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Birds utilize ultraviolet (UV) wavelengths for plumage signaling and sexual selection. Ultraviolet cues may
also be used for the process of avian food selection. The aim of our study was to investigate whether a UV
cue and a postingestive repellent can be used to condition food avoidance in red-winged blackbirds (Agelaius
phoeniceus). We found that birds conditioned with an UV-absorbent, postingestive repellent subsequently
avoided UV-absorbent food. Thus, the UV-absorbent cue (coupled with 0-20% of the conditioned repellent
concentration) was used to maintain avoidance for up to 18 days post-conditioning. Similarly, birds condi-
tioned with the UV-absorbent, postingestive repellent subsequently avoided UV-reflective food. Thus, condi-
tioned avoidance of an UV-absorbent cue can be generalized to an unconditioned, UV-reflective cue for
nutrient selection and toxin avoidance. These findings support the hypothesized function of UV vision for
avian food selection, the implications of which remain to be explored for the sensory and behavioral ecology
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within agronomic and natural environments.

Published by Elsevier Inc.

Relative to humans, avian color vision is characterized by a wider
spectral range, more cone types in the retina, and colored oil droplets
that filter the light entering the cones [1,2]. Ultraviolet (UV) vision
has been identified in wild birds for nearly 40 years [3,4]. For birds,
UV vision is hypothesized to have functional significance for several
ecological processes, including orientation, plumage signaling, and
foraging behavior [1,5]. Like bees, some birds are thought to use UV
wavelengths for orientation [see reviews of Refs. 1,5]. Unlike bees, po-
larization detection among birds is not linked exclusively to UV
receptors; the bee system of navigation is therefore not a logical ne-
cessity for birds [5]. With regard to plumage signaling and sexual se-
lection, Pekin robins (Leiothrix lutea) prefer a partner viewed through
UV-transparent plexiglass over a partner viewed through UV-opaque
material [6]. Similarly, European starlings [Sturnus vulgaris; 7] and
zebra finches [Taeniopygia guttata; 7,8] prefer to associate with con-
specifics viewed through a UV-transmitting filter over those viewed
through a UV-blocking filter.

With regard to feeding behavior, birds are thought to use UV sig-
nals for detecting foods that either absorb or reflect UV wavelengths
[5]. For example, previous studies investigated the use of UV reflec-
tance for avian detection of mammalian prey [9], insect prey [10],
and mature fruit [11]. Beyond the detection and recognition of food
items [12,13], UV cues may also provide birds with information re-
garding the quality of foods [e.g., quality or ripeness of fruit; 1,14].

* Corresponding author. Tel.: +1 970 266 6136; fax: +1 970 266 6138.
E-mail address: Scott.J.Werner@aphis.usda.gov (S.J. Werner).
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Indeed, age and/or learning may affect frugivore preference for UV re-
flectance associated with ripe fruit [15,16]. Thus, UV cues may be spe-
cifically related to postingestive consequences of the subsequent
reinforcer [17] and the process of food selection may be a function
of its consequences [18] for wild birds. Further investigation is need-
ed to understand how birds use UV cues for feeding behavior [1].

We tested two hypotheses. Red-winged blackbirds (Agelaius
phoeniceus) are regarded as the primary cause of agricultural depre-
dation to newly-planted rice in spring, and ripening sunflower and
rice in fall; thus, experimental investigations regarding the process
of blackbird food selection are warranted. Our first hypothesis was
that a UV cue and a postingestive repellent can be used to condition
avoidance in red-winged blackbirds [19, B. A. Kimball, M. Cheney &
F. D. Provenza, unpublished data]. Previous studies demonstrated
conditioned color avoidance [20,21] and UV vision [22,23] in red-
winged blackbirds. Moreover, red-winged blackbirds associate pre-
and postingestive consequences with food color, and reliably integrate
visual and gustatory experience with postingestive consequences to
procure nutrients and avoid toxins [24]. We therefore conducted Exper-
iment 1 to investigate the role of UV cues for the process of blackbird
food selection.

Our second hypothesis was that UV cues could be generalized for
nutrient selection and toxin avoidance. In contrast to green-treated
food, red-winged blackbirds avoid unconditioned shades of red sub-
sequent to postingestive conditioning with red-treated food [25].
Thus, we conducted Experiment 2 to determine if avoidance condi-
tioned with a UV-absorbent, postingestive repellent could be general-
ized to a UV-reflective cue.

