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Air-borne chemicals are highly abundant sensory cues and their use in

navigation might be one of the major evolutionary mechanisms explaining

the development of olfaction in animals. Despite solid evidence for the

importance of olfaction in avian life (e.g., foraging or mating), the importance

of chemical cues in avian orientation remains controversial. In particular,

songbirds are sorely neglected models, despite their remarkable orientation

skills. Here we show that great tits (Parus major) require olfactory cues

to orientate toward winter-feeding sites within their home range after

displacement. Birds that received an olfaction-depriving treatment were

impaired in homing. However, the return rates between olfaction-deprived

and control individuals did not differ. Birds with decreased perception of

olfactory cues required more time to return to the winter feeding sites. This

effect became apparent when the distance between the releasing and capture

sites was greater. Our results indicate that even in a familiar environment with

possible visual landmarks, scent cues might serve as an important source of

information for orientation.

KEYWORDS

olfaction, navigation, homing, passerines, zinc sulfate

Introduction

The Atlantic salmon (Salmo salar) follows olfactory cues to travel over thousands
of kilometers to its spawning sites (Stabell, 1984; Dukes et al., 2004) and sea turtles
memorize the scent of their natal beaches to which they return after many years spent
in the ocean (Southwood and Avens, 2010). Such spectacular olfactory skills are often
found in the animal kingdom and a link between navigation and olfaction is present
in many organisms, including arthropods, fish, reptiles, birds and mammals (Stabell,
1984; McGregor and Teska, 1989; Reinhard et al., 2004; Catania, 2006; Southwood and
Avens, 2010; Jacobs, 2012; Gagliardo, 2013). Moreover, navigation might be one of the
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major evolutionary mechanisms explaining the development of
olfaction (Jacobs, 2012; Jacobs et al., 2015). Even in humans,
recent evidence highlights, that the sense of smell, cognitive
abilities and orientation are intrinsically linked and olfactory
orientation co-varies with navigation ability (Jacobs et al., 2015;
Dahmani et al., 2018). Our knowledge and understanding,
about the use of smell for orientating in complex environments,
however, is still limited (Jacobs, 2012; Gagliardo, 2013).

There is a growing body of empirical studies showing
that species across many taxa memorize air- or waterborne
chemicals of their home range or a place of interest (e.g.,
foraging territories) and after relocation, use olfactory cues to
orientate toward a specific destination (e.g., following a gradient
of volatile organic compounds) (Waldvogel, 1989; Papi, 1990;
Wallraff, 2004; Gagliardo, 2013). Despite the belief that visual
and auditory signals are the predominant senses in birds, they
are one of the best-known models for olfactory navigation. Birds
were considered anosmic for a long time; therefore, to-date
there is only little knowledge on the olfactory information birds
use to relocate toward a given destination of interest (e.g., type
of odor). However, growing evidence confirms that olfaction
is ubiquitous in avian species and an important mechanism
facilitating orientation and navigation in their environment
(e.g., foraging site, nesting site). Homing pigeons remain the
most prominent model (Papi et al., 1972; Wallraff, 2004, 2005),
but also procellariiformes seabirds and gull species, use olfactory
cues over large spatial scales to navigate toward breeding sites
and locate their nesting burrows, supporting the idea that
birds use their sense of smell for orientation and navigation
(Bonadonna et al., 2003, 2005; Nevitt, 2006, 2008; Pollonara
et al., 2015; Reynolds et al., 2015).

For songbirds, there is comparatively little evidence that
they use olfactory cues in navigation or orientation and
where there is, it pertains mainly to migratory birds (Fiaschi
et al., 1974; Wallraff et al., 1995; Steiger et al., 2008; Holland
et al., 2009; Caspers and Krause, 2011; Rastogi et al., 2011;
Gagliardo, 2013; Kishkinev et al., 2019). Catbirds (Dumetella
carolinensis) migrating to their wintering sites were found
to exhibit impaired orientation behavior after treatment with
zinc sulfate. In starlings (Sturnus vulgaris) and swifts (Apus
apus) olfactory nerve section significantly affected homing
to their breeding sites (Fiaschi et al., 1974; Wallraff et al.,
1995; Wallraff, 2003; Holland et al., 2009). These behavioral
experiments are corroborated by physiological data, which
indicate higher neuronal activity of the olfactory system in
migratory passerines during migration (Rastogi et al., 2011,
2016). However, the importance of olfaction in the orientation
and navigation of migrating passerines is still controversial
(Kishkinev et al., 2019).

