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ABSTRACT: Animals have evolved a variety of adaptations to care
for their body surfaces, such as grooming behavior, which keeps the
integument clean, parasite-free, and properly arranged. Despite ex-
tensive research on the grooming of mammals, birds, and arthro-
pods, the survival value of grooming has never been directly mea-
sured in natural populations. We monitored grooming and survival
in a population of marked American kestrels (Falco sparverius) on
San Salvador Island, Bahamas. We found a strong association be-
tween time spent grooming and survival over a 2-year period. The
quadratic relationship we show is consistent with stabilizing natural
selection on grooming time. To our knowledge, this is the first evi-
dence for a correlation between grooming time and survival in a
natural population. Grooming time may predict the survival of many
animal taxa, but additional studies are needed to determine the
shape and strength of the relationship among birds, mammals, and
arthropods.
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The part played by natural selection in evolution
cannot be assessed without proper study of survival
value. (Tinbergen 1963)

Introduction

Animals have evolved morphological, physiological, and
behavioral adaptations to care for their body surfaces (Bor-
chelt 1980; Amador and Hu 2015). These adaptations in-
clude behaviors such as grooming, dusting, bathing, and
sunning (Spruijt et al. 1992; Clayton et al. 2010; Zhukov-
skaya et al. 2013). Hundreds of studies of grooming by
mammals, birds, and arthropods have been published, yet
most of these concern proximal questions, such as the neuro-
biological, endocrinological, and genetic bases of grooming
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(Sachs 1988; Spruijt et al. 1992; Kalueff et al. 2010; Yanagawa
etal. 2020; Zhang et al. 2021). Ultimate questions related to
the adaptive function and evolution of grooming have re-
ceived less attention. Understanding the ultimate basis of
grooming requires documentation of variation among in-
dividuals in natural populations and determination of the
fitness consequences of this variation (Tinbergen 1963; Bate-
son and Laland 2013; Nesse 2013). Here we document the
variation and correlated fitness consequences of grooming
in a wild bird population.

Avian grooming consists of preening with the bill (fig. 1A)
and scratching with the feet (Clayton and Cotgreave 1994;
Clayton et al. 2015). Preening cleans and arranges feathers,
“zips” the barbules of flight feathers together, distributes
preen oil and powder down, and combats ectoparasites (Sim-
mons 1985). Scratching with the claws controls ectoparasites
on the head and neck by “flushing” them to lower regions of
the body, where they can be killed or removed by preening
(Goodman et al. 2020). Scratching also helps spread preen
oil over the head feathers (Simmons 1985). Most species of
birds spend 5%-15% of their time preening, with an ener-
getic cost that is 1.6-2.3 times that of basic metabolic rate
(Clayton et al. 2015). The time and energy required for
grooming, at the expense of other activities, such as forag-
ing and breeding, means that grooming is likely to create
trade-offs that may have fitness consequences.

We studied the grooming behavior of a natural popula-
tion of American kestrels (fig. 1A4) living on San Salvador
Island, Bahamas (fig. 1B, 1C). One goal of our study was
to quantify variation in grooming behavior in the popula-
tion. Another goal was to estimate ectoparasite loads to
test whether parasite load covaries with grooming time,
survival, or both. Control of ectoparasites—particular chew-
ing lice (Insecta: Phthiraptera)—is an important function
of avian grooming (Clayton et al. 2010; Bush and Clayton
2018). The most important goal of our study was to explore
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San
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Figure 1: A, American kestrel (Falco sparverius) preening wing coverts (photo by Andy Byerly). B, San Salvador Island is located along the
eastern edge of the Bahama archipelago (24°N, 74°30'W). C, San Salvador Island (redrawn from Smith 1993). Blue indicates inland lakes and
tidal creeks; green indicates blacklands (coppice); gray indicates kestrel habitat; red indicates Cockburn Town, the island’s civic center; yel-
low indicates the study transect (roads with telephone poles/wires, 40 km); and white indicates roads that were not part of the study transect

(without poles/wires, 30 km).

the survival of birds in relation to the amount of time they
spent grooming.

