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ABSTRACT: Utilization of free-living populations of endangered wildlife species is usually strictly prohibited or restricted. Farming of
endangered species can provide products that are in demand as a countermeasure. A novel forensic issue arises because it becomes necessary
to discriminate the origin of given wildlife products. We tested the effectiveness of five measurements and four indexes of femur bone using
farmed minks (n = 40) and escapees (n = 32). Results showed all measurements, namely body mass (Lf), body length (Mf), femur mass (Vf),
femur length (Mb), and femur volume (Lb), were highly discriminatory. However, they are susceptible to the influence of nutrition level and
sex. Femur length index (Ifl), femur linear density (Dl), and femur volume density (Dv) eliminated the influence of level of nutrition and were
highly effective. However, Ifl and Dl were influenced by sex (p = 0.000). Because Dv was not influenced by sex (p = 0.683) and was highly
effective, it was the preferred index.
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Excess consumption of wildlife has been identified as an
important factor threatening the survival of wildlife species
throughout the world. Yet, trade bans have not been able to stop
demand for species for which certain cultures have a deep affili-
ation going back thousands of years. As a countermeasure, farm-
ing of wildlife can provide a sustainable source, which reduces
the harvest pressure placed on wild populations (1). A policy
where farmed products are legally traded and available for
human consumption while wild products are strictly banned by
law provides benefits for wildlife and humans alike. Therefore,
discrimination of wild products from farmed ones becomes very
important because one critical issue is ensuring that illegal prod-
ucts do not enter the legal system, something commonly referred
to as “laundering”.
Up to the present time, a few conceptual approaches have been

proposed to distinguish wild and farmed animals. The first set of
approaches is to quantify the ingredients of wildlife parts that are
sensitive to factors that wild and farmed individuals experience

differently. For example, stable isotope ratios of carbon (13C/12C)
in bone, fur, feather, claw, and tooth (2–5) and the fatty acids
(6,7) could be significantly different if animals had experienced
different food sources containing different levels of 13C/12C and
fatty acids for sufficient time. The second set of approaches mea-
sures the physical traits, such as expanded skull size and nar-
rowed postorbital constrictions in domestic minks (Mustela
vison) compared with wild ones. These changes can result from
altered diet and artificial selection favoring large body size in
farmed animals (8). However, stable isotope ratios and fatty acid
profiles can be altered if the animal is subjected to different diet
conditions for a period. Skull morphometrics is sensitive to envi-
ronmental changes, but preparation of the skull specimen for
morphometric analysis is time and labor consuming.
A third approach proposed in our previous reports was based

on the femur, which is very simple to isolate and measure. The
major differences between the femurs of farmed and wild
Dybowski’s frog (Rana dybowskii) are the volume density and
the ratio of femur length to body mass (9,10). These differences
result from the fact that wild animals have higher intensity of
movements than farmed animals as they search for food and
shelter, catch prey, and avoid predators. This is because frequent
activities and intensive motion can stimulate bone development
(11), alter bone structure, and improve deposition of mineral
substances (12). Wild animals also have a broader dietary spec-
trum that improves the balance of nutrients required for mineral
deposition in bone (13).
For most terrestrial animals, from amphibians, reptiles, birds

to mammals, the movement intensity and diet spectrum are dif-
ferent between the wild and the farmed individuals, which may

1College of Wildlife Resources, Northeast Forestry University, No. 26,
Hexing Road, Harbin 150040, China.

2State Forestry Administration Detecting Center of Wildlife, College of
Wildlife Resources, Northeast Forestry University, No. 26, Hexing Road,
Harbin 150040, China.

3School of Animal and Veterinary Sciences, University of Adelaide,
Adelaide, SA 5005, Australia.

*Supported by Program for New Century Excellent Talents in University
of China (NCET-10-0280) and Wildlife Conservation and Management
Project of State Forestry Administration of China (2012).

Received 18 May 2013; and in revised form 23 Aug. 2013; accepted 15
Sept. 2013.

