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Abstract Strains of silver foxes, selectively bred at the
Institute of Cytology and Genetics of the Russian Academy
of Sciences, are a well established, novel model for
studying the genetic basis of behavior, and the processes
involved in canine domestication. Here we describe a
method to measure fox behavior as quantitative phenotypes
which distinguish populations and resegregate in experi-
mental pedigrees. We defined 50 binary observations that
nonredundantly and accurately distinguished behaviors in
reference populations and cross-bred pedigrees. Principal-
component analysis dissected out the independent elements
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underlying these behaviors. PC1 accounted for >44% of
the total variance in measured traits. This system clearly
distinguished tame foxes from aggressive and wildtype
foxes. F1 foxes yield intermediate values that extend into
the ranges of both the tame and aggressive foxes, while the
scores of the backcross generation resegregate. These
measures can thus be used for QTL mapping to explore the
genetic basis of tame and aggressive behavior in foxes,
which should provide new insights into the mechanisms of
mammalian behavior and canine domestication.

Keywords Canidae - Vulpes vulpes -
Interspecies tameness - Attack - Domestication

Introduction

The genetic basis of mammalian behavior has been studied
in a limited set of species (Flint et al. 2005; Kendler and
Greenspan 2006). The model choice was determined in
large part by such criteria as availability of information on
the genome, genetic tools, well defined genetically inher-
ited behavioral phenotypes, and the opportunity for
experimental breeding. Previously, among mammals,
mainly rodent species could satisfy all these requirements.
Information on the genomes of species representing
different mammalian groups (http://www.broad.mit.edu/
mammals/) has become available in the last few years. This
progress in genome biology now creates an opportunity for
genetic investigations in species that are well-established
as models for behavioral studies but, until recently, lacked
the major genetic tools (Scott and Fuller 1965; Trut 1999;
Williamson et al. 2003; Suomi 2006).

In a long-term experiment at the Institute of Cytology and
Genetics of the Russian Academy of Sciences (ICG), specific
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strains of silver fox with markedly different behavioral
phenotypes have been selected (Trut 1980a, b; Trut 1999,
2001; Trutet al. 2004). Foxes bred for docility demonstrate a
friendly response to humans similar to that of domestic dogs.
In contrast, foxes from a strain selected for aggressive
behavior are aggressive toward humans and difficult to
handle. Inter-specific aggression “in defense of the subject’s
own bodily integrity” is classified as defensive aggression
(Blanchard and Blanchard 2005). These tame and aggressive
fox strains have been bred separately for over 40 generations
under strong selection for their respective phenotypes, but in
a manner designed to deliberately minimize inbreeding.
Inbreeding coefficients during selection remained in the
range 0.02-0.07 (Trut 1999, 2001; Trut et al. 2004), and this
low level of inbreeding has been confirmed in recent analysis
with microsatellite markers (Kukekova et al. 2004). The
genetic nature of these fox behavioral phenotypes is well
established (Trut 1980a, b, 1999, 2001). Because these
genetically determined behavioral differences segregate in
very large pedigrees of a single species, they offer an
opportunity to map and identify the genes responsible. The
evolutionary closeness of fox and dog (Wayne et al. 1997)
enables the exploitation of canine molecular genetic tools,
particularly the 7.6x dog genome sequence (Lindblad-Toh
et al. 2005), to facilitate construction of a fox meiotic linkage
map and to undertake genetic mapping in foxes (Kukekova
et al. 2004, 2005, 2007).

Measurement of behavior presents several challenges,
particularly in attempting to map the underlying genetic
loci. Because behavior is clearly phenotypically complex,
but also has indisputable heritable aspects, it likely reflects
a complex interaction of multiple genetic loci and envi-
ronmental factors. To identify genes responsible for
behavioral variation, it is first highly desirable to identify,
among the wide spectrum of behavioral expression, those
specific, independent, and presumably simpler aspects that
can be measured objectively and quantitatively and that can
be demonstrated to be inherited.