This article is a U.S. government work, and is not subject to copyright in the United States.
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1. General methods
1.1. Bird subjects and testing facilities

Red-winged blackbirds were live-captured in northern Colora-
do under Scientific Collection Permits authorized by the U. S. Fish
and Wildlife Service (MB019065) and the Colorado Division of
Wildlife (11TRb2006). We used a baited cannon net to capture
adult blackbirds, and they were transported in isolated bird car-
riers (61 cmx43 cmx 11 cm; 20 birds per carrier) to the National
Wildlife Research Center's (NWRC) outdoor animal research facil-
ity within 1h post-capture. All blackbirds were quarantined at
NWRC for at least two weeks prior to our experiments within
group cages (6 mx3 mx3 m; 40-50 birds per cage).

Daily food consumption was measured independently for the east
and west food bowls offered throughout Experiments 1 and 2. Uncon-
sumed sunflower (remaining in food bowls) and spillage were col-
lected at 0800 h, daily, and weighed (40.1 g). Weight change (e.g.,
desiccation) was measured daily by weighing sunflower offered with-
in a vacant cage throughout the experiments.

Ambient temperature was — 13 °C on conditioning day 2 of our
first experiment; as an alternative to no-choice of repellent-treated
food, we therefore provided one bowl of untreated food and one
bowl of repellent-treated food on conditioning day 2 of our feeding
experiments (Tables 1 and 2). We realized two blackbird mortalities
during the test of our first experiment, and one mortality during
each of the conditioning and testing phases of our second experiment.
Experimental protocols were approved by the NWRC Institutional
Animal Care and Use Committee (QA-1729; S. J. Werner-Study
Director).

1.2. Statistical analyses

The dependent measure for our feeding experiments was average
consumption of treated and untreated sunflower throughout each
test. After successfully conducting Levene's test for equal variances
(0¢=0.05), we evaluated the group-by-treatment interaction of our
first experiment using a general linear model (SAS v9.2). We used
Welch's ANOVA to analyze the heteroscedastic consumption data as-
sociated with our second experiment [26]. The random effect of our
models was bird cages, and the between-subjects effects were seed
treatments (treated and untreated) and test groups. We used Tukey's
tests to separate the means of significant interactions (o¢ =0.05), and
descriptive statistics (¥ 4- SE) and preference ratios to summarize and
illustrate test consumption, respectively.

2. Experiment one
2.1. Method

We used avoidance conditioning to investigate the role of an UV
cue for blackbird food selection. For our first experiment, we used

Table 1
Treatment schedule for conditioning with an anthraquinone-based repellent (AQ) and
testing conditioned avoidance of an ultraviolet-absorbent cue (titanium dioxide; TiO,).

Period Group (n cages) Seed treatment
Bowl 1 Bowl 2
Conditioning 1 (24, conditioned) Day 1: 0.25% AQ Day 1: 0.25% AQ
Day 2: 0.25% AQ Day 2: 0% AQ
2 (8, unconditioned) Days 1 and 2: 0% AQ Days 1 and 2:
0% AQ
Test 1A (8) 0% AQ + 0.2% TiO, 0% AQ + 0% TiO,
1B (8) 0.025% AQ+0.2% TiO, 0% AQ+ 0% TiO,
1C(8) 0.05% AQ + 0.2% TiO, 0% AQ + 0% TiO,
2A (8) 0% AQ + 0.2% TiO, 0% AQ + 0% TiO,

Table 2

Treatment schedule for conditioning with an anthraquinone-based repellent (AQ) and
testing conditioned avoidance of an ultraviolet-reflective cue (magnesium carbonate;
MgCOs).

Period Group (n cages) Seed treatment

Bowl 1 Bowl 2

Day 1: 0.25% AQ Day 1: 0.25% AQ
Day 2: 0.25% AQ Day 2: 0% AQ
2 (10, unconditioned) Days 1 and 2: 0% AQ Days 1 and 2: 0% AQ
Test 1(10) 0% AQ+0.2% MgCO5 0% AQ + 0% MgCO3
2 (10) 0% AQ+0.2% MgCO3; 0% AQ + 0% MgCO3

Conditioning 1 (10, conditioned)

an anthraquinone-based repellent to condition food avoidance (Avi-
pel®; Arkion Life Sciences, New Castle, DE, U.S.A.) and a titanium di-
oxide cue for subsequent preference testing (Evonik Goldschmidt
Corporation, Hopewell, VA, U.S.A.). Anthraquinone is a cathartic, em-
odin purgative [27]. We used a Genesys™ 2, 336002 spectrophotom-
eter (Thermo Spectronic US, Rochester, NY, U.S.A.) to determine that
both the Avipel repellent and the titanium dioxide cue absorb near
UV wavelengths (Fig. 1).