Methods
Study Site

Estimating the survival of wild birds is challenging because
of the difficulty in distinguishing mortality from dispersal
(Newton et al. 2016). One way to simplify the task is to
study a population of nonmigratory birds on a small, iso-
lated island like San Salvador (fig. 1B, 1C). This subtropical
island is surrounded by oceanic water more than 1,000 m
deep. The nearest islands of any size are Cat Island, 72 km
to the west-northwest, and Rum Cay, 37 km to the south-
west. San Salvador is small (~20 km long, ~11 km wide)
with an area of ~157 km*. About 30% of its interior con-
sists of tidal creeks and hypersaline lakes (fig. 1C; Kass
et al. 2018). Much of the rest of the island is covered by
lowland scrub habitat unsuitable for kestrels, such as black-

lands (coppice), which have dense thickets that cannot
be penetrated without a machete (Smith 1993).

Kestrels on San Salvador are members of a nonmigratory
subspecies of the American kestrel (Falco sparverius spar-
veroides) that is endemic to the Bahamas, Cuba, and the
Isle of Pines (del Hoyo et al. 1994). The North American
subspecies Falco sparverius sparverius, which is migratory
and winters on some northern Bahama islands (Smallwood
and Bird 2020), does not occur on southern islands, such
as San Salvador (Paulson 1966; Miller 1978; Hallet 2006;
S. E. Bush and D. H. Clayton, personal observations). San
Salvador kestrels are abundant and relatively tame, making
them easy to capture, mark, and observe.

Most kestrel habitat on San Salvador is restricted to
coastlines where blacklands habitat transitions to open
beaches, as well as agricultural, residential, and other dis-
turbed areas within a few hundred meters of the coast. A
narrow asphalt road runs through most of this habitat. On
the north and west sides of the island, the road is bordered



by short telephone poles supporting telephone/power lines
that are heavily used by kestrels. This 40-km stretch of the
road defined our study transect (fig. 1C). The 30-km stretch
of road running along the south and east sides of the island
is more exposed to extreme weather and has no active set-
tlements, poles, or lines. We did not band kestrels on this
part of the island.

Bird Banding and Measurements

Fieldwork was initiated in 2019, following the kestrel breed-
ing season. From July 19 to August 3, we used Bal-Chatri
traps to capture kestrels. Upon capture, each bird was fit-
ted with a falconry hood to minimize stress (Madden
and Mitchell 2018). The bird’s legs were gently bound with
a strip of Velcro to immobilize the talons. Each bird was
weighed with a Pesola balance, and the (unflattened) left
wing chord was measured. Other standard measurements
of the bill and tarsus were taken for a related study. Body
condition was determined using body mass and wing chord
to calculate a scaled body mass index (Peig and Green
2009).

Seventy-two birds were each fitted with a numbered alu-
minum band and unique combination of three Darvic plastic
bands of five possible colors: white, yellow, blue, green, and
red. After being released at the capture site, some birds pulled
at their bands for several hours or days following banding.
Most birds soon ignored their bands.

Survival

Efforts to resight banded birds took place from Novem-
ber 11 to December 11,2019, following the rainy season from
August to October, and again at the end of the study from
July 4 to July 19, 2021 (fig. S1). (We were unable to visit San
Salvador in 2020 because of the COVID-19 pandemic.) We
observed birds while we were walking or driving slowly
(~25 km/h) along the 40-km study transect each day. Kestrels
are easy to observe because they prefer to hunt from prom-
inent perches (Hinnebusch et al. 2010). During these drives,
two observers scanned for kestrels on opposite sides of the
road. When a bird was located, the observers used spotting
scopes to identify the color band combination of the bird.
Most birds retained all three of their color bands, in addi-
tion to the aluminum band. By 2021, four birds had lost
one color band each, but we were able to identify all four
birds by process of elimination.

Although we did not band birds on the south and east
sides of the island, we checked for dispersal of banded
birds to these locations by routinely driving slowly along
the south and east road. We typically saw 10 or more
kestrels, and we examined the legs of these birds carefully
with spotting scopes. Banded birds were never observed in
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this area. There was thus no evidence that any of the banded
kestrels from our study transect dispersed across the island,
even over a 2-year period.