In the course of selection of foxes for behavior, two
scoring systems for assignment of fox behavioral pheno-
types have been used: one for the tame and another for the
aggressive population (reviewed in Trut 1980a, b, 1999,
2001; Kukekova et al. 2005). Although the original farm-
fox population showed a continuous variation in behavior
from “relatively less aggressive and fearful” to “extremely
aggressive,” very quickly the phenotypes in the selected
tame and aggressive populations no longer overlapped.
Foxes from the tame population were scored by ranking
them based on a repertoire of tame behaviors which were
either shown or not during interaction with an experimenter
under the standardized conditions. Scores of tame foxes
reflect the intensity of the fox’s friendly response toward
the experimenter: the tamest foxes are assigned scores of
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3.5-4.0; the least tame score 0.5-1.0. Behavioral assess-
ment in the tame population was further refined by
evaluating a comprehensive set of measures for scoring
behaviors contributing to “tameness” by principal-com-
ponents analysis (Vasilieva and Trut 1990). In contrast, the
major criterion for measuring behavior in the aggressive
population was the critical distance between the experi-
menter and the caged animal when the animal first
demonstrates an aggressive reaction and intensity of the
fox aggressive response (Trut 1980a, b, 1999, 2001; Ku-
kekova et al. 2005). Animals demonstrating the most
aggressive response to humans are scored —4; those
showing the least aggressive response score —0.5. The
systems for measuring behavior in the tame and aggressive
strains yield objective and reproducible behavioral assess-
ment of individuals in both populations and were used to
select animals exhibiting the most tame and the most
aggressive behaviors for breeding the next generation. The
continued improvement in scores with selection over
multiple generations (Trut 1999, 2001) is the best evidence
for the reliability and utility of these scoring systems for
measuring behavior in the tame and aggressive strains.

To study the genetic basis of fox behavioral phenotypes,
three-generation experimental pedigrees have been estab-
lished by breeding tame to aggressive founders to produce
an F1 generation, and then backcrossing to the tame strain
(Acland et al. 2004; Kukekova et al. 2005, 2007). Assign-
ment of behavioral phenotypes in F1 clearly demonstrates
that the traditional scoring systems established for selection
of foxes for behavior has limited resolution for measuring
behavior as a continuous variable in the cross-bred pedi-
grees. Broadly, F1 foxes exhibit a wide range of behaviors;
substantial percent of foxes had low values on both the
“tame” and “aggressive” scales (Trut 1980a, b; Kukekova
et al. 2005). Furthermore, behavioral patterns characteristic
of the founder populations become fragmented or reshuffled
in the cross-breed offspring. Thus, before attempting to map
or identify genes underlying behavioral variations segre-
gating in these fox strains, we needed a high-resolution,
objective, quantitative system that defined behavior of foxes
from both the tame and aggressive strains, and that enabled
assignment of behavioral phenotypes in both founder and
experimental populations.

In the current study we developed and tested a new
system for assignment of fox behavioral phenotypes. To
capture those fox behavioral components which had been
selected for in the development of the founder populations,
this new system is rooted in the traditional behavioral tests
developed at ICG (Trut et al. 2004; Vasilieva and Trut
1990). The behavior of the foxes was evaluated as in the
traditional methods, and videotaped. A comprehensive
primary set of binary (present, absent or yes, no) objective
observations was then developed for scoring the physical
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manifestations of fox behavior during the test from video
records. Statistical analyses, including principal-compo-
nents analysis (PCA), were used to dissect out the
independent, resegregating traits underlying the phenotypic
variation expressed in these multiply correlated observa-
tions. To validate this new system for measuring behavior
we evaluated the concordance between the ICG behavioral
assignment and this new system. Moreover, a useful system
for measuring behavior in experimental cross-bred pedi-
grees has to distinguish between the behavior of foxes from
the tame and aggressive strains as well as cover a range of
values for the F1 and backcross-to-tame generations that
are intermediate to the parental strains. Consistency of this
new system was tested between independent data sets
obtained by different observers and the reproducibility was
tested among repeated tests.

The system described herein provides an essential tool
for quantitative analysis of these fox behavioral pheno-
types. Together with the newly available tools for genomic
research, this now makes it feasible to map the loci and
genes implicated in tame and aggressive fox behavior.
Determination of the genetic basis for specific behavioral
phenotypes in these foxes promises to yield broader
insights into the genetics of complex behavior and its
underlying molecular mechanisms.

Methods
Animals and Animal Maintenance

We used silver-fox populations developed and maintained
at the experimental farm of the Institute of Cytology and
Genetics (ICG), Novosibirsk, Russia. The five fox popu-
lations investigated included the three primary fox strains
developed and maintained at ICG:

(i) the selectively bred tame strain;

(i) the selectively bred aggressive strain;

(iii) a population of farm-bred foxes unselected for
behavior;

and two additional populations produced for this study:

(iv) an F1 generation developed by crossing tame males
to aggressive females; and

(v) a backcross population produced by reciprocally
breeding F1 foxes back to the tame strain.