Male red-winged blackbirds (N= 160, experimentally naive) ac-
climated within 32 group cages (4.9 mx 2.4 mx 2.4 m; five birds per
cage) in an outdoor aviary for five days. The outdoor aviary consists
of a wire mesh-sided building designed to maintain blackbirds and
starlings in an outdoor environment. We offered two food bowls
(east and west side of cage) of unadulterated sunflower in each
cage throughout the acclimation period. Two food bowls (each con-
taining 75 g of unadulterated sunflower) were subsequently offered
at 0800 h, daily for two pre-test days. We ranked cages based upon
food consumption and assigned each cage to conditioning groups
upon completion of the pre-test (Table 1), such that each group was
similarly populated with cages that exhibited high-low food con-
sumption [28-30]. We randomly assigned conditioning treatments
between groups.

The conditioned group (Table 1) received 75g of sunflower
achenes treated with the Avipel UV-absorbent, postingestive repel-
lent (0.25% anthraquinone) in each of two food bowls on conditioning
day 1, and one bowl each of unadulterated sunflower and Avipel-
treated sunflower (0.25% anthraquinone) on conditioning day 2 (see
Bird Subjects and Testing Facilities). We formulated seed treatments
by applying aqueous suspensions to oilseed sunflower [60 ml/kg;
28-30]. The unconditioned group (Table 1) received 75 g of unadul-
terated sunflower achenes in both food bowls for two days. We
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Fig. 1. Mean absorbance spectra for the titanium dioxide cue (Evonik Goldschmidt Cor-
poration, Hopewell, VA, US.A.) and the anthraquinone-based repellent (Avipel®;
Arkion Life Sciences, New Castle, DE, U.S.A.) used to test conditioned food avoidance
among red-winged blackbirds.
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Fig. 2. Human-visible (a) and UV images (b) of the UV-absorbent, titanium dioxide cue
(left; Evonik Goldschmidt Corporation, Hopewell, VA, US.A.) and the UV-reflective,
magnesium carbonate cue (right; Sigma-Aldrich, Inc., Bellefonte, PA, U.S.A.) used to
test conditioned food avoidance among red-winged blackbirds. Digital images were
created using a modified Nikon D200 (Nikon, Inc., Melville, NY, U.S.A.), CoastalOpt®
60 mm UV-VIS-IR APO macro (Jenoptik Optical Systems, Inc., Jupiter, FL, U.S.A.), Baader
300-400 nm bandpass filter (Alpine Astronomical, Eagle, ID, U.S.A.), and a modified
Vivitar 285 HV flash (Vivitar, Edison, NJ, US.A.).

ranked conditioned cages based upon food consumption and assigned
each cage to one of three test groups such that each group was
similarly populated with cages that exhibited high-low food con-
sumption. We randomly assigned test treatments among groups
(Table 1). We offered two food bowls of the maintenance diet (two
parts millet: one cracked corn: one milo: one safflower) during the
three days subsequent to conditioning.

For the next 14 days, all birds were offered a choice between
unadulterated sunflower and sunflower treated with an UV-
absorbent cue (75g each). Treated food for Groups 1A (condi-
tioned) and 2A (unconditioned) included 0% anthraquinone and
0.2% titanium dioxide (Table 1). For comparison, treated food for
groups 1B and 1 C included 0.2% titanium dioxide and 0.025% an-
thraquinone or 0.05% anthraquinone, respectively. We randomized
the east-west placement of food bowls on test day 1, and thereaf-
ter alternated bowls daily, throughout the test. We independently
measured daily sunflower consumption in both food bowls in
each cage throughout the test.

2.2. Results and discussion

The four test groups consumed different amounts of treated and
untreated food during the 14-day preference test (F;s6=166.29,
P<0.0001; Fig. 3). Birds conditioned with the Avipel UV-absorbent,
postingestive repellent avoided sunflower treated only with the UV-
absorbent cue throughout the test (titanium dioxide and 0% anthraqui-
none; Fig. 3). This group (1A) consumed an average of 5.04+1.0 g of
sunflower treated with titanium dioxide plus 0% anthraquinone, and
31.34 1.2 g of untreated sunflower per day (Tukey P<0.0001).

