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A B S T R A C T

Raptors suffer high mortality rates due to anthropogenic threats, such as electrocution from power lines or lead 
poisoning, so the specific identification of skeletal remains is essential for establishing monitoring and protection 
programmes.

This study developed and validated a standardized osteometric method for measuring long bones and cra
niopelvic bones from skeletal remains to identify raptor species. A database of 26 species of Iberian raptors (n =
853) was developed based on 11 measurements of 9 bones, including the ulna, sternum, femur, humerus, 
tarsometatarsus, tibiotarsus, and radius, as well as the synsacrum length and postacetabular ilium width and 
length and width of the skull. Missing values were estimated using multiple linear regression, and canonical 
discriminant analysis was applied to correct and modify the databases. Cross-validation was added to this 
analysis. Additionally, the obtained model was verified using external radiographs.

The highest percentage of success was obtained with the tarsometatarsus-ulna combination (94.53%), fol
lowed by tarsometatarsus-radius (94.05%) and tarsometatarsus-humerus (93.02%), when two bone lengths were 
combined. When a third measurement was incorporated, the tarsometatarsus-ulna-femur combination achieved 
a 99.45% correct classification rate. In blind verification testing, the radiographs of 15 individuals, the 
tarsometatarsus-ulna model correctly classified all samples, achieving a 100% success rate. These results show 
that the study method provides a simple and replicable protocol for identifying raptor species from incomplete 
skeletal remains. This optimizes the monitoring of mortality and supporting conservation measures.

1. Introduction

Raptors are a diverse group of birds belonging to several orders, 
including Accipitriformes (eagles, ospreys, harriers, kites, hawks, and Old 
World vultures, such as griffon and cinereous vulture, bearded, and 
Egyptian vultures; Falconiformes (falcons and caracaras); and Strigi
formes (owls, including barn and little owls) (McClure et al., 2018, 2022; 
Vidaña et al., 2020). Although birds of prey represent approximately 5% 

of all birds, they play a fundamental ecological role in maintaining 
ecosystem balance. As top predators, they regulate prey populations, 
contribute to nutrient recycling through scavenging, and serve as in
dicators of biodiversity health (Donázar et al., 2016; Santangeli and 
Girardello, 2021). Despite their ecological importance, many raptor 
species are classified as vulnerable or endangered due to small popula
tion sizes and low reproductive rates, leading to global declines 
(McClure et al., 2018, 2023). Their high trophic position and generally 
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slow reproductive rates make them particularly susceptible to human- 
caused threats, raising major conservation concerns worldwide 
(Buechley and Şekercioğlu, 2016).

Raptor mortality from natural causes is usually related to age, 
meteorological phenomena (e.g., storms, extreme temperatures, and 
strong winds), diseases (e.g., West Nile virus and infected prey), and 
predation (e.g., intraspecific and interspecific competition) (Dwyer 
et al., 2016; Komosa et al., 2018; Vidaña et al., 2020). However, the 
factor currently posing the greatest threat to their conservation is the 
increase in human activities worldwide (Santangeli and Girardello, 
2021). The most frequent threats include habitat loss from intensive 
agriculture, deforestation, and illegal hunting. Still, the most significant 
threats are poisoning (rodenticides, lead, and pesticides), collisions with 
anthropogenic infrastructures, and electrocution from power lines and 
energy installations such as wind turbines and solar panels (Berny et al., 
2015; Descalzo et al., 2021; Estellés-Domingo and López-López, 2025; 
O'Bryan et al., 2022; Rial-Berriel et al., 2021; Vyas et al., 2022). Lead 
poisoning is the most widespread form of intoxication in birds of prey, as 
they are particularly exposed to bullet or pellet residues when 
consuming carcasses (Katzner et al., 2024). Similarly, global access to 
electricity has made collisions with overhead wires and electrocutions 
on high-voltage towers significant causes of mortality (Gómez-Catasús 
et al., 2020; Guil and Pérez-García, 2022; Tincher et al., 2020). Despite 
the implementation of mitigation such as insulation, visual markers, and 
increased distance between towers, the rate of electrocution and colli
sion mortality remains elevated, underscoring the need to optimize all 
strategies (Eccleston and Harness, 2018).