All foxes we used were born in March—April of 2003,
were raised under consistent farm conditions and had
similar interactions with people (mostly limited to main-
tenance procedures). Pups were caged with their mothers
until they were 1.5 months old. Subsequently, all

littermates were housed together without their mother until
2.5 months of age, after which each pup was moved to its
own cage.

Testing and recording of fox behavior

Behavior of foxes from the five populations (tame,
aggressive, unselected, F1 and backcross) was evaluated
using a version of the traditional test “the standard test”
developed at ICG in the course of selective breeding for
behavior (Vasilieva and Trut, 1990; http://www.cbsu.tc.
cornell.edu/ccgr/behaviour/index.html). The test was
designed to evaluate fox responses to humans in situations
with different levels of interaction between experimenter
and tested animal. Foxes were tested in their home cages
by an observer, in five steps:

e Step 1 (Approach) observer approaches the fox’s cage;

e Step 2 (Stand) observer stands calmly near the closed cage
but does not deliberately try to attract the

animal’s attention;

e Step 3 (Door) observer opens the cage door, remains nearby
but does not initiate any contact with the fox;
e Step 4 (Touch)

o Step 5 (Exit)

observer attempts to touch the fox;

observer closes the cage door, then stays
calmly near the closed cage.

Each test step (except Approach) was 1 min long.

Each fox was tested at 5.5-6 months old, at least twice,
and a subset of foxes was tested three times. No more than
one test was given to any individual animal on the same
day. In most cases, the period between tests was 1 day. All
tests were performed between 10:30 am and 5 pm, but no
earlier than 30 min after feeding. An interval of least
30 min separated testing of animals in neighboring cages.
All tests were videotaped with a digital camcorder (Canon
ZR90) and subsequently copied onto DVDs to maintain a
permanent record.

Behavior of foxes in the current study was assigned
using both the traditional ICG scoring system and the new
improved quantitative method from video records, as
described below.

Scoring fox behavior from video records

A detailed analysis of fox behavior during the test period
was undertaken from video records. The behavior of a
subset of foxes (~20 animals from each population) was
surveyed from videotapes and a comprehensive list of 311
recordable observations of fox behavior was identified (see
Supplementary Table 1), each of which could be scored in
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a binary fashion (e.g. presence or absence). Scoring fox
behavior from video records using a list of identified traits
was performed manually using a DVD player or WinDVD
software.

To evaluate the location of the fox in the cage, the space
in each cage was partitioned into six zones. Zones 1-2 are
located in the front of the cage (zone 2 is the closest to the
experimenter), zones 5—6 are at the back of the cage, zones
3-4 are in the middle. To produce traits scoreable in a
binary fashion (“yes” or “no”) traits were designed to
record whether a fox ever came into a particular zone (for
example, “Fox came to zones 1-2”") or whether fox spent
more than a certain period of time in particular zones (for
example, “Fox spent >40 s in zones 1-2”). Traits which
were recorded in more than one test step (for example,
“Wagging tail,” “Staying at the front door,” “Fox spent
>40 s in zones 5—6”) were treated as independent traits.

Data sets

Behavior of a subset of foxes from all five populations was
evaluated for either the comprehensive set of 311 traits, or
a selected subset of 50 traits (see section “Statistical
analysis”). Foxes of both genders were represented rela-
tively equally in all data sets. Four data sets were generated
as follows.

Data set 1

Data set 1 represents behavioral scores for a set of 95 foxes,
at 5.5-6 months age, scored from videotapes by observer 1
(author AVK), for all 311 traits. The 95 foxes included 20
animals each from the tame, aggressive, unselected and
backcross populations, and 15 F1 animals. These 15 F1
foxes were all produced by breeding tame males to
aggressive females, and they were the only appropriately
aged F1 foxes available at that time (in 2003). For each of
the other populations, twenty foxes were randomly chosen
from a larger list of about 120 available animals per pop-
ulation, using the Microsoft Excel random-number
function. When it was difficult to determine on the tape
whether the trait was demonstrated or not, the trait was
recorded as a missing value.

Data set 2
Data set 2 represents a revised version of data set 1, scored
by observer 1, for the reduced 50-trait set. To generate a

data set without missing values for all 95 foxes, all missing
scores were re-evaluated on the video again by observer 1.
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If it was still difficult to resolve the trait’s presence or
absence, the trait was re-scored as “not shown” by default.
This was done because even a single missing data point
would eliminate that animal’s entire data set from sub-
sequent analysis.