Similarly, blackbirds conditioned with the anthraquinone-based
repellent also avoided sunflower treated with titanium dioxide and
0.025% anthraquinone (Group 1B) or 0.05% anthraquinone (Group

0.75

| 0% AQ €0.025% AQ -x0.05% AQ 0% AQ

0.50

Unconditioned

Preference ratio

1 2 3 4 5 6 7 8 9 10 11 12 13 14
Test day

Fig. 3. Preference ratios for four test groups (n = eight cages per group, five red-winged
blackbirds per cage) offered untreated food and food treated with an UV-absorbent cue
during a 14-day preference test. Preference ratios > 0.5 indicate food preference; ratios
<0.5 indicate food avoidance. Three conditioned groups (filled shapes) were exposed
to an UV-absorbent, postingestive repellent (anthraquinone; AQ) during a two-day
conditioning period (four days prior to the test). The unconditioned group (unfilled
squares) was exposed to unadulterated sunflower during the two-day conditioning
period.

1C) throughout the test (Fig. 3). Group 1B consumed an average of
4.8 +0.7 g of sunflower treated with titanium dioxide plus 0.025% an-
thraquinone, and 32.54 1.0 g of untreated sunflower per day (Tukey
P<0.0001). Group 1C consumed an average of 3.0 4+ 0.5 g of sunflower
treated with titanium dioxide plus 0.05% anthraquinone, and 33.0 +
0.7 g of untreated sunflower per day (Tukey P<0.0001).

In contrast, unconditioned birds consumed similar amounts of un-
adulterated sunflower and sunflower treated with titanium dioxide
throughout the test (Fig. 3). The unconditioned group (2A) consumed
an average of 19.0 £ 0.7 g of sunflower treated with titanium dioxide
plus 0% anthraquinone, and 17.3 4+ 0.3 g of untreated sunflower per
day (Tukey P=0.933). Thus, the UV-absorbent cue was used to main-
tain conditioned avoidance for up to 18 days after conditioning with
an UV-absorbent, postingestive repellent. Moreover, UV-absorbent
food, with and without persistent repellent consequences (i.e., paired
with 0-20% of the conditioned repellent concentration), was equally
aversive to blackbirds after two days of conditioning (Tukey P> 0.85).

3. Experiment two
3.1. Method

In order to test whether blackbirds might also generalize among
UV feeding cues, we repeated the UV-absorbent conditioning of our
first experiment and tested subsequent preference for sunflower
treated with an UV-reflective cue [31; 0.2% magnesium carbonate,
Sigma-Aldrich, Inc., Bellefonte, PA, U.S.A.]. We used UV digital photog-
raphy to compare the UV-absorbent and UV-reflective cues used dur-
ing the test of our first and second experiments, respectively (Fig. 2).

Male red-winged blackbirds (N=60, experimentally naive) accli-
mated within 20 group cages (4.9 mx2.4 mx 2.4 m; three birds per
cage) in the outdoor aviary for five days. We offered two food bowls
(east and west side of cage) of unadulterated sunflower in each cage
throughout the acclimation period. Two food bowls (each containing
75¢g of unadulterated sunflower) were subsequently offered at
0800 h, daily for two pre-test days. We ranked cages based upon food
consumption and assigned each cage to conditioning groups upon com-
pletion of the pre-test (Table 2), such that each group was similarly
populated with cages that exhibited high-low food consumption. We
randomly assigned conditioning treatments between groups.
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Fig. 4. Preference ratios for two test groups (n= 10 cages per group, three red-winged
blackbirds per cage) offered untreated food and food treated with an UV-reflective cue
during a four-day preference test. Preference ratios >0.5 indicate food preference; ra-
tios <0.5 indicate food avoidance. The conditioned group (filled squares) was exposed
to an UV-absorbent, postingestive repellent (anthraquinone; AQ) during a two-day
conditioning period (four days prior to the test). The unconditioned group (unfilled
squares) was exposed to unadulterated sunflower during the two-day conditioning
period.

The conditioned group (Table 2) received 75¢g of sunflower
achenes treated with the Avipel UV-absorbent, postingestive repel-
lent (0.25% anthraquinone) in each of two food bowls on conditioning
day 1, and one bowl each of unadulterated sunflower and Avipel-
treated sunflower (0.25% anthraquinone) on conditioning day 2. The
unconditioned group (Table 2) received 75 g of unadulterated sun-
flower achenes in both food bowls for two days. We offered two
food bowls of the maintenance diet during the three days subsequent
to conditioning.