The discovery and identification of skeletal remains beneath power 
lines, wind farms, and protected areas provides an opportunity to 
determine which species are most affected and to estimate mortality 
rates. This information is crucial for developing appropriate protection 
plans for each species (Estellés-Domingo and López-López, 2025; Guil 
and Pérez-García, 2022). Traditionally, bird carcasses have been iden
tified based on geographic location and season, supplemented by ana
lyses of morphological and plumage characteristics typical of each 
species in both juvenile and adult specimens, as well as in males and 
females, and by DNA analysis (Dalén et al., 2017; Sarasola et al., 2018; 
Woodward, 2023). However, identifying some individuals or species can 
be difficult due to factors such as decomposition, absence of plumage, 
damage by other scavenger species, and incomplete skeletal remains 
(Gómez-Catasús et al., 2020). Identification based on osteometric mea
surements and bone morphology is uncommon because no standardized 
method has been established, limiting the applicability of this approach. 
Nevertheless, several studies have used osteological collections to 
identify different species using bones or archaeological remains 
(Gorobets et al., 2024; Watson and Ledogar, 2019). Some studies have 
used osteometry to examine variations in bone structure (Singh et al., 
2015), determine sex (Analla et al., 2022), and develop identification 
guides for raptors (García-Matarranz, 2019).

A standardized osteometric method would be highly valuable for 
forest rangers, field technicians, and personnel training in wildlife 
environmental conservation. In contexts where only fragmented, poorly 
preserved, or incomplete skeletons are available, the measurement of a 
single bone or a combination of bones could enable reliable species 
identification. Given the current lack of standardized protocols for 
identifying skeletal remains, this study aimed to develop a reliable 
method for identifying birds of prey based on osteometric data. The goal 
was to determine the most effective combination of bone measurements 
for predicting species, which would facilitate population monitoring, 
assess anthropogenic impact, and implement more effective conserva
tion strategies.

2. Materials and methods

2.1. Data

A retrospective study was performed using a database of bone 
measurements from the research group (Ref. M-004841/2021) (Sup
plementary Table 1). The database comprises 853 individuals repre
senting 26 species of Iberian raptors. For each species, nine bones were 
measured for a total of 11 different measurements. In accordance with 
previously described protocols, measurements included the lengths of 
the ulna, radius, humerus (Fig. 1). femur, tarsometatarsus, tibiotarsus 
(Fig. 2), and sternum, plus the synsacrum length and postacetabular 
ilium width and the length and width of the skull (Fig. 3) (García-Mat
arranz, 2019). For measurements up to 200 mm, a digital caliper with 
0.01 mm precision was used; however, measurements were recorded to 
the nearest 0.1 mm. For measurements between 200 and 330 mm, an 
analogue depth caliper with 0.1 mm precision was used. For measure
ments exceeding 330 mm, a measuring tape with 1 mm precision was 
used. The number of individuals per species included in the database is 
shown in Table 1. However, not all individuals had measurements for all 
bones because there were skeletal remains.

2.2. Statistical analysis

2.2.1. Estimation of missing values
Estimation of missing values was performed using multiple linear 

regression with the MVA (Missing Value Analysis) function in IBM® 
SPSS® Statistics (Version 25; IBM Corporation, Armonk, New York, 
USA), since not all 11 bone measurements were available for all in
dividuals. This function estimates missing values based on the re
lationships between available variables in each case.

2.2.2. Canonical discriminant analysis
A canonical discriminant analysis was performed using the SAS® 

statistical program (Version 9.4; Cary, North Carolina, USA) to predict a 
categorical variable (species) from continuous independent variables 

Fig. 1. Reference points for osteometric measurements of the forelimb bones in 
the Cinereous vulture (Aegypius monachus). (A) Humerus length (white arrow): 
from the humeral head to the ventral condyle. (B) Ulna length (left; white 
arrow): from the olecranon to the distal end of the ulna; radius length (right; 
white arrow): from the proximal to the distal end of the radius.
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(bone measurements). This analysis generated linear functions that 
maximised interspecies variation, resulting in canonical variables.

A data matrix, M (pnk), was used for this purpose, where p corre
sponds to the number of bone measurements recorded, n to the number 
of individuals, and k to the number of species included in the analysis. 
The resulting linear functions were expressed as:

CVAi = ai1 m1+ ai2 m2+ ai3 m3+…+ aip mp,

where i is the number of linear functions, aip are the canonical co
efficients indicating the partial contribution of each bone measurement 
to the discriminant function, and mi are the different bone measure
ments used (Sorbolini et al., 2016).

Once the database was completed, this analysis was performed using 

estimated values obtained by multiple linear regression and comparing 
the 11 osteometric variables with one another. If corrections to the 
original database were required, the analysis would be rerun, potentially 
altering the number of variables included.

