, we summed the number of feeders
used, then subtracted the number of feeders used by each individual bird during the prehandicapping period to calculate our second response variable: the difference in the number of
feeders each bird used post-handicapping from the number of feeders it used in the prehandicapping period (hereafter, ‘adjusted feeders used’).
Previous work has shown that feeder visitation rates decrease as day length increases after
the winter solstice, such that we would expect feeder visitation during the day length observed in
this study to decrease by approximately 8 visits in the absence of an additional energetic challenge
(Lajoie et al. in preparation). Because we calculated the difference in mean pre-handicapping visits
from the mean visits in each post-handicapping period for each treatment group, then modeled the
difference in visitation, a decrease in visits of ≥10, relative to pre-handicapping levels would be
considered a biologically relevant decrease in energy acquisition from our feeders for chickadees in
this experiment.
Vegetative Cover at Feeding Stations
Vegetation cover near feeders may be linked to predation risk which, in turn, may influence
the degree of feeder visitation (Cowie and Simons 1991). Thus, we quantified vegetative cover
surrounding each of our feeders as an index of protective cover to control for this potentially
confounding factor by visually estimating percent surface area that was covered by tree cover (>3 m
tall), shrub cover (0.5 – 3.0 m tall), and herbaceous cover (<0.5 m tall) in a 20 m radius circle
centered at each feeder. When vegetation types were vertically layered, we measured and recorded
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the vegetation type closest to the ground first. We calculated the percent cover for the next higher
layer by subtracting the lower layer’s measurement from the percent of ground surface covered by
this next vertical layer. We plotted the average number of daily feeder visits at each feeder versus
percent vegetation cover (tree, shrub, and herbaceous cover) to identify differential use of feeders
due to the presence of escape cover.
Seed Energetics
To determine the amount of energy a chickadee needs for its daily energy requirement
(DEE), the Linus Pauling Institute at Oregon State University conduscted an extraction analysis on a
haphazardly selected sample (n=20) of black oil sunflower seeds that were used in feeders. An
accurately weighed 0.2 g sample of dried, ground, sunflower seeds was used, and 4 ml 50%
MeOH:H2O with 1% HCl, and 450 µl 17:1 FFA IS2 was added. After a 10 m vortex and sonicate
session, 4 ml chloroform was added, followed by another 10 m of vortexing and sonication, then
centrifuged 10 m 1000 G. The lower layer was saved, and the upper layer re-extracted in the same
manner as above. The lower layer was then combined with the re-extracted upper layer, and 3 ml
0.88% KCl solution was added to the saved layer, followed by a 5 m vortexing and sonication
session and 10 m in a 2000 G centrifuge to get phase separation. The upper layer was removed and
discarded, CM added, and the sample was dried under N2, then the lipids were weighed. The lipid
extraction yielded a mean of 0.26 kcal fat/sunflower seed meat (i.e., unhulled seed).
To quantify how many black oil sunflower seeds chickadees require on a daily basis, we
assumed that chickadees require approximately 66 kJ of energy per day for their daily energy
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expenditure (Karasov et al. 1992, Cooper 2000), that the rate of metabolizable energy derived from
sunflower seeds was 0.8 (Wu 2018), and that lipids were the primary energy source obtained from
sunflower seeds by chickadees. Given our estimate of 0.26 kcal fat/hulled seed, we estimate that a
chickadee would require approximately 67 sunflower seeds/day to cover its DEE. Given that seeds
are not a chickadee’s sole food energy source in the winter (Smith 1991), and that previous estimates
of DEE for chickadees were measured at lower minimum ambient temperatures than in our study,
our estimate of 67 seeds/day is likely a conservative estimate compared to what chickadees in our
study population would be expected consume during winter (Lajoie, thesis).
Statistical Analysis
To test the effects of handicapping treatment and time period on mean adjusted daily
visitation rate and mean adjusted feeders used we used linear mixed models (LMMs) with a normal
distribution, and a random effect for variation among individual birds. We extended the LMMs to
allow for the correlation of adjusted daily visitation rates and adjusted feeders used among time
periods. Four different models of the correlation structure among time periods were initially
investigated, and we used Akaike’s information criterion (AIC) statistics to rank the support for each
structure. The general correlation structure, allowing for different correlations between each pair of
time periods, was best supported (Appendices 10, 11) and was therefore used for all subsequent
analyses. The model was fit using the nlme package (ver. 3.1-131; Pinheiro et al. 2017) in R
(ver.3.4.0; R Core Team 2017). Model assumptions were upheld based on visual assessment of
scatter plots of the normalized residuals against fitted values and a normal quantile-quantile plot.
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We compared the mean adjusted daily visitation rate and mean adjusted feeders used
between the control group and the light feather-clipped group, and the control group and the heavy
feather-clipped group during each period, and adjusted 95% confidence interval widths using the
Tukey’s HSD correction for multiple comparisons of adjusted daily visitation rates and multiple
comparisons of adjusted feeders used.