Given the phylogenetic predisposition, the question arises
whether olfaction is also of importance for orientation within
the home range in non-migratory songbirds (Steiger et al.,
2008), but to the best of our knowledge, the use of scent in

orientation on a small spatial scale has scarcely been investigated
(Gagliardo, 2013). Vision and auditory signals are regarded the
predominant senses in avian species and in consideration of
this, one might assume that within the home range or the
territory of a bird species, these two senses might be sufficient
to facilitate orientation. However, distinct olfactory cues might
also contribute in orientation and odorant sources can serve
as additional landmarks to gain information about a given
location to optimize orientation within familiar environments.
Some species of the family Paridae, for example, blue tits
(Cyanistes caeruleus) and great tits, seem to use olfaction
to locate and access food in the immediate vicinity (Amo
et al., 2013; Mäntylä et al., 2017; Hiltpold and Shriver, 2018),
which confirms that passerine species use smell to locate a
distinct stimulus (e.g., a specific food resource). Considering
that many songbird species spend their entire life in the same
area, sometimes even within a permanent territory or home
range, memorizing olfactory landmarks, for example scents
emanating from foraging sites, within territories and using
information resembling an “olfactory landscape” might be even
more beneficial than to migrants (Gagliardo, 2013). Whether
they require their sense of smell for orientation within their
home range to relocate toward their feeding sites and optimize
foraging, though, has still to be determined.

To understand whether there is a link between relocating
toward known feeding sites and olfaction in non-migratory
songbirds, we designed an experiment on a population of
resident great tits. We manipulated the olfactory abilities of birds
with either zinc sulphate (anosmic) or distilled water (control)
and released the individuals in either close vicinity or further
away (i.e., on the outskirts of their home range) from their
winter feeding sites (Krams et al., 2006). These birds often
remain in their breeding grounds during winter and, particularly
in urban areas, exploit ephemeral appearing artificial feeding
sites provided by humans (van Balen and Hage, 1989; John,
2010). Memorizing the position of olfactory cues may also help
to relocate such artificial feeding places quicker and hence could
be a beneficial overwintering strategy that allows individuals to
reduce foraging time, which could be critical for survival during
harsh winter conditions.

Great tits display strong site fidelity and were shown to
return to their winter feeding grounds even after displacement
of up to 7.8 km (Krištín and Kaňuch, 2017). Therefore,
although given the predominant visual competences of birds
and their familiarity with the local environment (Wallraff et al.,
1994), we expect resident great tits to relocate to the feeders,
independently of their olfactory capacities. This is also based
on previous findings in starlings, demonstrating no differences
in the return rates between control and olfaction-deprived
individuals released in vicinity to their nesting grounds (Wallraff
et al., 1995). In the study by Wallraff et al. (1995) the birds
were released within a minimum distance of 60 km, whereas
our experiment involved only short releasing distances (max.
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1,500 m). Thus, we do not expect to detect differences in the
total return rate between the experimental groups. We further
predict that birds with limited abilities of olfactory orientation
will require more time to orientate and screen the area to
relocate to the feeding sites and the variable “return time” will
serve as suitable proxy for this activity. Therefore, we also
recorded the return time and considered it as a more sensitive
measure to detect a possible function of olfaction in orientation.
If olfaction serves in this functional context, we expect a
distance and treatment effect e.g., sham-treated individuals to
return faster than anosmic birds and this should additionally
increase with distance.

Materials and methods

Study species

We chose to focus our study on the great tit, a European
passerine species with a wide distribution range, because they
are highly abundant breeding birds in the study area. More
importantly, great tits have been suggested to have a well-
developed sense of smell and there is indication that they might
use chemical cues in predator detection and foraging (Amo
et al., 2011, 2013; Mäntylä et al., 2020).