2.2.3. Cross-validation for species identification
Following canonical discriminant analysis, cross-validation was 

performed to assess the relationship among bone measurements for 
which only one measurement was available (length of the ulna, sternum, 
femur, humerus, tarsometatarsus, tibiotarsus, and radius) and bones 
with two available measurements (synsacrum length and postacetabular 
ilium width and length and width of the skull) with the rest of the bones. 
Cross-validation was performed using the models obtained from the 
canonical discriminant analysis to calculate the error rate —the number 
of individuals incorrectly classified by the program with respect to the 
original database. The error percentage was then converted into an ac
curacy percentage, representing the probability of correctly classifying 
an individual within its species based on two bone measurements. 
Additionally, canonical discriminant analysis and cross-validation were 
repeated using the model that achieved the highest classification accu
racy. This model was subsequently compared with those derived from 
the remaining bone measurements to maximise accuracy, approaching 
100% whenever possible.

2.3. Verification of the identifying method by bone measurements using 
radiographs

Radiographs from 15 individuals not included in the study were used 
to verify the accuracy of the identification method. These radiographs 
corresponded to four species: Falco tinnunculus (n = 4), Accipiter nisus (n 
= 4), Pernis apivorus (n = 3), and Falco peregrinus (n = 4). To minimize 
potential bias, the person performing the measurements was blinded to 
species identity during the procedure; species information recorded in 
the clinical records was consulted only after the analysis to verify the 
results. All radiographs were provided by The Wildlife Hospital of the 
Rehabilitation Group for Native Wildlife and its Habitat (GREFA; 
Madrid, Spain). Ginkgo CADx program (version 3.7.1.1573.41 bits; 
MetaEmotion S.L., Valladolid, Spain) was used to measure bone lengths. 

Fig. 2. Reference points for osteometric measurements of the hind limb bones 
in the Cinereous vulture (Aegypius monachus). (A) Femur length (white arrow): 
from the distal end of the trochanteric crest to the lateral condyle. (B) Tarso
metatarsus length (white arrow): from the medial hypotarsal crest to the middle 
trochlea. (C) Tibiotarsus length (white arrow): from the cranial cnemial crest to 
the distal end of the medial condyle.

Fig. 3. Reference points for osteometric measurements of the head bone (skull, 
A) and trunk bones (sternum, B, and pelvis, C) in the Cinereous vulture 
(Aegypius monachus). (A) Skull length (green line): from the tip of the pre
maxilla to the cerebellar protuberance; skull width (purple line): from the right 
postorbital process to the left postorbital process. (B) Sternum length (green 
line): from the tip of the cranial spine (or rostrum) to the midpoint of the distal 
crest, measured along the ventral surface. (C) synsacrum lengthlength (left, 
green line): from the cranial to the caudal end of the synsacrum; postacetabular 
ilium width (right, purple line): from the right to the left postacetabular 
dorsolateral crest of the ilium at the point of maximum width. (For interpre
tation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.)

Table 1 
Names and numbers of individuals per species from raw data.

Scientific Name Common Name Individuals

Accipiter gentilis Goshawk 34
Accipiter nisus Sparrowhawk 34
Aegypius monachus Cinereus vulture 49
Aquila adalberti Imperial eagle 46
Aquila chrysaetos Golden eagle 47
Aquila fasciata Bonelli's eagle 60
Bubo bubo Eagle owl 27
Buteo buteo Common buzzard 34
Circaetus gallicus Short-toed snake eagle 22
Circus aeruginosus Western marsh harrier 31
Circus cyaneus Hen harrier 10
Circus pygargus Montagu's harrier 31
Elanus caerulus Black-winged kite 15
Falco columbarius Merlin 17
Falco naumanni Lesser kestrel 27
Falco peregrinus Peregrine falcon 33
Falco subbuteo Eurasian hobby 25
Falco tinnunculus Common kestrel 34
Gypaetus barbatus Bearded vulture 15
Gyps fulvus Griffon vulture 52
Hieraaetus pennatus Booted eagle 34
Milvus migrans Black kite 49
Milvus milvus Red kite 40
Neophron percnopterus Egyptian vulture 36
Pandion haliaetus Osprey 24
Pernis apivorus Honey buzzard 27
Total: 853
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All measurements were taken using the same anatomical landmarks as 
those employed to build the reference database (García-Matarranz et al., 
2013; García-Matarranz, 2019). Both measurements and canonical 
discriminant analysis were performed under blind study conditions, and 
the species of each specimen was unknown in all cases.

3. Results

3.1. First prediction

The original database (Supplementary Table 1) included 853 in
dividuals from 26 Iberian raptor species, of which 378 had incomplete 
data. Therefore, an estimation analysis was performed on the database 
to complete the missing measurements. Once the database was 
completed (Supplementary Table 2), a canonical discriminant analysis 
was performed to compare 11 bone measurements from nine bones 
(ulna, sternum, femur, humerus, tarsometatarsus, tibiotarsus, radius, 
pelvis, and skull) across individuals of different species. The aim was to 
predict each individual's specific membership and assess whether their 
classification matched the original identification.