RESULTS
Pre-treatment Measurements
Prior to the implementation of experimental treatments, we detected no differences between
individuals in the three treatment groups with respect to mean body mass (F2,63=0.90, p=0.41), wing
chord (F2,66=0.73, p=0.49), or right tarsus length (F2,66=1.74, p=0.18), when measured immediately
before feather-clipping. Similarily, we detected no differences in the mean adjusted number of daily
visits between individuals in the three treatment groups (F2.66=0.20, p=0.82; Table 3.2), nor did we
find differences in the mean adjusted number of feeders used by individuals during the prehandicapping period (F2,66=0.08, p=0.92; Table 3.3).
Post-treatment Feeder Visitation
All individuals except for one lightly handicapped bird returned to feeders following
treatment (Fig. 3.2). We found evidence that the differences in adjusted daily visitation rates to
feeders among the periods post-handicapping depended on the number of flight feathers that were
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clipped (F2, 273=12.66, p<0.001), with daily visitation rates being consistently higher for individuals in
the light clipping treatment relative to the heavy clipping treatment (Fig. 3.3). In all periods posthandicapping, except for the light feather-clipped group in the third (11-20 days) period, point
estimates of changes in mean adjusted daily visitation rate indicated reductions relative to unclipped
birds. Relative to unclipped birds, the mean adjusted daily feeder visitation rate for individuals in
both feather-clipping groups decreased in the first (1-5 days), and second (6-10 days) posthandicapping periods, with a more pronounced decrease for the heavy feather-clipped group. In
contrast, the mean adjusted daily feeder visitation rate for both heavy and light feather-clipped
groups increased relative to control birds during the third (11-20 days) period post-handicapping,
and then remained at approximately the same level as unclipped birds until the end of the period.
We note that the reduction in mean adjusted daily visitation rate for the heavily clipped group during
the first and second post-handicapping period (1-5 and 6–10 days) was the only change in all time
periods where adjusted 95% C.I.s did not overlap zero.
Feeders Used
We found evidence that the number of feeders used during the post-treatment periods
depended on the treatment that was applied (F2,273=10.99, p<0.001). The mean adjusted number of
feeders used for both heavy and light feather-clipping treatment groups decreased compared to
unclipped birds throughout all post-handicapping periods (Fig. 3.4), with the greatest decrease
detected for heavy-clipped and light-clipped individuals within the first period after treatment.
Feeder use was dynamic, however, and birds in both feather-clipping treatments increased the
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number of feeders used during the second (6–10 days) and third periods (11–20 days) relative to the
first period (1-5 days) before a reduction during the final period (21–30 days). Although all
handicapped birds showed a reduction in the point estimate of the mean adjusted feeders used
compared to controls during all periods, the 95% Tukey’s HSD adjusted confidence interval for the
reduction in mean adjusted feeders used by light feather-clipped birds during period one (mean=0.65, 97.5% C.I.: -1.27 to -0.02; Appendix 13), and heavy feather-clipped birds during periods one
(mean=-0.87, 97.5% C.I.: -1.49 to -0.25), and four (mean=-0.64, 97.5% C.I.: -1.25 to -0.02), did not
overlap with zero indicating that the number of feeders used declined more than would be expected
by chance compared to unclipped birds in the same period. The difference in mean adjusted feeders
used between both treatment groups relative to the control group in all periods was approximately
one-half of a feeder (mean=-0.54), suggesting that handicapping reduced the mean adjusted number
of feeders used by treated birds.
DISCUSSION
In our study we expected to find an increase in feeder visitation by handicapped birds in at
least the first 10 days after handicapping, suggesting that birds would make greater use of feeders
when energetically challenged. An increase in visitation would indicate that, biologically, birds are
relying on feeders to meet their daily energetic needs. However, despite removing over 44% of bird’s
primary flight feathers, mean feeder visitation rates for feather-clipped chickadees did not increase
relative to control birds, failing to support the feeder dependency hypothesis. These findings are
consistent with the findings of Brittingham and Temple (1992), who suggested that chickadees are
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not dependent on anthropogenically supplied food in the winter, although we did not evaluate
dependency or the survival rate of chickadees using feeders (Brittingham and Temple 1992b).
In addition, in accordance with previous findings, individual chickadees were highly variable
in their use of feeders both before and after handicapping (Lajoie et al. in preparation). Even with
the relatively large sample size in our study, the variability in daily visitation rates among individual
birds resulted in low statistical power to detect differences among treatments. However, the huge
variation in feeder visitation rates among birds may be an important adaptive mechanism providing
individuals with resiliency to local perturbations. With the design of this study, it is difficult to
identify the cause(s) of change in feeder visitation rates, or change in the numbers of feeders used by
handicapped birds.
A reduction in the number of visits to a feeder, or the number of feeders used by
handicapped chickadees, may be a strategic behavioral adaptation to compensate for the increased