Great tits are partial migrants, but they often remain
in their breeding grounds during winter and are within the
dominant species observed at artificial winter-feeding sites.
They often remain alone or in pairs, but frequently join mixed
species flocks. The size of breeding territories is suggested to
underlie strong variation between habitats and years but was
estimated to range from 0.06 to 14 ha in some populations
(Lemel, 1989; Wilkin et al., 2006). Krams et al. (2006) studied
individuals and flocks of wintering great tits and estimated
home ranges of approximately 5 ha. However, overall there is
surprisingly little data available but there is indication that in
some populations, birds remaining in their breeding grounds
over winter will display high site fidelity (De Laet, 1984;
Nakamura and Shindo, 2001) and return after displacement to
their local feeding sites (Krištín and Kaňuch, 2017). Considering
the high territoriality and the previously shown high return rate
to winter-feeding sites after displacement, this species might
significantly rely on artificial feeders as over-wintering strategy.
However, we have also observed straying individuals that most
likely originated from large flocks that pass through the study
area during spring migration (own observations indicated by a
ring recovery in Russia).

General methods

The study was conducted between the 6th of February
and the 11th of March 2014 in the surroundings of the Sacré
Coeur School, Pressbaum, Austria (48◦18′ N, 16◦08′ E; about

320m a.s.l.) (Mahr et al., 2012, 2015, 2016). In total, n = 112
great tits were caught from three feeding sites, which were
established in the previous years. Each feeding site was provided
with one hopper feeder with a roof and transparent side walls,
installed on a branch in a height of approximately 1.7 m.
The feeders contained sunflower seeds, but additional feeding
opportunities (commercially available fat balls) have been added
2 months before the beginning of the experiment to increase
the attractiveness of the feeding site. Until the start of the
experiment, the feeding sites were controlled at least twice
per week, however, during the experimental period feeders
were controlled and refilled daily and the additional food was
replaced when necessary.

Mistnetting at the feeding sites was conducted from 0730–
1300 between the 6th and 28th of February. Immediately
after the capture, birds were transferred to a nearby indoor
banding facility and each individual received an aluminum
ring and a unique combination of three darvic color rings for
further identification. Standard morphological measurements
of body mass (with a digital scale, to the nearest 0.1 g) and
tarsus length (with a digital caliper, to the nearest 0.1 mm)
were taken. Subsequently, individuals were randomly assigned
to an experimental (n = 56) and a control group (n = 56).
To minimize a possible impact of body condition on the
motivation to return and further to reduce adverse effects of the
handling procedure (e.g., delay in foraging) on the health of the
animals, only individuals with a minimum fat score of 1 (official
guidelines used by the “Vogelwarte Radolfzell”) were included
in the experiment.

All experimental procedures were in accordance with
current laws on animal experimentation in Austria and the
European Union. Experimental procedures were approved by
the institutional ethics committee and the national authority
according to §26 of the Law for Animal Experiments,
”Tierversuchsgesetz 2012-TVG 2012.” The studies concern
short time experiments without any surgery and no long-term
effects on the birds were expected, confirmed by adequate
monitoring after release (GZ 68.205/0034-WF/II/3b/2014).

Experimental design

We manipulated the olfactory capacity by rinsing the
choanae of individuals with 300 µl of a 4% solution of zinc
sulphate (anosmic) (Benvenuti et al., 1993; Benvenuti and
Gagliardo, 1996; Holland et al., 2009; Kishkinev et al., 2019).
This frequently used method serves in short-term manipulation
of scent perception (i.e., induction of anosmia) in avian species,
but currently only little information on the efficacy and duration
of the treatment is available. In mice, flushing the nasal cavities
with zinc sulfate leads to a brief and strong effect, inducing
an initial complete anosmia with full recovery (McBride
et al., 2003). Overall, the recovery period from zinc sulfate
treatment underlies strong individual variation, depending on
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the concentration of the applied solution, the species and the
behavioral tasks (e.g., scent discrimination). However, first signs
of recovery were observed after 2–7 days in different species
when individuals were treated with similar concentrations of
zinc sulfate solution (Slotnick and Gutman, 1977; McBride et al.,
2003; Abreu et al., 2017). The effect occurs as the solution leads
to the degeneration of the olfactory cells, but has no impact on
the basal cell layer, the respiration system and the bird’s health
(Slotnick and Gutman, 1977; Cancalon, 1982; Schlund, 1992;
Benvenuti et al., 1993; Burd, 1993). Individuals assigned to the
control group received a sham manipulation with 300 µl of
distilled water (control).