This analysis revealed several discrepancies between the predicted 
and original species classifications. Therefore, the original database was 
reviewed in collaboration with personnel from MITECO, who had been 
responsible for the sampling process. Several classification errors were 
detected during this review of the initial.

Individuals No. 13 and No. 39, initially classified as Milvus milvus, 
were subsequently reclassified as Milvus migrans after identification of 
sampling errors. Individual No. 154, registered as Bubo bubo, had an 
erroneous skull width measurement, which was removed, allowing the 
rest to be re-estimated. Individuals No. 555 and No. 570, first classified 
as Circus pygargus, were reassigned to Circus cyaneus. Individual No. 564, 
initially classified as Circus pygargus was removed from the database 
after verifying that the specimen did not exist. Individual No. 576, 
initially classified as Circus cyaneus, was reclassified as Circus aerugino
sus; however, it was removed from the database because there were 
insufficient bones for analysis. Finally, individual No. 744, initially 
classified as Falco tinnunculus, was identified as Falco subbuteo following 
confirmation of a sampling error.

Therefore, two individuals were removed from the database, and the 
species classification of five others was reclassified. As a result, the 
database comprised 851 individuals from 26 species, each with 11 bone 
measurements from nine bones (Table 2).

3.2. Second prediction

After updating the database, a second estimation analysis was per
formed to complete the missing measurements for 377 individuals. A 
new database (Supplementary Table 3) was obtained, and a canonical 
discriminant analysis was performed again to determine species iden
tity, this time examining the relationship among 11 bone measurements. 
A total of 11 linear functions of the following type were obtained:

CVAi = aiCxW CoxalW+ aiCxL CoxalL+ aiSkW SkullW+ aiSkL SkullL
+ aiU Ulna+ aiS Sternum+ aiF Femur+ aiH Humerus
+ aiR Radius+ aiTm Tarsometatarsus+ aiTt Tibiotarsus 

where “W” is the width measurement and “L” is the length 
measurement.

There were no errors in species prediction, meaning the program 
correctly classified all individuals within the species defined in the 
original sampling.

3.3. Analysis of the relationship between bone measurements using a 
single data point: length

After performing a canonical discriminant analysis to compare the 
relationships between bone measurements for bones with only length 
data available (ulna, sternum, femur, humerus, tarsometatarsus, tibio
tarsus, and radius). A total of 21 statistical models were obtained. Each 
model evaluated the relationship between the lengths of two bones. The 
linear functions obtained for each model were expressed as:

CVAi = ai1 m1 + ai2 m2 

where “m1” y “m2” represent the bone measurements being 
compared in each model.

After obtaining these models, cross-validation idendified the model 
with the highest species accuracy was the one relating the tarsometa
tarsus and ulna measurements, with an accuracy rate of 94.53%. The 
canonical discriminant plot for this best-performing two-bone model is 
provided in Fig. 4, illustrating the separation among species. In addition, 
the species-specific discriminant classification functions (equations) for 
this two-bone model are provided in Supplementary Material. The 
second-best model related the lengths of the tarsometatarsus and radius, 
with an accuracy rate of 94.05%. This was followed by the 
tarsometatarsus-humerus model (93.02%), then the tibiotarsus-humerus 
model (91.54%) (Table 3).

3.4. Analysis of the relationship between two measurements (width and 
length) and the rest of the bone measurements

Canonical discriminant analysis was performed to compare the 
synsacrum length and postacetabular ilium width and length and width 
of the skullbones with the measurements of the other bones. Fourteen 
statistical models were obtained, each analyzing the relationship be
tween three bone measurements. The linear functions obtained were of 
the following form:

CVAi = ai1 m1 + ai2 m2 + ai3 m3 

where “m1” corresponds to the length and ‘m2’ corresponds to the 
width of the skull or pelvis. And “m3” represents the length of another 
bone (ulna, sternum, femur, humerus, tarsometatarsus, tibiotarsus, or 
radius).

After obtaining all the models, cross-validation was conducted to 

Table 2 
Names and numbers of individuals per species in the second database.