Data sets 3A, 3B, and 3C

Data set 3 represents behavioral scores for the 50-trait set
previously selected, for a second set of foxes (n = 95),
evaluated by three different observers. This set included 20
different randomly chosen foxes per population other than
F1, and the same 15 F1 foxes used in set 1 (because there
were no other F1 foxes yet available). The first test (at 5.5—
6 months of age) was analyzed from video records by three
trained observers (observer 1 was the same as before (Data
set 3A), observer 2 was a high-school student (Data set
3B), and observer 3 was another scientist associated with
the fox study (Data set 3C)). When it was not clear on the
tape whether the trait was demonstrated or not, the trait was
scored as “absent” by default (consistent with data set 2).

Data set 4

Data set 4 represents behavioral scores for the 50-trait set,
from 75 additional foxes (20 different animals from each of
the tame, aggressive and backcross populations, and the
same 15 F1 animals). Each fox was tested on three dif-
ferent days at 5.5-6 months of age, and video records were
scored by observer 1.

Statistical analysis
Trait evaluation

Data set 1 was used to identify the most informative traits,
for each testing step, from the comprehensive list of 311
traits originally observed in the video survey. For practical
reasons, we considered it desirable to reduce the set of
traits to 50 per test step prior to undertaking principal-
components analysis (PCA).

First, the simple frequency distribution of each trait was
examined. Any dichotomous trait with (arbitrarily) <10
observations of the less-frequent category was removed
from further consideration; this assured that the trait was
indeed variable among the foxes. After these deletions for
the steps approach, stand, door, touch, and exit, 14 of 22,
33 of 77, 44 of 83, 48 of 72, and 36 of 57 variables,
respectively, remained. The remaining traits (175 of the
original 311, with no more than 50 traits per test step) were
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then examined using a separate PCA for each step, using
the software program STATISTIX™ 8 Analytical Soft-
ware, 2003).

Then, each principal component (PC) which explained
both >5% of the variance and more than (100%/n) of the
variance (where n = number of traits; as per Afifi and
Clark 2004, pp. 379, 382) was evaluated by Kruskal-
Wallis (rank-based one-way ANOVA) to test whether it
could distinguish between the five populations of foxes
used in the PCA. If the PC was not significant in the
multiple-comparisons tests of the Kruskal-Wallis proce-
dure at P < 5% (2-sided), the PC was not retained for
further analyses.

If the PC passed each of these criteria, then Spearman’s
rank correlations (rsps) were run between the individual-
trait values and the PC for each fox. Traits yielding rsps
with absolute values >50% were deemed ‘important”
contributors to at least one of the PCs, and were thus
retained for the second stage of PCA. For approach, stand,
door, touch, and exit, respectively, there were 5, 18, 18, 26,
and 22 traits retained for the second stage.

In the second stage, two more PCAs were run: one
included all the traits retained from scoring steps approach,
stand, and door; the other included the traits retained from
touch and exit. The same process of identification of traits
to retain was used as before. In the final stage, one last PCA
was run with traits that had been retained after the second
stage.

Reproducibility investigations

Reproducibility of traits was investigated in several ways.
To evaluate disagreement between trait scores in different
data sets and among observers, kappas were calculated;
significance was interpreted as P < 0.001 (i.e., with a
Bonferroni-type correction to maintain experiment-wise
alpha of 0.05). Kappas <0.40 were judged to indicate poor
concordance, regardless of statistical significance; kappas
>0.60 were judged to indicate substantial agreement (Do-
hoo et al. 2003, p. 92).

Heritability of PC1

We estimated the heritability of PC1 across all four pop-
ulations using variance component analysis on a 21
generation pedigree inclusive for all tame, aggressive F1
and backcross animals. The additive heritability was esti-
mated using the “polygenic” function of SOLAR (Almasy
and Blangero 1998). Maternal effects were estimated using
the “house” option of SOLAR with the ID of the mother.
This adds an additional variance component to the model

coded as 1 for all foxes which share the same mother and O
for all others.

Results

Identification of informative observations of fox
behavior in the standard test

From video records of foxes being tested using the ICG
“standard test” an initial comprehensive set of 311 phys-
ical manifestations of fox behavior recording specific fox
actions: location in the cage and time spent there, body
postures, positions of particular parts of the body, and
sounds (see Supplementary Table 1) was identified. All
subjective assessments of fox actions (e.g. “Fox is afraid”
or “Fox demonstrates submissive behavior”) were avoided.
Twenty-two recordable observations of fox behavior for
test step approach, 77 traits for step stand, 83 for step door,
72 for step touch, and 57 traits for step exit were included
in the primary 311-trait set.