After the handling procedure, we transferred the birds
immediately to either of the two releasing sites. These were
located in a distance of approximately 400 m (48◦11′N 16◦05′E)
or 1,500 m (48◦11′N 16◦04′E) from the winter feeding sites.
The release distance was equally distributed over the sample
size. We chose two open meadow areas with adjacent patches
of mixed deciduous forest of similar vegetation height and
density of the understory [mainly consisting of young European
beech (Fagus sylvatica)] as releasing sites. These landscapes
characterize the study area and its surroundings. No urban
structures with additional feeding sites were located between
either of the two releasing sites and the catching site. However,
there are settlements in close proximity of the study area and
winter feeding might take place in private gardens.

For each individual, we recorded the exact time of capture
and release and the overall handling protocol did not exceed
40 min. However, considering the lack of information on
zinc sulfate administration on avian behaviors, we conducted
behavioral observations of all individuals immediately after
the release. We recorded variables that might indicate
adverse effects of the treatment on the individual behavior
(Supplementary Table 1). Our analyzes revealed that there were
no effects of zinc sulfate treatment on the time of departure
from the releasing site (> 40 m from the releasing site) and
perching behavior (i.e., how much an individual moved before
leaving the area) that might serve as a proxy for orientation
(Supplementary Table 1).

By subsequent monitoring at the feeding sites, the return
rate and time were recorded. We started the monitoring after
the first individuals were released and observed the feeders daily
until 11 days after the last bird was caught (6th of February–
11th of March 2014). Unless mistnetting was conducted, the
monitoring started at 0730 and ended at 1700. Thereby one
monitoring circuit consisted of three 15 min observation units
at each feeding site and a 5 min break between these units.
The observations were continuous and every feeding site was
observed an equal amount of time per day. In addition, the
sequence of the observations (i.e., which feeding site was
observed) was altered daily. To avoid disturbance, we observed
the feeders from a distance of 10 m, using binoculars. The
ring combination and the exact time of observation was

recorded for each individual. All observers were blind to the
experimental group (i.e., were unaware of the ring combinations
used for each bird).

Statistical analyzes

To reach a sufficient sample size and increase the likelihood
of observing target individuals, we pooled all observations and
captures from three feeding sites with a maximum distance of
approximately 130 m.

All analyzes were performed using the statistical software
R 3.2.4 (2016-03-16) (R Core Team, 2016) with the packages
MuMIn 1.15.6 (Barton, 2019), MASS 7.3-45 (Venables and
Ripley, 2002), lme4 1.1-12 (Bates et al., 2015), and mgcv 1.8-12
(Wood, 2017). The data were tested for normal distribution and
statistical analyzes were conducted as appropriate.

To control for an individuals need (motivation) to forage
and hence return to the feeders, we incorporated body condition
into our models. We defined body condition as body mass
corrected for body size (residual body mass). This variable was
achieved by fitting a linear regression using body mass as a
dependent variable and tarsus length (a proxy for body size
and development) as an independent variable (β = 0.6245,
SE = 0.2293, p = 0.00753). The individual deviation from the
regression line was used for subsequent analysis.

The present study is an experiment from a biological
perspective, but from the statistical point of view it presents
a correlative study, we therefore followed an information
theoretic approach (Burnham and Anderson, 2002).

Firstly, we try to test for possible treatment effects on
homing behavior, therefore we used two dependent variables,
namely the return rate (categorical variable) and return time
(continuous variable). Generalized linear models (GLM) with
a binomial link were fitted onto the dataset to investigate
the importance of olfactory treatment (anosmic/control) and
distance on homing behavior toward the food source. We fitted
a negative binomial model that corrected for over dispersion
in the data. The variables “anosmic” (c/a) and “distance”
(400 m/1,500 m) were included as factors with two levels.
Furthermore, the variable “condition” was added as a numeric
variable. To test if treatment had an effect on the return rate,
the response variable “return rate” was included as a factor
with two levels (yes/no). To examine the effect on return time,
the response variable “return time” was instead included as a
continuous variable.

Secondly, we used linear regression models. For all potential
models, the Akaike weights were calculated. Estimates and
standard errors were averaged based on Akaike weights
(Burnham and Anderson, 2002).

Based on the sum of the Akaike weights of all models
containing a variable, the relative variable importance (RVI) was
calculated. The RVI is the probability that a given variable will

Frontiers in Ecology and Evolution 04 frontiersin.org

https://doi.org/10.3389/fevo.2022.858981
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/


fevo-10-858981 July 12, 2022 Time: 15:55 # 5

Mahr et al. 10.3389/fevo.2022.858981

be in the model, which explains the data best. Variables with
RVI values > 0.9 are very likely to affect the response variable,
variables with values of about 0.7 are likely, the effect of variables
with values of 0.5 and below is uncertain and values under 0.2
indicate that the variable is very unlikely to affect the response
(Burnham and Anderson, 2002).