Scientific Name Common Name Individuals

Accipiter gentilis Goshawk 34
Accipiter nisus Sparrowhawk 34
Aegypius monachus Cinereus vulture 49
Aquila adalberti Imperial eagle 46
Aquila chrysaetos Golden eagle 47
Aquila fasciata Bonelli's eagle 60
Bubo bubo Eagle owl 27
Buteo buteo Common buzzard 34
Circaetus gallicus Short-toed snake eagle 22
Circus aeruginosus Western marsh harrier 31
Circus cyaneus Hen harrier 11
Circus pygargus Montagu's harrier 28
Elanus caerulus Black-winged kite 15
Falco columbarius Merlin 17
Falco naumanni Lesser kestrel 27
Falco peregrinus Peregrine falcon 33
Falco subbuteo Eurasian hobby 26
Falco tinnunculus Common kestrel 33
Gypaetus barbatus Bearded vulture 15
Gyps fulvus Griffon vulture 52
Hieraaetus pennatus Booted eagle 34
Milvus migrans Black kite 51
Milvus milvus Red kite 38
Neophron percnopterus Egyptian vulture 36
Pandion haliaetus Osprey 24
Pernis apivorus Honey buzzard 27
Total: 851
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estimate error rates and accuracy percentages for species prediction, 
using the same approach as in the single-length analysis. The model 
combining the length and width of the pelvis with the length of the 
tarsometatarsus achieved the highest species prediction accuracy, at 
91.48% (Table 4).

3.5. Analysis of the relationship between tarsometatarsus and ulna length 
with other bone measurements

After determining that the model combining tarsometatarsus and 
ulna lengths achieved the highest percentage of species accuracy 

(94.53%), a canonical discriminant analysis was performed to compare 
the relationship between the length of the tarsometatarsus and ulna to 
evaluate whether adding a third bone measurement could further 
improve prediction performance. Nine statistical models were obtained 
to analyze the relationship among three variables. The linear functions 
obtained were expressed as: 

CVAi = aiC Ulna+ aiTM Tarsometatarsus+ ai3 m3 

Fig. 4. Canonical discriminant analysis plot for the best-performing two-bone model based on tarsometatarsus length and ulna length. Points represent individ
ual specimens.

Table 3 
Results of cross-validation of bones with a single data point: length.

Bones Error rate % Error % Accuracy

Tarsometatarsus and Ulna 0.0547 5.47 94,53
Tarsometatarsus and Radius 0.0595 5.95 94.05
Tarsometatarsus and Humerus 0.0698 6.98 93.02
Tibiotarsus and Humerus 0.0846 8.46 91.54
Femur and Radius 0.1000 10.00 90.00
Tibiotarsus and Ulna 0.1006 10.06 89.94
Femur and Ulna 0.1041 10.41 89.59
Tibiotarsus and Radius 0.1109 11.09 88.91
Femur and Humerus 0.1125 11.25 88.75
Tibiotarsus and Tarsometatarsus 0.1159 11.59 88.41
Femur and Tarsometatarsus 0.1306 13.06 86.94
Sternum and Tarsometatarsus 0.1317 13.17 86.83
Sternum and Tibiotarsus 0.1971 19.71 80.29
Sternum and Humerus 0.2261 22.61 77.39
Sternum and Radius 0.2356 23.56 76.44
Sternum and Ulna 0.2357 23.57 76.43
Femur and Tibiotarsus 0.2432 24.32 75.68
Sternum and Femur 0.2538 25.38 74.62
Humerus and Radius 0.2677 26.77 73.23
Humerus and Ulna 0.2937 29.37 70.63
Ulna and Radius 0.4368 43.68 56.32

“% Accuracy” percentage accuracy in species prediction. “% Error” percentage 
error in species prediction.

Table 4 
Results of cross-validation for models combining the synsacrum length and 
postacetabular ilium width and length and width of the skull bones with the 
length of other bones.

Bone measurements Error 
rate

% 
Error

% 
Accuracy

Synsacrum L Postacetabular ilium W and 
Tarsometatarsus

0.0852 8.52 91.48

Skull L, Skull W and Tarsometatarsus 0.1233 12.33 87.67
Synsacrum L Postacetabular ilium W and Ulna 0.1362 13.62 86.38
Synsacrum L Postacetabular ilium W and 

Radius
0.1424 14.24 85.76

Synsacrum L Postacetabular ilium W and 
Humerus

0.1572 15.72 84.28

Skull L Skull W and Tibiotarsus 0.1809 18.09 81.91
Synsacrum L Postacetabular ilium W and 

Tibiotarsus
0.1825 18.25 81.75

Skull L Skull W and Ulna 0.1865 18.65 81.35
Skull L Skull W and Radius 0.1886 18.86 81.14
Skull L Skull W and Femur 0.1921 19.21 80.79
Synsacrum L Postacetabular ilium W and 

Femur
0.2305 23.05 76.95

Synsacrum L Postacetabular ilium W and 
Sternum

0.2379 23.79 76.21

Skull L Skull W and Humerus 0.2477 24.77 75.23
Skull L Skull W and Sternum 0.2504 25.04 74.96

“W” width measurement. ‘L' length measurement. “% Accuracy” percentage 
accuracy in species prediction. “% Error” percentage error in species prediction.