Principal-component analysis of fox behavior with
selected traits

The initial data set, representing scores by observer 1 for
311 traits from a set of 95 foxes (data set 1), was winnowed
by statistical analysis to a reduced set of 50 traits (Table 1).
“Test time” and “gender” did not contribute importantly
in any PC1. None of the traits from test step “approach”
met the criterion of informativeness and this step was
excluded from further analysis. For the remaining four
steps (stand, door, touch, and exit) 9, 13, 14, and 14 traits
were retained, respectively. PCA using the 50-trait set
identified three PCs which each explained >5% of the total
variance (experimental cutoff) and distinguished among
populations (each of these PCs had P < 0.023 in the
Kruskal-Wallis tests). PC1 accounted for 48.4% of vari-
ance and distinguished the tame population from
aggressive, unselected and F1; and also the backcross from
unselected and aggressive.

Comparison data sets with and without missing values

PCA with the same 50 traits and foxes as in data set 1 but
with resolution of missing values (default = “absent™)
identified three PCs, each of which explained >5% of total
variance and distinguished among fox populations (all P
< 0.0041 in the Kruskal-Wallis tests). As in data set 1,
PC1 from data set 2 explained a large portion of the
recorded variation in fox behavior (46.4%) and made the
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Table 1 Analysis of 50 traits selected for behavioral assignment

Trait Code Data Data Data Data PClI Kappas among Kappas
Set 1 Set2 Set3A Set3B important observers among tests
traits (Data set 4)