Grooming

Approximately 1 week after birds were banded, we began
collecting data on the grooming behavior of each bird. We
observed birds with binoculars and spotting scopes while
recording their behavior using the Animal Behaviour Pro
app for iPhone (Newton-Fisher 2021; van der Marel et al.
2021). Each bout of grooming was considered complete when
a bird stopped for more than 3 s or switched to a different
behavior (Clayton and Cotgreave 1994). We restricted anal-
yses of grooming behavior to the 33 kestrels for which we
collected at least 1 h of behavioral data. The mean (+SE)
amount of grooming data, per bird, was 97.7 = 4.0 min, with
a minimum of 62.3 min and a maximum of 174.2 min. We
collected data from each bird on five different occasions, on
average, with data from both morning and afternoon for
31 of the 33 (94%) birds and data from both summer (July
to August) and autumn (November to December) for 29 of
the 33 (88%) birds (fig. S2).

Ectoparasites

Parasite data were collected during November and Decem-
ber of 2019. We retrapped banded birds and used a two-
step procedure to collect parasite data. First, each bird was
held on its back in one hand while one of us (D. H. Clayton)
searched for ectoparasites while deflecting feathers of the
throat (gulum), breast, belly, and cloacal region (crissum)
with forceps. Representative samples of ectoparasites were
removed and placed in 95% ethyl alcohol. The goal of this
step was to document the ectoparasite community on San
Salvador kestrels. The kestrels were parasitized by two spe-
cies of chewing lice: Degeeriella carruthi (Ischnocera) and
Colpocephalum subzerafae (Amblycera; Price et al. 2003;
voucher specimens deposited in the Price Institute of Parasite
Research, University of Utah, PIPR020001 and PIPR020002,
https://scan-bugs.org). No other ectoparasites (insects, mites,
or ticks) were observed on any of the kestrels.

The second step involved quantification of the number
of eggs of lice. Chewing lice are “permanent” parasites that
complete their entire life cycle on the body of the host.
Louse eggs are glued to the feathers with a glandular cement.
Like other members of the genus Colpocephalum (Nelson
and Murray 1971), C. subzerafae attaches its eggs between
feather barbs on the ventral side of flight feathers of the wing
(primaries 1-6 and, occasionally, secondaries 1-3). When
the egg hatches, the top (operculum) pops off like a cap,
leaving most of the empty egg shell attached to the feather.
One of us (D. H. Clayton) used an x8-35 Labomed Luxeo
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47 stereomicroscope to count C. subzerafae eggs (hatched
and unhatched) on the ventral sides of primary and sec-
ondary feathers, as well as the tail feathers (rectrices); no
eggs were ever found on the tail. This method records the
cumulative number of louse eggs deposited since the last
molt. Degeeriella carruthi eggs were not counted because
their site of deposition remains undiscovered (louse eggs
are very small).

Analyses

Survival and resighting probabilities were estimated in the
program MARK (ver. 9.0; White and Burnham 1999). We
selected the Cormack-Jolly-Seber framework to estimate
time-constant survival (¢(.)) and resighting (p(.)) probabil-
ities using maximum likelihood estimation methods (Leb-
reton et al. 1992; Williams et al. 2002). The highest-ranking
(best-fitting) model was determined to be the one with the
lowest corrected Akaike information criterion (AICc) value
(Burnham and Anderson 2002), and any model with AICc
>2 was determined to have limited support from the data
(Williams et al. 2002). Additional analyses were conducted
in JMP (ver. 16; SAS Institute, Cary, NC, 1989-2021).

Results
Survival

The estimated annual probability of survival (+SE) for kes-
trels in this population is 0.62 = 0.05, and the estimated
probability of resighting is 1.00 * 0.00 (model: ¢(.)p(.);
bootstrap goodness of fit, P = .99). Of the 72 banded birds,
57 were resighted in November and December 2019, and
29 were resighted again in July and August 2021. No birds
were resighted in 2021 that had not been resighted in No-
vember and December 2019.

Grooming

We collected at least 1 h of behavioral data for each of 33
individually marked kestrels. Birds spent a mean (+SE)

Table 1: Model selection for covariates of kestrel survival

of 12.0% = 1.4% of their time grooming, divided between
preening (91.7% % 1.5%) and scratching (8.3% = 1.5%).
The time that individuals spent grooming was not consis-

tent between seasons (Pearson r,, = —0.003, P = .98),
and it was not consistent between morning and afternoon
within each season (summer, r;s = —0.40, P = .14; au-

tumn, r,, = 0.24, P = .31). Grooming was not correlated
with body condition (linear regression, F, ;, = 0.15, R* =
0.005, P = .70).