1© 2014 American Academy of Forensic Sciences

J Forensic Sci, 2014
doi: 10.1111/1556-4029.12552

Available online at: onlinelibrary.wiley.com



influence femur morphometric characteristics and density, as
indicated in the Dybowski’s frog (9,10). Thus, it is reasonable to
predict that the effectiveness of the femur in segregating wild
from farmed frogs is applicable to all terrestrial animals. This
prediction was tested for small mammals in this study using the
mink as a model, which is extensively farmed throughout the
world for fur, and there are a lot of conspecific escapees that
have established populations in the wild.

Materials and Methods

In the winter of 2012, a total of 32 adult minks, including 9
males and 23 females, were trapped from the wild in Greater
Khingan Mountains in Heilongjiang, China. The carcasses of 40
farmed minks, including 30 males and 10 females, were obtained
during the pelting season from a fur farm. The two groups of
mink belonged to the same strain because the wild minks were
derived from farm escapees that had established free-living colo-
nies nearby.
Body mass (Mb) of all animals was measured to the nearest

1.0 gram using a WT30001N electronic balance (WANT Bal-
ance Instrument Co. Ltd, Changzhou, China). Body length (Lb)
was measured to the nearest 0.1 cm from the tip of the nose to
the base of the tail using a tape measure. The left femur bone
from each mink was cut off with a scalpel, and residual muscles
and tendons were carefully removed from the femur using a
scalpel. All cleaned bones were dried in an oven at 75°C for
48 h or longer until the weight was constant. The mass of the
femur (Mf) was measured using an AL204 analytical balance
(Mettler-Toledo) as soon as it was taken out from the oven. The
length of the femur (Lf) was measured to the nearest 0.01 cm

from the most proximal point on the femoral head to the most
distant point on the medial condyle using a vernier caliper.
Femur volume (Vf) was measured by submerging the femur into
water contained in a thin graduated glass tube. Vf was calculated
as the total final volume subtracting original water volume.
Finally, femur length index (Ifl) was calculated as femur length
divided by body mass and then multiplied by 100; femur mass
index (Ifm) was calculated as femur mass divided by body mass
and then multiplied by 100; volume density of the femur (Dv)
was calculated as femur mass divided by its volume; and linear
density of the femur (Dl) was calculated as femur mass divided
by its length.
Statistic analyses were completed with SPSS 13.0 software

(SPSS Inc., Chicago, IL). Differences between means of Lf, Mf,
Vf, Mb, Lb, Ifl, Ifm, Dv, and Dl, between sexes, and between the
wild group and farm group were tested using the independent-
samples t-test with a = 0.05. Bivariate correlation analysis was
performed among Lf, Mf, Vf, Mb, and Lb, calculating Pearson’s
correlation coefficient and two-tailed significance with criteria
a = 0.05. The effectiveness of each measurement and index that
was for segregating the wild from farmed minks was tested by
discriminant analysis using the Wilk’s lamda stepwise method.

Results

As shown in Table 1, all measurements of the minks, namely
Lf, Mf, Vf, Mb, and Lb, were significantly higher in the farm
group than in the wild group (all p values = 0.000) in both
sexes. The classification correctness of minks of known origins
was 97.4% in males, 90.9% to 100.0% in females, and 80.6% to
88.9% when the data of males and females were pooled in

TABLE 1––Comparison of some parameters about femur bone between wild and farmed minks.

Measurements and Indexes Sexes

Wild Group Farm Group

Difference
Between Wild
and Farm Group Effectiveness of Discriminating

Individual Origin
Mean SD Mean SD |t| p Correctness of Classification, %

Femur mass (Mf, g) Male 1.35 0.24 2.20 0.21 10.256 0.000 97.4
Female 0.77 0.09 1.25 0.15 11.023 0.000 97.0
Pooled 0.93 0.30 1.96 0.46 10.841 0.000 84.7

Femur length (Lf, cm) Male 5.19 0.27 5.91 0.19 8.924 0.000 97.4
Female 4.43 0.15 5.00 0.20 9.062 0.000 93.9
Pooled 4.64 0.40 5.68 0.44 10.328 0.000 80.6

Femur volume (Vf, cm
3) Male 1.24 0.23 2.29 0.23 12.262 0.000 97.4

Female 0.70 0.09 1.33 0.21 12.523 0.000 100.0
Pooled 0.85 0.28 2.05 0.47 12.648 0.000 88.9