Data Set Data Set  Test 1 vs. Test 1 vs.
3A vs. 3B 3A vs. 3C Test 2 Test 3

1 Wagging tail S7 + + +) +) 2+ 0.87 0.87 0.72 0.62

2 Touching cage door with nose S12 + + + + 4+ 0.63 0.67 0.5 0.39

3 Sniffing the front door of the cage S13 + + + + 4+ 0.86 0.71 035ns  0.38

4 Staying at the front door of the cage S16 + + + + 4+ 0.93 0.93 0.36 0.31 ns

5 Sitting in zone 2 looking at observer S20 + + + + 4+ 0.82 0.72 0.26 ns 047

6 Moving back at least one zone during first S37 (=) (=) — — 2— 0.65 0.46 029 ns  0.32ns
15 s (including step 1)

7 Spends at least 40 s in zones 1-2-3—4 S38 + (+) + + 3+ 0.73 0.34 0.49 0.36

8 Spends at least 40 s in zones 3—4-5-6 S39 — (-) — — 3— 0.75 0.54 0.52 0.31 ns

Comes into zones 1-2 S49 + + + + 4+ 0.84 0.69 0.37 0.43

10 Fox moved immediately to zone 5 or 3-5 D5 — — — (=) 3— 0.62 0.62 0.43 0.58

11 Fox approaches the hand for at least 40 s D7 + + + + 4+ 0.73 0.75 0.62 0.41

12 Fox tries to nip the hand or pokes it with D12 + + + + 4+ 0.92 0.87 0.68 0.53
nose

13 Sniffing floor/air D17 + (=) — 2— 0.19 ns 0.36 0.21 ns  0.18 ns

14 Sniffing the front wall/door D18 + + + + 4+ 0.75 0.77 0.59 0.33 ns

15 Wagging tail D21 + + + + 4+ 0.86 0.93 0.81 0.74

16 Ears horizontal/down for at least 10 s D22 + + (+) + 3+ 0.69 0.89 0.8 0.88

17 Body shaking D24 + + +) + 3+ 0.51 0.64 0.61 0.62

18 Not on the floor of the zone 2 at all D27 - - - - 4— 0.67 0.86 0.68 0.6

19 Comes into zones 1-2 D30 + + + + 4+ 0.79 0.59 0.6 0.41

20 Comes to the hand and sniffing D32 + + + + 4+ 0.73 0.75 0.62 0.57

21 Spends at least 40 s in zones 1-2-3-4 D39 + + + + 4+ 0.56 0.65 0.64 0.51

22 Spends at least 40 s in zones 5-6 D41 — — — — 4— 0.66 0.61 0.54 0.42

23 Lying down during contact T9 + + + + 4+ 0.77 0.55 0.68 0.57

24 Rolling on side or back during contact ~ T10 + + + + 4+ 0.73 0.49 0.4 0.6

25 Ears held horizontal/down T13 + + + + 4+ 0.61 0.51 0.76 0.68

26 Fox allows the back of its neck to be T14 + + (+) + 3+ 0.51 0.51 0.72 0.84
touched

27 Fox allows its back to be touched T15 + + + + 4+ 0.86 0.83 0.9 0.78

28 Fox allows its nose to be touched T16 + + + + 4+ 0.94 0.98 0.81 0.86

29 Fox allows its head to be touched T17 + + + 4+ 0.87 0.93 0.91 0.85

30 Fox tries to hold the observer’s hand in its T19 + (+) + + 3+ 0.75 0.51 0.59 0.47
mouth

31 Breathing loudly T27 + + + + 4+ 0.64 0.73 0.65 0.5

32 Attack T37 — — (=) (=) 2— 0.73 0.43 0.71 0.66

33 Attack alert T38 - - - - 4— 0.56 0.71 0.71 0.72

34 Pinned ears T40 - - - — 4— 0.74 0.66 0.74 0.74

35 Aggressive sounds T46 - - - — 4— 0.7 0.87 0.77 0.67

36 Fox moved to zone 2 T49 + + + + 4+ 0.75 0.7 0.78 0.57

37 Fox in zone 2 during the first 5 s E4 + + + + 4+ 0.94 0.91 0.59 0.59

38 Spends at least 30 s in zones 1-2 E5 + + + + 4+ 0.77 0.49 0.55 0.45

39 Staying at the front door E7 + + + + 4+ 0.96 0.98 0.46 0.32 ns

40 Touching the front wall with fore feet E9 + + + + 4+ 0.66 0.83 0.52 0.27 ns

41 Touching the door with nose E13 + + + + 4+ 0.67 0.73 0.6 0.56

42 Running in the cage in a circle E20 () + + ) 2+ 0.53 0.21 ns 0.39 0.31 ns
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Table 1 continued

Trait Code Data Data Data Data PClI Kappas among Kappas
Set 1 Set2 Set Set 3B important observers among tests
3A traits (Data set 4)
Data Set Data Test 1 vs. Test 1 vs.
3A vs. 3B 3A vs. 3C Test 2 Test 3
43 Sitting in zone 2 looking at observer E26 + + + + 4+ 1 0.77 0.57 0.38
44 Spends more than 40 s in zones 5-6 E30 — — — — 4— 0.79 0.37 0.51 0.32 ns
45 Spends more than 40 s in zones 1-2-3—4 E32 + + + + 4+ 0.58 0.46 0.59 0.45
46 Initially spends more than 10 s in zones E33 - - (-) - 3— 0.52 0.66 0.44 0.2 ns
5-6
47 Comes into zones 1-2 E43 4+ 0.82 0.59 0.53 0.39
48 Changed position in cage 5 or more times E49 4+ 0.69 0.85 0.54 0.25 ns
49 Did not come to the floor of zone 2 E54 - - — - 4— 0.8 0.72 0.54 0.37
50 Leaning on right wall in zone 2 E56 + + + +) 3+ 0.23 0.64 0.39 0.24 ns
Traits judged to be important and contributing to PC1 with a positive sign are marked by “+”; with negative sign are marked by “—". Signs of

traits that did not meet the criterion for importance are marked as (+) or (—). Traits judged to be important for PC1 in all data sets with a positive
sign are marked as 4+, in three data sets as 3+, etc.; traits which are important for PC1 in all data sets with a negative sign are marked as 4—, in

three data sets as 3—, etc.

same distinctions between populations (Fig. 1). All traits
contributing to PC1 using data set 2 loaded in the same
direction as for PC1 using data set 1 (Table 1 and Sup-
plementary Table 2) and were within 0.02 (absolute value)
of the loading value in data set 1. The Spearman rank
correlation test identified 48 traits judged to be “impor-
tant” (rg, > [0.5]) for PC1 in data sets 1 and 2 (Table 1). Of
the “important” traits, 47 were common to both datasets.
All such identified “important” traits contribute signifi-
cantly to PC1 (P = <0.0001).

* Tame # Fl
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o Unselected
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o A " x -
0.8 @ W ¥ .
o a x N
*
o a x .
— o A& = -
- 0.6
3 LY . = -
3 AT u = -
_E o A x -
5 o LY L = -
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0
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PC1

Fig. 1 Cumulative distribution of PC1 values among 20 tame, 20
aggressive, 20 unselected, 15 F1, and 20 backcross-to-tame foxes

Reproducibility of the PCA between data sets

PCA of behavioral scores on the mostly new set of foxes
identified four PCs in data set 3A (observer 1; PC1 had
P < 0.0001, and the other three had P < 0.08 on Kruskal—
Wallis tests) and three PCs in data set 3B (observer 2; P
values were <0.0001, 0.03, and 0.035 for PC1, PC2, and
PC3 respectively). PC1 explained over 44% of behavioral
variation in both data sets and distinguished among slightly
different populations. PC1 in data set 3B distinguished the
same populations as did data sets 1 and 2. PCI in data set
3A differed from the other three only in that backcross and
F1 were detected as different.