A. Miguel-Batuecas et al.                                                                                                                                                                                                                      Research in Veterinary Science 203 (2026) 106121 

5 



where “m3” corresponds to any of the remaining bone measurements 
compared with the tarsometatarsus and ulna lengths.

Cross-validation of these models indicated that the combination of 
tarsometatarsus, ulna, and femur lengths exhibited the highest accuracy 
in predicting species, with 99.45% of classifications being correct 
(Table 5). The canonical discriminant plot for this best-performing 
three-bone model is shown in Fig. 5, displaying the distribution of in
dividuals and the degree of separation among species. The species- 
specific discriminant classification functions (equations) for this three- 
bone model are also included in the Supplementary Material.

3.6. Verification of the bird identification method using bone 
measurements

The lengths of the tarsometatarsus and ulna were measured for each 
individual (Table 6), as this ratio yielded the highest percentage of 
successful species classification (94.53%).

A species prediction was made for each individual based on the re
sults of a canonical discriminant analysis using these two measurements. 

Most individuals were classified with an accuracy rate above 80%. In
dividuals 1005, 1006, 1007, and 1008 were classified with 100% 
probability as Accipiter nisus (Eurasian sparrowhawk) (Table 7). All 
predictions matched the actual species, yielding an overall classification 
accuracy of 100%.

4. Discussion

The results of this study support the initial hypothesis that the pro
posed standardized osteometric method is a suitable tool for identifying 
skeletal remains of birds of prey. This analysis enabled the identification 
of raptor species based on a combination of bone measurements from 
individual specimens. This method allows new skeletal findings to be 
classified with a high degree of accuracy by calculating probabilities of 
success and error.

Before performing statistical analysis, values for several individuals 
had to be estimated using multiple linear regression because the avail
able measurements were limited to bone samples, leading to the random 

Table 5 
Cross-validation results for tarsometatarsal and ulna length in relation to other 
bone measurements.

Bone measurements Error 
rate

% 
Error

% 
Accuracy

Ulna, Tarsometatarsus, and Femur 0.0055 0.55 99.45
Ulna, Tarsometatarsus, and Sternum 0.0095 0.95 99.05
Ulna, Tarsometatarsus, and Tibiotarsus 0.0239 2.39 97.61
Ulna, Tarsometatarsus, and Postacetabular 

ilium W
0.0256 2.56 97.44

Ulna, Tarsometatarsus, and Synsacrum L 0.0337 3.37 96.63
Ulna, Tarsometatarsus, and Humerus 0.0377 3.77 96.23
Ulna, Tarsometatarsus, and Radius 0.0509 5.09 94.91
Ulna, Tarsometatarsus, and Skull W 0.0526 5.26 94.74
Ulna, Tarsometatarsus, and Skull L 0.0537 5.37 94.63

“W” width measurement. ‘L’ length measurement. “% Accuracy” percentage 
accuracy in species prediction. “% Error” percentage error in species prediction.

Fig. 5. Canonical discriminant analysis plot for the best-performing three-bone model based on tarsometatarsus length, ulna length and fémur length. Points 
represent individual specimens.

Table 6 
Bone measurements obtained from radiographs.

ID Length of tarsometatarsus (mm) Length of ulna (mm)

1001 41.00 58.60
1002 39.60 60.40
1003 42.30 61.00
1004 43.00 61.00
1005 59.00 64.00
1006 52.00 58.00
1007 58.00 68.00
1008 58.00 66.00
1009 51.00 107.00
1010 52.00 108.00
1011 55.00 116.00
1012 44.00 78.00
1013 49.00 90.00
1014 45.00 79.00
1015 44.00 78.00
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absence of specific skeletal elements. In the natural environment, 
regardless of the cause of death, postmortem disarticulation, scavenger 
activity, mechanical fragmentation, and the effects of water and wind 
often lead to small or fragile bones being broken or missing. Certain 
bones, such as the ulna and tarsometatarsus, are usually intact and more 
frequently recovered; however, this may vary depending on the size of 
the bird of prey. This pattern was reflected in the initial database, in 
which approximately 80% of specimens had ulna and tarsometatarsus 
measurements, while measurements from smaller or fragile bones were 
missing (García-Matarranz et al., 2013; Gardner et al., 2016; García- 
Matarranz, 2019).

Canonical discriminant analysis was used for classification, along 
with cross-validation procedures to evaluate the classification perfor
mance of the resulting canonical functions. This multivariate technique 
reduces dimensionality by maximizing between-group variation relative 
to within-group variation through linear combinations of variables. This 
allows observations to be placed in a lower-dimensional space that op
timizes separation between categories (Lorbes Medina et al., 2014; 
Sorbolini et al., 2016). Cross-validation provided a more realistic esti
mate of the method's predictive performance by reducing the risk of 
overfitting and reinforcing its robustness and reproducibility. The use
fulness of cross-validation in applied ornithology has been demonstrated 
in studies combining external biometrics and osteometric data, where 
correct classification rates and Wilks' lambda values support its effec
tiveness (Analla et al., 2022).