Ectoparasites

We obtained parasite data from 30 of the 33 kestrels in the
study (three birds were not retrapped); 26 of the 30 birds
(87%) had lice and/or their eggs. Five kestrels (17%) had
one to three hatched Colpocephalum subzerafae, and 24 kes-
trels (80%) had C. subzerafae eggs. The number of eggs
observed among the infested birds (one wing) varied from
1 to 384 (fig. S3A). Three kestrels (10%) had one or two
hatched Degeeriella carruthi. Two of the kestrels with hatched
D. carruthi were coinfested with C. subzerafae eggs. Colpo-
cephalum subzerafae egg abundance (log + 1 transforma-
tion) was independent of body condition (fig. S3B; linear
regression, F, ,, = 0.57, R* = 0.02, P = .46). Egg abun-
dance was also independent of host grooming time (fig. S3G;
linear regression, F, ,, = 1.36, R = 0.05, P = .25).

Correlates of Survival

We explored whether body condition, parasite abundance,
and time spent grooming covaried with survival for the
33 kestrels in our restricted data set. In all, we built six
models (table 1). Survival was best described by a model in-
corporating a quadratic function of grooming time (table 1),
with kestrels that groomed an intermediate amount of time
having the highest probability of annual survival (fig. 2).
Models using a linear function of grooming, or including
other covariates, had AICc scores that were >7.78 units
higher than the best model (table 1), indicating that kestrel

Model AlICc AAICc AICc weight Model likelihood Parameters Deviance
¢(groom x groom?*)p(.) 54.57 .00 .93 1.00 3 48.17
¢(parasite)p(.) 62.33 7.78 .02 .02 2 58.13
¢(groom)p(.) 62.68 8.11 02 02 2 58.49
o(SBMI)p(.) 63.05 8.48 .01 .01 2 58.85
e()p() 63.38 8.81 .01 .01 2 59.18
¢(SBMI x SBMI*)p(.) 64.79 10.22 .01 .01 3 58.39

Note: Models are listed in order of corrected Akaike information criterion (AICc) rank, with the most supported model (bold) listed first. All models tested
are shown. Covariates include the percentage of time kestrels spent grooming (groom), body condition calculated as scaled body mass index (SBMI), and the

abundance of louse eggs (parasite). Quadratic models were investigated for grooming behavior and body condition. Models assume a time-constant probability

of survival (¢(.)) and resighting (p(.)) and apply a logit link function. Bootstrap goodness of fit for model without covariates ¢(.)p(.), P = .97.
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Figure 2: Grooming time predicts survival in a natural population. Points indicate kestrels that were resighted (=1) or not (=0) 2 years
after they were banded (points jittered on y-axis for clarity). The gray line shows the estimated probability of survival (95% confidence in-
terval shaded) derived from the most supported model (table 1) generated in MARK version 9.0.

survival was independent of body condition and parasite
abundance.

Discussion

We studied a wild population of kestrels to document varia-
tion in grooming behavior and whether this variation relates
to the survival component of fitness. Using a Cormack-Jolly-
Seber framework, we estimated the survival and resight-
ing probabilities for 72 kestrels banded in July and August
2019 that were resurveyed after 4 months and again after
24 months. The estimated annual survival probability of kes-
trels in this population was 62% (+5%), which is slightly
lower than the annual survival rate of 74%-75% estimated
for American kestrels in Florida (Hinnebusch et al. 2010).
All birds resighted at the end of the study had also been
resighted 4 months after initial capture and banding, yield-
ing an extremely high resighting probability (p = 1.00 =
0.00).

We collected at least 1 h of data on the grooming be-
havior of a subset (n = 33) of the banded kestrels. Over-
all, birds spent a mean of 12.2% of their time grooming,
most of which consisted of preening with the bill. Among
individuals, grooming varied from 1.2% to 30.4% of the
time. Individual birds were not consistent in grooming time
between seasons or between morning and afternoon within
a season. In the future, grooming data collected over shorter
time intervals may facilitate a more informative test of indi-
vidual consistency, which is an important goal.