Animals with the highest PC1 values acted as if eager to
establish human contact; foxes with the lowest PC1 values
showed aggression toward humans. Trait signs for all 50
traits in PC1 were the same in data sets 1, 2, 3A, and 3B; 39
traits were judged to be important for PC1 in all four data
sets (Table 1). We interpreted consistency and reproduc-
ibility of these results (i.e., which traits were judged to be
important, and the contributory direction of those traits) as
insensitivity of the scoring process to which individual
foxes were scored (observer 1 between data sets) or to
which observer did the scoring (observer 1 and 2 on the
same data set). That is, the behavior measured by PC1 was
consistently and reproducibly exhibited and scored, and
differed primarily according to the population of origin.

Reproducibility of Inter-observer Judgments

For the 50 traits scored in data set 3, 41 showed substantial
agreement (kappas > 0.60) between observers 1 and 2, and
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34 traits between observers 1 and 3 (Table 1). Two traits
(d17 and e56) had poor concordance (kappas < 0.40)
between observers 1 and 2, and four traits (s38, d17, €20,
and e30) had poor concordance between observers 1 and 3
(Table 1). Both poor concordance and non-significance of
the kappas suggest problems with inter-observer variation
for those five traits.

Test repeatability

Test repeatability between days 1 and 2, and between days
1 and 3 showed acceptable or better concordance (kap-
pas > 0.40) for 42 and 32 traits, respectively (Table 1).
Eight traits showed poor concordance (kappas < 0.40)
between tests given on days 1 and 2, and 18 traits showed
poor concordance between days 1 and 3 (Table 1). Trait
d17 (sniffing floor/air) showed poor concordance both
between observers (data set 3) and between tests (data set
4). Traits €20 (running in circle) and 56 (leaning on the
right wall) had poor kappas in three of four tests. None of
the 14 traits from step touch showed poor concordance in
data sets 3 or 4.

Comparison of the ICG scoring system with the PC-
based method

Concordance of the PC-based method with the traditional
ICG scoring system was observed (Fig. 2) by comparison
of assigned behavioral phenotypes for 40 animals from
each of the tame and aggressive populations (data sets 2
and 3A) using both approaches. Foxes from the tame
population had higher PC1 values than foxes from the
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Fig. 2 Comparison of behavioral assignment using both the standard
ICG scoring system and PC1, in 40 foxes from each of the tame
(diamonds) and aggressive (triangles) populations

@ Springer

aggressive population. Animals with the highest PC1 val-
ues appeared eager to establish human contact while foxes
with lowest PC1 values showed aggression toward humans.
Thus, PC1 represents a quantitative representation of the
more subjective traditional scoring system.

Segregation of PC1 in fox populations

PC1 demonstrated remarkable stability in trait composition
among data sets. Most importantly, this PC clearly distin-
guishes foxes from the tame and aggressive populations,
and shows resegregation in the backcross generation
(Fig. 1). Although the sample of F1 foxes in the current
study was relatively small (15 F1 animals were included in
the analysis) a wide distribution of F1 PCI1 values was
observed (Fig. 1). PC1 values in the F1 generation cover a
range of values intermediate between tame and aggressive
animals. PC1 values in the backcross-to-tame foxes cover a
range of values between the F1 and tame populations. The
estimated heritability was 1 (P-value le-10) without a
maternal effect and 1 (P-value le-7) with the maternal
effect. The maternal effect was not significant. The heri-
tability estimates in the individual populations were: tame
(n = 40) h? = 0.14 (P-value 0.36), aggressive (n = 40)
h?* = 0 (P-value 0.5), backcross (n = 39) h> = 1 (P-value
le-7), F1 (n = 15) was not estimated due to small sample
size. The estimation of heritability in these populations is
most likely biased by dominance and epistatic effects.