energy required for flight (Lima 1986, Rogers 1987, Lind 2001). Previous studies show that
individual free-living wild birds strategically adjust short-term fat reserves and body mass in response
to predation risk (Rogers 1987, 2015; Pravosudov and Lucas 2001) and experimental energetic
challenges (Bednekoff and Krebs 1995, Senar et al. 2002, Macleod et al. 2005). The reduction in the
mean feeder visitation rate we observed following handicapping relative to unclipped birds suggests
that birds were avoiding the feeders and foraging on natural food, or consuming less food and
thereby reducing body mass. Likewise, the observed reduction in the mean number of feeders used
suggests that birds may have been limiting the distance travelled between feeders immediately after
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handicapping to conserve energy. Birds in our study with eight flight feathers removed decreased
mean feeder visitation rates by nearly 13 visits/day, and decreased the mean number of feeders used
by approximately one-half of a feeder, indicating they may have been adapting physiological
characteristics in response to the handicapping. These behavioral responses may allow individuals to
cope with other short term changes in environmental conditions that influence energetic
expenditure, such as snow and ice cover that may reduce food availability (Macleod et al. 2005).
Previous research shows that birds can make rapid short-term (over 7-9 days), but reversible,
physiological changes in the ratio of flight (pectoral) muscle size to body mass in response to a
reduction in wing area (Lind and Jakobsson 2001, Kullberg et al. 2002). Thus, a reduction in mean
feeder visits or the mean number of feeders used may result in lower body mass after handicapping
until flight muscle size has increased enough to support flight in the presence of reduced wing area
(Lind and Jakobsson 2001, Kullberg et al. 2002). Individual birds may assess their own wing-loading,
and adjust body mass in accordance with flight costs (Lind and Jakobsson 2001). We did not have
the opportunity to weigh birds in each period following handicapping, and we did not measure
pectoral muscle size, or repeatedly measure mass in this study, but a decrease in body mass and
subsequent increase in muscle mass would be consistent with our findings of the reduction in both
mean feeder visitation rate and mean number of feeders used approximately 10 days after
handicapping.
Optimal body mass theory provides a related explanation for the reduction in mean feeder
visitation rates. The trade-off between starvation and predation suggests that birds should delay
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depositing fat reserves, and thereby gaining body mass, until later in the day to maximize flight
performance and minimize predation risk when food is abundant (Lima 1985, Bednekoff and
Houston 1994, McNamara et al. 1994, Pravosudov and Lucas 2001). Therefore, it is possible that
our energetically challenged birds perceived the handicapping as an increase in predation risk, and
reduced the mean number of feeders used to decrease predation risk. In addition, individual bird
personality affects the trade-off between starvation and predation (Quinn et al. 2012), which could
account for some of the variability among individuals in feeder visitation rates, both before and after
handicapping. With the wide range of feeder visitation behaviors among individual birds, it is
probable that the population is resilient to small fluctuations in the system, and birds can make
adjustments to daily feeding behavior based on current conditions (Cooper and Swanson 1994,
Dingemanse and Goede 2004).
It is possible that the energetic challenge the individual chickadees experienced in this study
was similar to molting, and that the birds became accustomed to the increased cost of flight (Smith
1991). Since we clipped feathers in our study to avoid confounding energy costs of flight and feather
growth (Lind and Jakobsson 2001), the flight feathers likely did not grow back until the birds molted
in the fall. Therefore, the challenge remained constant throughout the study, and the birds had to
adapt their feeding behavior. Chickadees at recreational bird feeders in our system recovered to
approximately pre-challenge levels following the energetic challenge more quickly than feathers
could regrow, suggesting that, on average, chickadees adapt quickly to a challenge of this magnitude,
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and may adjust behaviors and physiology to adapt to be resilient if faced with an energetic challenge
(e.g. severe weather events, predator attacks).
CONCLUSIONS
In this study, where we adopted an experimental approach, we found that, on average,
handicapped birds decreased feeder visitation rates relative to controls for 6-10 days posthandicapping, and then feeder visitation rates returned to those of unclipped birds. Additionally, we
found that handicapped birds reduced the mean number of feeders used relative to unclipped birds
immediately following the handicapping event, but the mean number of feeders used returned to
approximately the same level as that of the controls by 30 days post-handicapping. The results of
our study suggest that, overall, current chickadee populations may be relatively unaffected by small
perturbations in the system, since we removed nearly half the primary flight feathers on heavily
handicapped birds, and feeder visitation still returned to levels near that of unclipped control birds.
The huge among individual variability in feeder visitation behavior likely provides some resiliency to
the population, allowing it to withstand a wide range of environmental conditions.
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FIGURES