Results

In total, 47 of 112 marked individuals returned to the
feeders: 24 from the anosmic group and 23 control birds.
In relation to the treated (anosmic) birds, 16 returned from
the short and eight from the long distance (Figure 1A). In
the control group, 14 birds returned from the short and
nine from the long distance (Figure 1A). According to the
results of the GLM, neither the releasing distance, olfactory
treatment, body condition nor the interaction between them
were important (Table 1). Similarly, using the information-
theoretic approach, the results regarding the return rate revealed
low RVI values, including olfactory treatment (0.30), distance
(0.51), body condition (0.41) and the interaction (0.04) between
the body condition and olfactory treatment. This suggests that
it is unlikely that any of the variables are included in the best
model and thus there was no effect of the investigated variables
on the return rate of great tits to the feeders. The highest value
(RVI value = 0.51), for releasing distance, is still low and it is
uncertain that this variable would be in the best model.

Regarding the “return time,” however, our results derived
from the GLM revealed that the releasing distance and treatment
had significant effects on the time the birds needed to return to
the feeders (Figure 1B). The birds required more time to return
from the long (1,500 m) in comparison to the short distance
(400 m) (Figure 1B, Table 2), but also olfactory treatment had
a significant effect (Figure 1B, Table 2). Anosmic individuals
needed longer to return to the feeders than control individuals.
These results were confirmed using the information-theoretic
approach. Using the return time as a dependent variable revealed
very high RVIs for distance (0.98) and olfactory treatment
(0.84). Relative variable importance values for body condition
(0.32) and the interaction (0.09) between body condition and
olfactory treatment revealed very low values and accordingly,
there seems to be no interaction between the dependent variable
and the body condition of the birds. The return time of great
tits to the feeders seems to have been influenced by the releasing
distance and olfactory treatment.

Discussion

In this study, we show that resident great tits memorize
and follow olfactory cues, which might facilitate faster return
rates to familiar feeding sites within their wintering territories.

As predicted, our relocation experiment demonstrated that
experimentally olfaction-deprived great tits required more
time to relocate to winter-feeding sites than individuals with
unaltered olfactory capacities. In addition, releasing distance
(400 m/1,500 m) had an effect on the return time, with
individuals released at shorter distance returning faster. Both,
birds with full olfactory capacities and anosmic individuals,
required more time to return when they were released at
greater distance. In addition to the greater distance to be
overcome, other factors might affect the prolonged return time,
these include age (e.g., yearling or adult), experience and/or
familiarity (e.g., breeding or non-breeding birds) with the area.
However, there is no indication for a change in the importance
of the olfactory capacity with distance, as the interaction
between distance and treatment was not significant. Moreover,
the difference in the return time between treatments is similar
for 400 m and 1,500 m releasing distance (Figure 1), which
indicates that overall, olfaction-deprived birds take longer to
find the feeding site. The home range size of a species might
also be a crucial factor influencing the use - and determining
the importance of olfactory cues in homing. Investigating
the relationship between releasing distance, return time and
olfaction in more detail (e.g., by adding more releasing sites)
might bring additional insights.

In line with our predictions regarding the total return
rates (i.e., recoveries at the feeding sites), we did not find
differences between the treatment groups, or with respect to
the different releasing distances. Other passerines, like starlings
(Sturnus vulgaris) were impaired in homing depending on the
displacement distance (Wallraff and Hund, 1982; Wallraff et al.,
1995). The return rates of starlings, for example, were not
affected by an olfaction- depriving treatment when they were
displaced by 30–60 km (Wallraff et al., 1995). We didn’t expect
to find such strong treatment effects on the return rate when
displacing great tits by 400 m or 1,500 m, because the birds
were not removed from their home range, but remained at the
outer boarder of their wintering territories. Our results suggest
that measuring return rates depending on the olfactory capacity
seems to be of importance over long, but not short distances. On
the contrary, return time seems to be a very sensitive measure
to detect and evaluate the role of olfaction in orientation even
at very short distances. Even more so as in our experiments,
the birds were not fitted with tracking devices and information
about their exact movements is not available (Holland et al.,
2009; Kishkinev et al., 2019). In respect to the short duration
of our experiment and the small spatial scale, tracking devices
might have provided little information, in particular considering
their potential impact on individual behavior (McMahon et al.,
2011; Arlt et al., 2013). However, the variable “return time”
appears as a good proxy for an increase in movements arising
through orientation-related behavior (Pollonara et al., 2015).