Body mass (Mb, g) Male 855.00 154.78 1473.93 156.25 10.444 0.000 97.4
Female 470.65 111.97 750.50 149.01 5.964 0.000 90.9
Pooled 578.75 214.25 1293.08 352.03 10.075 0.000 83.3

Body length (Lb, cm) Male 39.21 1.90 43.94 1.42 8.102 0.000 97.4
Female 33.93 1.63 37.12 1.56 5.227 0.000 90.9
Pooled 35.41 2.94 42.24 3.32 9.113 0.000 81.9

Femur volume density (Dv, g/cm
3) Male 1.09 0.02 0.96 0.04 10.373 0.000 100.0

Female 1.09 0.02 0.94 0.05 12.931 0.000 100.0
Pooled 1.09 0.02 0.96 0.04 17.177 0.000 97.2

Femur linear density (Dl, g/cm) Male 0.26 0.03 0.37 0.03 9.931 0.000 94.9
Female 0.17 0.02 0.25 0.02 10.879 0.000 97.0
Pooled 0.20 0.04 0.34 0.06 11.217 0.000 86.1

Femur length index (Ifl) Male 0.62 0.09 0.40 0.04 9.852 0.000 89.7
Female 0.99 0.25 0.69 0.15 3.567 0.001 87.9
Pooled 0.89 0.27 0.48 0.15 8.156 0.000 83.3

Femur mass index (Ifm) Male 0.16 0.02 0.15 0.02 1.376 0.177 –
Female 0.17 0.04 0.17 0.04 0.010 0.992 –
Pooled 0.17 0.03 0.16 0.02 1.836 0.071 –

–, data are not qualified to perform discriminant analysis.
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each group. Correlation analysis demonstrated that the five
measurements were extremely significantly correlated with each
other (Mb-Lb: r = 0.958, p = 0.000; Mb-Lf: r = 0.948, p = 0.000;
Mb-Mf: r = 0.958, p = 0.000; Mb-Vf: r = 0.951, p = 0.000; Lb-
Lf: r = 0.967, p = 0.000; Lb-Mf: r = 0.963, p = 0.000; Lb-Vf:
r = 0.953, p = 0.000; Mf -Lf: r = 0.978, p = 0.000; Mf -Vf:
r = 0.993, p = 0.000; Lf -Vf: r = 0.970, p = 0.000).
Dv of the wild group was significantly higher than the farm

group for both sexes and for pooled data (all p values = 0.000).
The classification correctness of mink origins was 100% in both
sexes and 97.2% for pooled data. Another bone density index,
the femur linear density Dl, demonstrated higher values in the
farm group than in the wild group for both sexes and for pooled
data (all p values = 0.000). The classification correctness of
mink origin was 94.9% and 97.0% for males and females,
respectively, and 86.1% for pooled data. Femur length index Ifl
differed significantly between the wild and farm groups (p val-
ues ranged between 0.000 and 0.001), and the correctness of ori-
gin classification based on this index was 89.7% for males,
87.9% for females, and 83.3% for pooled data. Neither in both
sexes nor in pooled data (p values ranged between 0.071 and
0.992) were significant differences observed between wild and
farm group for femur mass index Ifm.
Significant differences were observed between sexes for all

measurements (Lf: |t| = 10.268, p = 0.000; Mf: |t| = 10.170,
p = 0.000; Vf: |t| = 9.801, p = 0.000; Mb: |t| = 7.831, p = 0.000;
Lb: |t| = 7.862, p = 0.000) and indexes (Dl: |t| = 9.711,
p = 0.000; Ifl: |t| = 4.370, p = 0.000) except for Dv (|t| = 0.412,
p = 0.683) and Ifm (|t| = 0.874, p = 0.389). When the data of
males and females were pooled, the distribution of Dv ranged
from 1.05 g/cm3 to 1.14 g/cm3 in the wild group and from
0.87 g/cm3 to 1.03 g/cm3 in the farm group, showing very little
between-group overlap (Fig. 1). Fisher’s linear discriminant
function of origin based on Dv was as follows:

Yw ¼ 996:14Dv � 544:64

for wild minks and

Yf ¼ 873:09Dv � 418:36

for farmed minks. Using the Dv value, a mink with unknown
origin can be classified as a wild one if Yw > Yf and classified
as a farmed one if Yw < Yf.