Discussion

The approach described herein precisely and robustly
measures fox behavior as quantitative phenotypes—prin-
cipal components—which capture the heritable differences
in behavior among individual foxes and different fox
populations. These continuous variables cover the entire
range of behavioral variation characteristic of all the dif-
ferent populations, including the 3-generation experimental
pedigrees. PCl1, specifically, provides a valid and repro-
ducible measure of fox behavior, suitable for quantitative
genetic experiments including QTL mapping. PC1 stands
in contrast to the standard ICG scoring system that was
subjective and was based on two separate scoring systems
and therefore, was indeterminate in the range of behaviors
(between tame and aggressive) encountered in F1 animals
derived from crosses between tame and aggressive parents.

From a preliminary set of 311 binarily scoreable
behaviors, we defined the 50 most important traits, which
were valid, reproducible and explained a substantial pro-
portion (~50%) of variation in fox behavior. All 50 traits
contributed significantly (P < 0.0001) to PC1 and 39 traits
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were well correlated to PC1 in all datasets (Table 1). We
acknowledge that five traits had poor reproducibility.
Twenty-nine traits described clear aspects of fox behavior
and could be scored reliably by observers after even a very
short training period, whereas the other traits require
additional training. Tame and aggressive traits were
inversely correlated and defined a tame-aggressive axis that
is remarkably stable in trait composition (loadings). In all
data sets, PC1 distinguished the tame population from the
F1, aggressive and unselected populations (Fig. 1).

As expected, the frequency of trait observations differs
among populations. Almost every tame fox was wagging
its tail (s37 and d21) during the test. In the contrast, traits
associated with aggressive behavior (attack (t37), attack
alert (t38), pinned ears (t40), aggressive sounds (t46)—see
Supplementary Table 1 for description) were never
observed in the tame population in any data set. Eleven
traits associated with tame behavior were never observed in
the aggressive population. No F1 foxes exhibited behavior
traits typical of the most tame animals from the tame
population (s7, d22, d24, t27—see Supplementary Table 1
for description) but many do express other traits associated
with tame behavior as well as some of the traits associated
with aggressive response. The only trait which was not
observed in the backcross-to-tame population in any data
set was “attack” (t37).

Seventeen traits were not observed in the unselected
population. Among these, eight (s7, d7, d12, t10, t13, t19,
and t27—see Table 1) were also not observed in the
aggressive population and thus represent traits associated
with a friendly fox response to humans. Other traits not
observed in unselected foxes are those recording the
location of the animal in the front part of the cage and/or a
fox approaching an experimenter. Unselected foxes (more
often than foxes from other fox populations) move back
when the observer approaches the cage (s37), spend more
time in the back part of the cage (s39), and move to the
back part of the cage when the experimenter opens the cage
door (d5). Compared to foxes from the aggressive popu-
lation, unselected foxes show more sniffing of the front
portion of the cage (d18), and more rear demonstrate
attacking (t37) and/or expressing aggressive sounds (t46).
We interpret these behaviors to be fear based. Similar
observations of fearful behavior have been reported for
farm-bred foxes in Finland (Harri et al. 2003).

We tested the sensitivity of the trait to day-to-day var-
iation within the fox. The high number of inconsistent traits
observed during step stand might indicate that by the sec-
ond test, foxes are familiar with the test structure and
anticipate the human contact during steps door and touch.
Analysis of larger data sets would be required to test
whether animals which are eager to establish human con-
tact begin to show tamer behavior during step stand with

experience, while foxes that resist human contacts start to
express more anxious behavior during step stand in the
second and third test.

We hypothesize that the low consistency of step exit
between days 1 and 3 is associated with animal experience.
Some tame foxes might stop eager human contact when
they learn that step exit is the last step of the test and they
will not be petted any more. At the same time, some foxes
from the aggressive population start to show less fearful/
aggressive behavior when they learn that after the cage
closes (step touch) people are not a danger anymore. This
can also provide some information about fox trainability
and memory. To test this hypothesize rigorously a larger
data set is needed.

Step touch shows the most consistency among all test
steps. This is the test step when contact between the fox
and the experimenter is most intense and it shows that
under these “extreme conditions” few changes are made
with experience.

Factors that represent the tame-aggressive axis have not
been reported in the literature for dogs, although there are
important parallels to factors representing stranger-directed
aggression, as described by Serpell and Hsu (2001), Hsu
and Serpell (2003) as well as factors representing socia-
bility and aggressiveness described by Svartberg and
Forkman (2002). In fact, this factor might explain (to a
large extent) differences in the behavioral responses to
humans that are observed between domesticated and wild
species. The strains of tame and aggressive foxes described
here provide an opportunity to understand the genetic dif-
ferences underlying these behavioral phenotypes and
should shed light on the genetic mechanisms involved in
domestication of dogs and other species.
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