(a)

(b)

(c)

Figure 3.1: Chickadees have nine primary flight feathers, and each bird was randomly assigned to
one of three treatments: (a) no-clip control treatment - none of the primary flight feathers were
removed,( b) light feather-clipping treatment – two primary flight feathers on each wing were
removed (P4, P8), and (c) heavy feather-clipping treatment – four primary flight feathers on each
wing were removed (P2, P4, P6, P8). Numbers on primary feathers indicate feathers that remained
intact following each treatment.
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Figure 3.2: The proportion of individual birds in each treatment group that returned to any feeder
after handicapping. All birds but one in the light treatment group returned to feeders after
handicapping.
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Figure 3.3: Difference in mean adjusted feeder visitation rates for light feather-clipped chickadees
compared to controls (solid line), and for heavy feather-clipped chickadees compared to controls
(dashed line) as a function of time since feather clipping. Solid and dashed lines represent 95%
Tukey’s HSD adjusted confidence intervals correcting for two comparisons at each time period.
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Figure 3.4: Difference in mean adjusted number of feeders used by light feather-clipped chickadees
compared to controls (solid line), and heavy feather-clipped chickadees compared to controls
(dashed line) as a function of time since feather-clipping. Solid and dashed lines represent 95%
Tukey’s HSD adjusted confidence intervals correcting for two comparisons at each time period.
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TABLES