It has previously been suggested that within a small spatial
scale the relevance and efficiency of smell for navigation

Frontiers in Ecology and Evolution 05 frontiersin.org

https://doi.org/10.3389/fevo.2022.858981
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/


fevo-10-858981 July 12, 2022 Time: 15:55 # 6

Mahr et al. 10.3389/fevo.2022.858981

FIGURE 1

Presented are (A) the average proportion (%) ± 95 confidence limits of birds returned to the feeder. Empty bars present the control group and
gray bars the anosmic birds. The box plot (B) shows the time (in h) (medians, quartiles, 5th and 95th percentiles, and extreme values), great tits
needed to return to the feeding site in relation to releasing distance (400 m/1,500 m) and their olfactory treatment (left control and right
anosmic group, respectively).

decreases, because local environmental odors are too
homogenous, and vision persists as predominant sense.
Hence, the question arises whether great tits use scent cues for
orientation and relocation to winter-feeding sites, or whether
individuals simply follow an odorant track arising through
the presence of food in the surroundings (Jacobs, 2012). We
cannot out-rule this effect, but this explanation seems unlikely
for several reasons. Species, which typically use olfactory cues
to detect food over long distances, such as vultures, have large
olfactory bulbs and complex nasal sinuses (Zelenitsky et al.,
2011; Grigg et al., 2017). The small olfactory bulbs (Bang and
Cobb, 1968) of passerines seem to have the capacity to detect
subtle scents like plant volatiles and predator scents on the nest
site (Amo et al., 2008, 2011, 2013; Mäntylä et al., 2017). There is

also evidence for a role of olfactory cues in foraging over short
distances (Amo et al., 2013; Zungu et al., 2014; Mäntylä et al.,
2017; Hiltpold and Shriver, 2018), but it is not suggested to serve
as a primary source to locate food (Krause et al., 2016; Mäntylä
et al., 2018; Rubene et al., 2019). Furthermore, it is uncertain
whether the olfactory cues provided by the feeding sites,
consisting of dry sunflower seeds and fat balls, were sufficiently
strong stimuli to allow distinct orientation toward feeders from
distances of 400 m or 1,500 m, respectively. Sunflower seeds
and fat balls are the most common food provided by people at
the local winter-feeding sites (personal observation). Private
winter-feeding also takes place in our study area. Even though
no feeders were located between capture and release site, some
feeders might have been provided in the backyards of houses in
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TABLE 1 Shown are the results of a generalized linear models (GLM)
for return rate as the dependent variable based on the model:
glm(formula = returned ∼ releasing distance + olfactory treatment *
Res.bm.tars.condition, family = binomial).

Estimate SE Z RVI Pr (|z|)

Releasing distance (400 m/1,500 m) –0.57 0.40 –1.41 0.51 0.16

Treatment (anosmic/control) 0.12 0.39 0.31 0.30 0.76

Condition –0.07 0.17 –0.41 0.41 0.68

Treatment*condition –0.24 0.31 –0.76 0.04 0.45

Given are parameter estimate, standard error, z-value, Relative Variable Importance
(RVI) and significance value - Pr (> |z|) for releasing distance (400 m/1,500 m), olfactory
treatment (anosmic/control), Res.bm.tars.condition (Residual body mass not explained
by body size in g) and the interaction between olfactory treatment and body condition.
Residual deviance: 143.36 on df = 103.

TABLE 2 Shown are the results of a generalized linear models (GLM)
for return time as the dependent variable based on the model:
glm(formula = return.time.h ∼ releasing distance + olfactory
treatment *Residuals.bm.tars.condition, data = dat).