Osteometric analysis is characterized as a simple, straightforward, 
and cost-effective technique (García-Matarranz et al., 2013; Watson and 
Ledogar, 2019). Unlike non-metric identification, osteometry produces 
quantitative measurements that are more easily replicated and can be 
more readily compared through statistical analyses (Watson and Ledo
gar, 2019). The process involves authorized personnel recovering bone 
remains, cleaning them, and measuring them according to a standard
ized protocol that minimizes interobserver error. This protocol defines 
anatomical landmarks, requires repeating measurements, and records 
the quality of each sample (García-Matarranz, 2019). Basic training — 
such as that provided to national park staff or government security 
forces — allows for direct comparison of measurements with reference 
values and specific identifications, eliminating the need for specialist 
assistance, advanced equipment, or external laboratories. This approach 
significantly reduces costs and improves response times (García-Mata
rranz et al., 2013; Watson and Ledogar, 2019).

The high predictive accuracy achieved by combining tarsometa
tarsus and ulna measurements can be explained by the fact that these 
two bones represent complementary morphofunctional axes. The 

tarsometatarsus reflects the morphology of the locomotor system, prey 
capture, and control mechanisms. At the same time, the ulna describes 
the wing's structure and its relationship to flight style, such as maneu
vering and gliding (Corvidae et al., 2006). Together, these bones inte
grate body size and proportion elements in nearly orthogonal directions, 
reducing collinearity and maximizing interspecific variance. This im
proves canonical separation and reduces the classification error among 
raptor species. Additionally, both bones are easily accessible and iden
tifiable by their morphological characteristics, which would facilitate 
their use in analyses by non-specialized personnel (García-Matarranz, 
2019). Although this combination had the highest accuracy, the inclu
sion of the tarsometatarsus in other combinations suggests that inter
specific differences may be more related to feeding strategy than flight 
type. These results indicate that hunting and feeding behavior (aerial, 
terrestrial, or aquatic) and the ecological niche may influence the 
development of tarsometatarsal morphology (Zeffer et al., 2003; Carril 
et al., 2024). The combination of tarsometatarsus, ulna, and femur 
measurements achieved the highest overall accuracy. However, verifi
cation of the method using radiograph was limited to the first two bones 
to demonstrate that high predictive power can be maintained with 
minimal skeletal data. This dramatically enhances the method's appli
cability in cases involving incomplete remains (Watson and Ledogar, 
2019).

Alternative methods require greater resource investment and 
specialized expertise. Examples include body biometrics for sex deter
mination in sexually dysmorphic species (Delgado and Penteriani, 2004; 
Muriel et al., 2010; García-Matarranz et al., 2013; García et al., 2021) 
and blood and genetic analyses (Muriel et al., 2010). In contrast, oste
ometry prioritizes the use of affordable tools such as calipers and in
cludes simple quality controls, including periodic calibration, duplicate 
measurements, and resolution of discrepancies (García-Matarranz et al., 
2013; García-Matarranz, 2019). In our study, the reference database was 
constructed from direct bone measurements, while radiographs were 
used solely to verify that the model's performance is transferable to 
imaging when the same anatomical landmarks and scale are applied. 
Operationally, bone analysis reduces response times in the field, lowers 
logistical costs, and reserves complementary techniques, such as DNA 
sequencing, for when they are essential, for example, with highly frag
mented samples, species that are difficult to identify, or forensic/judicial 
applications (Muriel et al., 2010).

Routinely adopting this approach would facilitate population 
monitoring and assessment of the anthropogenic impacts, such as col
lisions, electrocutions, lead poisoning, and illegal baiting. Rapid and 
traceable identification would also enable the implementation of more 
effective conservation strategies (Berny et al., 2015; Descalzo et al., 
2021; Estellés-Domingo and López-López, 2025; O'Bryan et al., 2022; 
Rial-Berriel et al., 2021; Vyas et al., 2022). In addition, the practical 
applicability of the method has already been demonstrated both in real- 
world cases involving birds of prey and in the radiographs, as verified in 
this study. This strengthens its potential for use in wildlife management, 
scientific research, or forensic contexts, where standardizing measure
ments and using photographic documentation provides additional reli
ability and reproducibility (García-Matarranz et al., 2013; García- 
Matarranz, 2019).