The relationship between grooming time and survival
was best modeled by a quadratic function (fig. 2). The like-
lihood of survival was highest among birds that groomed

intermediate amounts of time. With the exception of a
single bird that groomed 21% of the time, all surviving
birds groomed from 7% to 15% of the time. No bird that
groomed <7% of the time survived, and only one bird that
groomed >16% of the time survived.

Survival was independent of parasite abundance, which,
in turn, was independent of host body condition and groom-
ing time. Experimental work shows that grooming is an ef-
fective defense against ectoparasites (Clayton et al. 2010,
2015) and that increases in feather lice trigger increases in
grooming (Villa et al. 2016). In the absence of experimental
manipulation, however, louse abundance and grooming may
show negative frequency dependence. An increase in lice
may trigger an increase in grooming, causing a decrease in
lice, which then causes a decrease in grooming. Unless the
dynamics of the lice and grooming are tightly linked, a pat-
tern like the one in figure S3C can result.

In this study, sources of mortality for birds with low
versus high grooming rates could have been different. Low
groomers may have suffered from poor plumage quality,
given the central importance of grooming for anointing
plumage with preen oil. The hypothesized functions of preen
oil are many, including waterproofing feathers, combatting
feather-degrading bacteria, facilitating odor-based commu-
nication between birds, and even reducing aerodynamic
drag in flight (Moreno-Rueda 2017). Low grooming rates
may also have been symptomatic of other problems. Avian
malaria is known to reduce preening rates in birds that
eventually succumb to the malaria itself (Yorinks and Atkin-
son 2000). Nothing is known about the prevalence of avian
malaria on San Salvador; however, malaria is generally com-
mon among birds in the Caribbean (Fallon et al. 2005).
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In contrast, the cause of mortality for birds with high
grooming rates may have been related to stress. Elevated
grooming rates are a common symptom of stress in birds,
indicated by higher baseline corticosterone levels (Langlois
2021). Endocrinological assays, in conjunction with moni-
toring of grooming rates and survival, may allow this hy-
pothesis to be tested.

Our results parallel those of Lewis et al. (2007), who
showed a positive correlation between allopreening, a form
of social grooming, and reproductive success in common
guillemots (Uria aalge), which are colonial seabirds. Allo-
preening between mates was correlated with long-term re-
productive success, while allopreening between densely
packed neighbors was correlated with short-term reproduc-
tive success. The authors of the guillemot study hypothe-
sized that allopreening modulated social stress in the nesting
birds they studied. The kestrels in our study did not allopreen
but preened only themselves.

Despite the fact that birds (Aves) are one of the best-
observed and best-understood classes of organisms on Earth,
their grooming behavior has been relatively ignored (Clayton
etal. 2010; Bush and Clayton 2018). To our knowledge, this
is the first study to show a relationship between grooming
and survival in birds. Remarkably, the survival of kestrels
over a 2-year period could be predicted with considerable
accuracy from a mean of only about 100 min of behavioral
data collected in the first 6 months of the study.

More broadly, we believe that this is the first study to show
a correlation between grooming and survival in any animal
population. Our results are consistent with stabilizing selec-
tion on grooming time. Because our data are observational,
we cannot rule out the possibility that grooming time and
survival are jointly influenced by one or more other causal
agents. Our results provide strong incentive for additional
work, including experimental manipulation of factors that
covary with grooming and survival, such as the quantity
and quality of preen oil produced by individual birds. Birds,
mammals, and arthropods all groom on a regular basis. We
suggest that grooming time is an important component of
the evolutionary fitness of a variety of animal taxa.
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Figure S2. Distribution of behavioral observations over time. Behavioral data for each bird (y-
axis) was collected over several occasions that varied in duration (point size), time of day (point

color), and date and season (x-axis).
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Figure S3. (A) Distribution of Colpocephalum subzerafae louse egg abundance among 30
kestrels. Eggs were found on 26 of the birds (87%); the first bar represents 13 birds with 0-12
eggs each (one wing). Inset: illustration of Colpocephalum from a museum specimen. (B)
Relationship of body condition to C. subzerafae louse egg abundance (R?= 0.02, P = 0.46). (C)

Relationship of grooming time to louse egg abundance (R?= 0.05, P = 0.25).