Table 3.1: Means, standard deviations (sd), and 95% confidence intervals (CI) around the mean for measurements of Black-capped
Chickadees in a handicapping experiment with three treatment groups: control, light feather-clipping, and heavy feather-clipping.
Treatment

Mass (g)

Right Tarsus (mm)

Wing Chord (mm)

Mean

sd

95% CI

Mean

sd

95% CI

Mean

sd

95% CI

Control

10.92

0.70

10.90 – 10.95

17.08

0.91

17.05 – 17.12

61.17

1.92

61.10 – 61.25

Light

10.64

0.54

10.62 – 10.66

16.96

0.81

16.92 – 16.99

60.16

1.74

60.09 – 60.23

Heavy

10.93

0.74

10.90 – 10.96

17.46

1.06

17.42 – 17.50

60.70

1.78

60.63 – 60.77

Table 3.2: Summary statistics for daily visits to feeders (with 95% confidence intervals for the mean) by individual birds during the 20-day
pre-treatment period for three treatment groups: control, light feather-clipping, and heavy feather-clipping.
Treatment

Minimum

Maximum

Median

Mean

Standard
Deviation

Lower
95% CI

Upper
95% CI

Control

1.56

81.50

32.24

31.90

25.18

20.73

43.06

Light

1.00

60.75

29.29

27.48

22.38

17.81

37.16

Heavy

1.46

77.25

27.38

28.76

25.19

18.12

39.39
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Table 3.3: Summary statistics and 95% confidence intervals for the number of feeders used by individual birds during the 20-day pretreatment period for three treatment groups: control, light feather-clipping, and heavy feather-clipping.
Treatment