However, this study has certain limitations. The database includes 
only raptor species present in Spain, limiting extrapolation to other 
biogeographical regions. Additionally, the sex of the individuals was not 
considered, which could introduce intraspecific variability due to sexual 
size dimorphism. This means that sexing tests must be based on DNA 
samples, which is sometimes economically unfeasible. Future studies 
should aim to analyze and incorporate sex and age metadata wherever 
possible. Extrapolation to other avian groups, such as migratory pas
serines, may also be limited by morphofunctional differences between 
resident and migratory populations, including differences in the ster
num, humerus, or tibiotarsus associated with lifestyle (Singh et al., 
2015). Although the results are highly reliable, some margin of error can 

Table 7 
Results of species identification based on bone measurements obtained from 
radiographs.

ID Percentage of species assignment Species prediction

1001 72.36% Falco tinnunculus
1002 63.09% Falco tinnunculus
1003 81.39% Falco tinnunculus
1004 84.72% Falco tinnunculus
1005 100.00% Accipiter nisus
1006 100.00% Accipiter nisus
1007 100.00% Accipiter nisus
1008 100.00% Accipiter nisus
1009 98.57% Pernis apivorus
1010 96.57% Pernis apivorus
1011 72.36% Pernis apivorus
1012 93.37% Falco peregrinus
1013 99.98% Falco peregrinus
1014 97.06% Falco peregrinus
1015 93.37% Falco peregrinus

“Percentage of species membership” indicates the probability of belonging to the 
species assigned by the program. “Species prediction” refers to the species 
assigned to an individual by the program.

A. Miguel-Batuecas et al.                                                                                                                                                                                                                      Research in Veterinary Science 203 (2026) 106121 

7 



be expected due to the condition of the remains and measurement pre
cision. In context requiring unequivocal identification, the proposed 
osteometric approach can be supplemented with DNA sequencing or 
other diagnostic methods. These findings could be further developed 
using machine learning to optimize classification and external valida
tion, and to integrate radiographic or photographic data to create 
increasingly reliable and advanced predictive models. This would 
minimize measurement errors, accelerate data processing, and facilitate 
the development of user-friendly applications, enabling competent au
thorities and wildlife recovery centres to utilise the method without 
requiring advanced training. Future studies should evaluate combina
tions in non-Iberian raptors and assess applicability in non-raptor spe
cies to test the phylogenetic validity and define the taxonomic scope of 
the method.

In conclusion, this study has established an osteometric database 
comprising 26 raptor species with 11 measurements taken from nine 
bones. Canonical discriminant analysis demonstrated that combining 
tarsometatarsus and ulna measurements achieves 94.53% accuracy, 
increasing to 99.45% when the femur is included. Furthermore, veri
fying the methodology with individuals outside the database confirmed 
a predictive capacity of nearly 100%, demonstrating the approach's 
applicability in specifically identifying birds of prey from skeletal re
mains. The proposed osteometric identification method could be 
implemented in the Ministry of Ecological Transition, as well as for 
technicians, state security forces, national natural parks, and recovery 
centres throughout Spain. This will contribute to the practical conser
vation and monitoring of raptor populations. In the future, inclusion of 
other species, sexes, ages, and populations will be necessary, as will field 
evaluations with different observers and external teams to estimate the 
method's reproducibility and robustness across geographical variation, 
and to improve it through machine learning and predictive models.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.rvsc.2026.106121.
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Donázar, J.A., Cortés-Avizanda, A., Fargallo, J.A., Margalida, A., Moleón, M., Morales- 
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Guil, F., Pérez-García, J.M., 2022. Bird electrocution on power lines: spatial gaps and 
identification of driving factors at global scales. J. Environ. Manage. 301, 113890. 
https://doi.org/10.1016/j.jenvman.2021.113890.

Katzner, T.E., Pain, D.J., McTee, M., Brown, L., Cuadros, S., Pokras, M., Slabe, V.A., 
Watson, R.T., Wiemeyer, G., Bedrosian, B., Hampton, J.O., Parish, C.N., Pay, J.M., 
Saito, K., Schulz, J.H., 2024. Lead poisoning of raptors: state of the science and cross- 
discipline mitigation options for a global problem. Biol. Rev. 99, 1672–1699. 
https://doi.org/10.1111/brv.13087.

Komosa, M., Włodarek, J., Frąckowiak, H., Zdun, M., Charuta, A., Gogulski, M., 
Mizera, T., 2018. Osseous pathological changes in the white-tailed eagle (Haliaeetus 
albicilla) in its central European habitat. Pol. J. Environ. Stud. 28, 701–708. https:// 
doi.org/10.15244/pjoes/85223.

Lorbes Medina, J., Garcia Orellana, Y., Milla Pino, M., Diaz, L., 2014. Análisis 
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