Discussion

The femur is a weight-bearing long bone that functions to
support and balance the trunk and lower limb during walking
and jumping in terrestrial mammals (14). By most measures, the
femur is the strongest bone in the body and sensitive to activity.
This feature makes it effective for distinguishing between wild
and farmed frogs (9). Compared with frogs, mammals have
larger body masses, larger territories to patrol, and are active
throughout whole year; therefore, their femur might be more
sensitive to the frequency and intensity of physical activity. The
results of the present study proved the hypothesis.
All measurements of the minks, namely Lf, Mf, Vf, Mb, and

Lb, were significantly higher in the farm group than in the wild
group (all p values = 0.000) for both sexes. They may be effec-
tively used to discriminate mink origins. These five measure-
ments are strongly correlated (0.948 > r > 0.993, p = 0.000)
due to scaling relations that the animal must conserve. Growth

rate of the five measurements is sensitive to diet quality and suf-
ficiency. Farms provide sufficient diet with high and balanced
nutrients which would, however, fluctuate in the wild, resulting
in high Mb in the farm group. However, if any of these measure-
ments were used for origin discrimination, errors might unavoid-
ably occur for wild animals living in good habitat because
habitat quality is often unknown in forensic practice, and so no

(a)

(b)

FIG. 1––Different distribution pattern of femur volume density in wild and
farmed minks, Mustela vison. (a) Wild minks, (b) farmed minks. Bars stand
for the number of individuals at each volume density level, and solid line
stands for the deduced normal curve of data distribution.
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correction factors can be applied. Therefore, we would not
recommend these measurements for this application despite their
effectiveness.
Hindlimb length positively influences the leaping ability of an

animal (15). The femur is a major part of the hindlimb. Its longi-
tudinal growth can be stimulated by physical activity during
ontogenic development (11). Therefore, wild animals tend to
have longer femurs than farmed ones when they are subjected to
equivalent levels of nutrition. We proposed the index Ifl, which
means the leaping ability contributed by femur per unit body
mass, to test the difference of leaping ability between farmed
and wild animals due to femur length. The results proved the
expectation and demonstrated the effectiveness of Ifl for origin
discrimination, as shown in Table 1. This agrees with our previ-
ous report on the effectiveness of this index to segregate wild
from farmed Dybowski’s frogs (10). However, Ifl differs
between sexes (p = 0.000), and sex uncertainty of samples
would reduce discriminant power (Table 1).
Stiffness of the hindlimb bone is an important factor for sup-

porting body mass during movements. Stiffness is a function of
the mass. We proposed Ifm to demonstrate the stiffness of femur
per unit body mass that is potentially functional to reflect the
difference of leaping ability between wild and farmed animals.
However, Ifm did not show any difference between the two
groups (Table 1). This suggests the mass of femur per unit body
mass is not able to well reflect stiffness requirement.
Two alternative indexes, Dv and Dl, meaning the mineral

quantity per volume or length of the femur, were used to repre-
sent femur stiffness. Dv is the overall stiffness of the whole
femur, neglecting the variation of mass distribution along the
bone, while the Dl reflects distribution of mass along the bone,
indicating the mean stiffness along the bone. Both showed sig-
nificant differences between the wild and farm groups
(p = 0.000) and high discrimination power (Table 1). Dv did not
show sex differences (p = 0.683), and the distribution of pooled
data showed very slight overlap between the wild and farm
groups (Fig. 1). This proves that Dv could be an excellent index
to discriminate the origin of small mammals, as demonstrated in
Dybowski’s frog in our previous report (9). Dl showed signifi-
cant sex differences (p = 0.000), higher in males and lower in
females. Neglecting sex would largely reduce its discrimination
power (from 97.0% to 86.1% as shown in Table 1). This
restricts its application to cases of unknown sex.
In general, the femur is an excellent bone to demonstrate the

differences between wild and farmed small mammals represented
by the mink. Three proposed femur measurements (Lf, Mf, and
Vf) are not recommended due to their susceptibility to environ-
mental variation. Indexes such as Ifl and Dl are applicable to ori-
gin discrimination, but the sex sensitivity is their major
drawback. Dv is an excellent index with high discrimination
power but low sex sensitivity.
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