Minimum

Maximum

Median

Mean

Standard
Deviation

Control

1

3

2

1.77

0.69

1.47

2.08

Light

1

5

2

1.87

1.10

1.39

2.35

Heavy

1

3

2

1.79

0.78

1.46

2.12

Lower 95% CI

Upper 95% CI

CHAPTER 4 – SYNOPSIS AND CONCLUSIONS
Currently, there are gaps in our understanding of the use of supplemental food sources by
birds relative to environmental conditions. Given the global scale at which supplemental bird
feeding occurs, and that chickadees are a common bird species at recreational bird feeders,
chickadees are likely to continue to come into frequent contact with recreational bird feeders. If
birds are in a compromised body condition due to disease acquired at feeders, or if the phenology of
natural foods changes drastically with climate change, it is possible that birds could become
dependent on feeders for survival. Thus, recreational bird feeding could have strong implications for
the demography of populations of wild birds.
In the future, western Oregon is expected to experience more extreme precipitation and heat
events, wildfire, drought, and insect outbreaks (Dalton et al. 2017). The combination of these
disturbances are predicted to change the forest landscape, affecting the dispersal rate of some tree
species, thereby reducing the total area of suitable forest habitat available for woodland birds (Leech
and Crick 2007, Bentz et al. 2010, Dalton et al. 2017). As the climate continues to change, birds in
some regions may have greater resource availability, while others may experience reduced
availability. A wide variety of species are currently experiencing poleward shifts in distribution due to
climate change (Crick 2004, Hickling et al. 2006, Greig et al. 2017), with some populations
expanding their range, and other populations contracting their range (Crick 2004, Fiedler 2016).
As urban expansion continues on a global scale, accessibility to natural areas may become
progressively more difficult, and activities such as recreational bird feeding may be an increasingly
important way for humans to connect with, and appreciate nature (Turner et al. 2004, Cox and
Gaston 2016). When humans are connected to nature, they have a greater propensity to participate
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in conservation efforts (Cox and Gaston 2016), because their awareness of the environment is
influenced by their everyday surroundings (Savard et al. 2000). In addition, urban environments may
be beneficial to wintering birds. Urban areas provide high concentrations of recreational bird
feeders, so birds spend less time foraging (Atchison and Rodewald 2006), and the heat islands
created by urban environments could mean that birds use less energy over-winter in those areas. In
addition, if climate change brings warmer winter weather to our region, birds will spend less energy
overnight on thermoregulation, and will be in better body condition at the beginning of the breeding
season (Leech and Crick 2007), which could be advantageous for chickadee populations.
Given that bird feeding is a global practice that is unlikely to come to an end, understanding
how birds utilize feeders will become increasingly important. Many members of the public that
maintain recreational bird feeders believe that birds need supplemental food in the winter to survive,
although many people report that feeding birds is their connection with nature (Horn and Johansen
2013), so society might continue to feed birds at the current rate. Thus, understanding the extent to
which birds depend on recreational feeder use in the winter could have economic implications for
the wild bird feeding industry worldwide.
This study applies to small songbirds that use all their energy reserves overnight and need to
replenish reserves each day. When faced with an energetic challenge, birds in our system did not
appear to depend more on recreational bird feeders in the winter, but recovered quickly to prechallenge visitation levels. Understanding how birds utilize bird feeders when challenged
energetically may provide insight to the bird feeding industry on the importance of consistently
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providing supplemental food. Future research could focus on larger avian species, as results may
differ in birds with different surface area to volume ratios and different mass-specific metabolic
rates. In addition, overwintering chickadees using bird feeders in much colder climates with more
extreme temperatures and more extreme weather events could respond differently to energetic
challenges. Furthermore, social network analyses with these data could inform us as to whether birds
remain with their established flock mates, become floaters, or join another flock after undergoing an
energetic challenge.
Overall, this work highlights the wide variation in feeder visitation rates by individual birds,
the impact of meteorological conditions on feeder visitation, daily patterns of feeder visitation, and
the effects of an experimental energetic challenge on supplemental feeder use by individual
chickadees. Birds in our study exploited feeders extensively, and feeder visitation rates decreased
over time, but were not affected by temperature. On short days, with low variability in daily
temperatures, Great Tits (Parus major) experienced little change in foraging success on natural prey
between daily high and low temperatures; however, foraging profitability was greater when a greater
difference existed between dawn and mid-day temperatures (Avery and Krebs 1984). In addition, we
found that birds decreased feeder visitation rates following an increase in the energetic cost of flight,
but recoverd to pre-handicapping levels of feeder use after approximately 10 days, likely because
individuals were able to compensate for decreased flight efficiency. Duplicating this study with
different species of songbirds, or in different climates with a variety of meteorological conditions
could yield further important insight as to how songbirds use feeders in winter, and the factors
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responsible for differences in feeding rates and patterns among individual birds. Our study is the
first to document individual feeder use investigating whether birds become dependent on bird
feeders and, if so, which birds are susceptible to this dependency
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Appendix 1: Bird feeder locations and total number of visits over the season at each feeder by all
birds. The size of the circles represent the total number of feeder visits to each feeder by all birds
from October 23, 2016 to March 31, 2017.
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Appendix 2: Average daily feeder visits at each feeder throughout the study. Triangles represent the
two feeders that were approximately 400 m apart, and circles represent the 19 feeders placed
approximately 200 m apart.
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Appendix 3: Total number of birds visiting each feeder throughout the study. Triangles represent
the two feeders that were approximately 400 m apart, and circles represent the 19 feeders placed
approximately 200 m apart.
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Appendix 4: Bird feeder equipped with trap, radio frequency identification (RFID) antenna, power
supply and RFID board, and squirrel baffle. (Photo credit: Brian Mayfield).
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Appendix 5: Bird’s mass at capture and average daily feeder visits for each bird over the course of
the study.
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Appendix 6: Average daily visits by all birds at each feeder with vegetative cover measurements
recorded at a 20 m radius.
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Appendix 7: Average daily visits by all birds versus average distance from each feeder visited to the
nearest building.