Estimate SE Z RVI Pr (|z|)

Releasing distance (400 m/1,500 m) 92.10 28.14 3.18 0.98 0.001

Treatment (anosmic/control) 63.35 26.96 2.83 0.84 0.02

Condition 1.86 11.30 0.16 0.32 0.87

Treatment*condition 20.78 18.96 1.06 0.09 0.29

Given are parameter estimate, standard error, z-value, Relative variable importance (RVI)
and significance value - Pr (> |z|) for releasing distance (400 m/1,500 m), olfactory
treatment (anosmic/control), Res.bm.tars.condition (Residual body mass not explained
by body size in g) and the interaction between olfactory treatment and body condition.
Residual deviance: 90.1on df = 44. Significant terms are marked in bold.

the proximity of the releasing sites. If food would be the major
olfactory stimulus for individuals undergoing the experimental
procedure, birds would follow an odorant track arising through
the presence of these food sources and we would rarely expect
them to return to the original feeder. Considering also that all
birds were released at the same sites, the existence of additional
feeders is unlikely to explain the differences we found between
treatment groups. Thus, one possible explanation for our
results is that, in addition to visual landmarks, great tits use
olfactory cues for orientation within their home range, which
allow them to increase the information they gain about their
position. Contrary to pigeons and seabird species, great tits
might use these chemical cues to gain additional information
about the spatial conditions, which allows a faster position
fixing even within a familiar environment. By removing this
additional information, anosmic birds might require more
time to orientate and relocate to the inner home range and
consequently their familiar feeding sites.

In this experiment, only one third of the relocated
individuals returned to the original site. We exclude possible
effects of individual condition (body mass not explained by body
size) on the return time and rate. This measure reflects the
nutritional status of individuals and might affect the motivation
to return to the feeding sites, but no relationship between body

condition and return rate or return time became apparent.
In addition, to control for potential direct adverse effects
of the treatment, we conducted behavioral observations right
after the release. We recorded perching height, number of
perches or time until departing from the releasing site, but
our results did not reveal differences between the treatment
groups (Supplementary Table 1). One possible explanation
for the seemingly low return rates could be related to the
timing of the experiment. During late February, not only
resident birds visit the feeders, but also straying individuals
and birds migrating back to their northern breeding habitats
(Cramp et al., 1993). These birds might be less likely to return
to the feeding site but continue migration to their breeding
habitats. However, wintering great tits show remarkably high
site fidelity and display strong motivation to return to their
winter territories and feeding sites after replacement, as was
shown in a previous experiment by Krištín and Kaňuch (2017).
They demonstrated that even individuals that were displaced
7.8 km away from their home ranges returned to feeding areas
within 4 weeks after relocation. Their results (32. 8% recapture)
resemble our observed return rates and might represent the
natural composition of sedentary and migratory individuals.

We cannot exclude that the treatment affected the birds’
motivation to approach the feeders, because they did not
perceive the scent of the provided bird food. Interestingly, a
recent study on Scopoli’s shearwaters (Calonectris diomedea)
indicated effects of the zinc sulfate treatment (4% solution)
on homing behavior but not foraging success (Padget et al.,
2017). Whereas this species differs significantly from a small
passerine these findings suggest that the treatment resulting
in anosmia might affect orientation differently than actual
foraging. However, we have not measured feeding behavior or
foraging success in the target individuals. Considering though
that con- and heterospecific individuals were present at the
feeders (own observations) and that birds learn quickly to
use artificial feeding sites by observing other individuals, we
suggest that this effect might outrule a treatment effect on
feeding behavior in this species. Our results also suggest that the
majority of birds undergoing the zinc sulfate treatment returned
after 4–10 days. There is indication that in other vertebrate
species, the effect of the zinc-sulfate treatment diminishes after
2–7 days and birds arriving at the feeding sites might have
restored their full olfactory capacity. However, being aware of
a possible effect of the treatment on foraging behavior, we also
recommend that future experiments should take into account
for these effects by e.g., manipulating the odor and appearance
of feeding sites.

Conclusion

Our results suggest that the use of chemical cues in
addition to visual landmarks might help birds to maximize
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the information they receive about surrounding environments
and optimize their movement in space. Specific olfactory cues
in familiar environments might serve as reliable source of
information to memorize landmarks and relocate to areas
for specific needs (e.g., roosting sites, areas with high food
abundance). In particular for species like great tits, which
often remain in the breeding territories during winter, olfactory
orientation and navigation might serve as an adaptive behavior,
allowing individuals to optimize their foraging efficiency during
periods of resource limitation (e.g., in winter). To the best of
our knowledge, we are within the first to show that olfaction
in songbirds might play a role in orientation at short-distance
and within a familiar site in a natural setting. The results of
our study strongly emphasize that olfaction might be of greater
importance in the orientation of avian species than previously
thought and contributes to the understanding of the functional
contexts of smell in avian life.
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