For the next four days, all birds were offered a choice between un-
adulterated sunflower and sunflower treated with an UV-reflective
cue (75 g each). Treated food for Groups 1 (conditioned) and 2 (un-
conditioned) included 0% anthraquinone and 0.2% magnesium car-
bonate (Table 2). We randomized the east-west placement of food
bowls on test day 1, and thereafter alternated bowls daily, throughout
the test. We independently measured daily sunflower consumption
in both food bowls in each cage throughout the test.

3.2. Results and discussion

The two test groups consumed different amounts of treated and
untreated food during the four-day preference test (Fs,0=9.45,
P<0.001; Fig. 4). Interestingly, blackbirds conditioned with the
UV-absorbent, postingestive repellent avoided sunflower treated
only with the UV-reflective cue throughout the test (magnesium
carbonate and 0% anthraquinone; Fig. 4). The conditioned group
consumed an average of 7.1+0.8g of sunflower treated with
magnesium carbonate plus 0% anthraquinone, and 15.4+0.9 g of
untreated sunflower per day (Tukey P<0.0001). The unconditioned
group consumed an average of 9.7+ 0.4 g of sunflower treated with
magnesium carbonate plus 0% anthraquinone, and 10.74+0.4 g of
untreated sunflower per day (Tukey P=0.872). Thus, conditioned
avoidance of an UV-absorbent cue was generalized to an uncondi-
tioned, UV-reflective cue.

4. General discussion

Red-winged blackbirds avoided UV-absorbent food subsequent to
conditioning with a UV-absorbent, postingestive repellent. Thus, the
UV-absorbent cue (coupled with 0-20% of the conditioned repellent
concentration) was used to maintain avoidance for up to 18 days

post-conditioning. Ultraviolet cues were therefore specifically related
to postingestive consequences of the subsequent reinforcer [17] and
the process of food selection can be regarded as a function of its con-
sequences [18] for blackbirds.

These findings support the hypothesized function of UV vision for
avian food selection. Ultraviolet cues alone, however, are unlikely to
elicit food avoidance among wild birds [32]. Blackbirds use affective
processes [i.e., flavor-feedback relationships; 33,34]| to shift prefer-
ence for both novel and familiar flavors, and cognitive associations
(colors) to avoid food, subsequent to toxin exposure [21]. These
“colors” include UV-absorbent and UV-reflective cues for blackbird
feeding behavior.

Blackbirds also avoided UV-reflective food subsequent to condition-
ing with the UV-absorbent, postingestive repellent. Perhaps blackbirds
in Experiments 1 and 2 simply avoided adulterated food subsequent
to conditioning. Alternatively, we conclude that conditioned avoidance
of the UV-absorbent cue was generalized to an unconditioned, UV-
reflective cue. Ultraviolet vision contributes primarily to hue (not
brightness) perception [1,7] and the cone-capture color space of a bird
is four dimensional [i.e., tetrachromatic; 2]. Thus, four-dimensional par-
adigms are requisite for the investigation and understanding of general-
ization mechanisms for UV and human-visible cues among birds.
Additional experiments are needed to investigate the functional and
adaptive significance of UV vision among birds.

With regard to adaptive significance of UV vision for birds, forag-
ing behavior may be considered as the ancestral function, and plum-
age signaling and mate choice may be regarded as evolutionarily
secondary roles [5]. For sexual selection, experimental blocking of
UV signals does not abolish mate preference among European star-
lings; rather, the presence and absence of UV signals change the cri-
teria for mate choice [35]. Perhaps this premise can be applied to
further investigations of avian feeding behavior. “Because humans
lack UV vision, it is tempting to assume that this ability has some spe-
cific adaptive significance. It may, but the UV/violet-sensitive cone
may just be a part of a general-purpose color vision system, and the
relevant question instead is: why do humans lack UV vision?” [2].

Several chemical repellents and cues exhibit UV spectra, and
might therefore be used in an application strategy including an initial
application of a repellent and subsequent applications of a visual cue
with spectral characteristics sufficiently similar to the repellent [36].
Similarly, bird management (e.g., UV-conditioned feeding behavior)
is needed to protect human food and livestock feed from pathogens
and zoonotic diseases currently associated with some wild birds
[37-40]. Although it is probably no more meaningful to speak of
“UV vision” in birds than to single out “blue vision” in humans [1],
further experiments will be necessary to develop our understanding
of UV vision associated with the sensory and behavioral ecology of
wild birds within agronomic and natural environments.
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