Appendix 8: Each of 70 individual bird’s daily visitation rate on each date the individual visited a feeder. Facets are ordered by
individual’s lowest median number of daily visits to individual’s highest median number of daily visits (1-205). We found substantial
variability in daily visitation rates among individual birds, although individuals were generally consistent in their patterns of feeding
throughout the season.
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Appendix 9: Each of 67 individual bird’s mean hourly visitation rate on the shortest days of the year (8.82 to 9.82 h). Facets are ordered
by individual’s lowest median number of hourly visits to individual’s highest median number of hourly visits (1.0 to 24.1). We found
substantial variability in hourly visitation rates among individual birds, although individuals were generally consistent in their patterns of
feeding throughout the day.

Appendix 10: Akaike’s information criteria (AIC) values for adjusted daily visitation rate models
with different correlation structures.
Model

Fixed
Effects

Fixed
Effects

Random
Effects

Residual
Correlation
Structure

ΔAIC

AIC

Model 4

Treatment

Period

Bird

General

0

2223.00

Model 3

Treatment

Period

Bird

Autoregressive
Lag 1

.97

2223.97

Model 1

Treatment

Period

Bird

NA

4.15

2227.15

Model 2

Treatment

Period

Bird

Compound
Symmetry

6.15

2229.15
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Appendix 11: Akaike’s information criteria (AIC) values for mean adjusted feeders used models
with different correlation structures. Model 4, with a general correlation structure was the best
supported model.
Model

Fixed
Effects

Fixed
Effects

Random
Effects

Residual
Correlation
Structure

ΔAIC

AIC

Model 4

Treatment

Period

Bird

General

0

592.52

Model 3

Treatment

Period

Bird

Autoregressive
Lag 1

11.26

603.78

Model 1

Treatment

Period

Bird

NA

32

624.52

Model 2

Treatment

Period

Bird

Compound
Symmetry

34

626.52
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Appendix 12: Estimated differences in the number of daily feeder visits between lightly
handicapped and control chickadees, and heavily handicapped and control chickadees, in each of
five time periods after handicapping.
Period (Days
posthandicapping)

Comparisons

Estimated difference in
adjusted daily visitation
rate

Lower
99.5% CI

Upper
99.5% CI

1 (1-5)

Light – Control

-6.46

-18.55

5.63

1 (1-5)

Heavy – Control

-15.29

-27.25

-3.32

2 (6-10)

Light – Control

-8.08

-20.17

4.01

2 (6-10)

Heavy – Control

-19.25

-31.22

-7.29

3 (11-20)

Light – Control

-0.02

-12.11

12.06

3 (11-20)

Heavy – Control

-7.90

-19.87

4.06

4 (21-30)

Light – Control

-4.01

-16.10

8.08

4 (21-30)

Heavy – Control

-9.38

-21.35

2.58
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Appendix 13: Estimated differences in mean adjusted feeders used for comparisons between lightly
handicapped and control chickadees, and heavily handicapped and control chickadees in each of
four time periods after handicapping. (Period 1 = 1-5 days after handicapping, Period 2 = 6-10 days
after handicapping, Period 3 = 11-20 days after handicapping, and Period 4 = 21-30 days after
handicapping.

Comparisons

Estimated difference in mean
adjusted feeders used

Lower
99.5% CI

Upper
99.5% CI

1

Light – Control

-0.65

-1.27

-0.02

1

Heavy – Control

-0.87

-1.49

-0.25

2

Light – Control

-0.47

-1.09

0.16

2

Heavy – Control

-0.44

-1.05

0.18

3

Light – Control

-0.34

-0.97

0.28

3

Heavy – Control

-0.33

-0.94

0.29

4

Light – Control

-0.61

-1.24

0.01

4

Heavy – Control

-0.64

-1.25

-0.02

Period
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Appendix 14: Total daily visits by each treated individuals at all feeders. Individuals are ordered by the median number of visits per day.
Vertical lines represent the day of handicapping for each individual.
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