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Introduction: Precise genetic parameters form the scientific cornerstone of effective breeding
programs. In horses, morphological (conformation) traits directly impact performance, health,
breed classification, and economic value. However, considerable inconsistency and
heterogeneity exist in reported estimates of heritability (h?) and genetic correlations (rg) for
these traits across individual studies. These discrepancies hinder the development of reliable
and generalizable breeding strategies. Meta-analysis offers a robust statistical framework to
integrate findings from multiple studies, providing more precise and generalizable pooled
estimates while quantifying heterogeneity. Therefore, this study aimed to conduct a
comprehensive meta-analysis to synthesize existing research and deliver consolidated, reliable
estimates of genetic parameters for key morphological traits in horses.

Materials and Methods: A systematic literature search was conducted in the PubMed database
using combined keywords related to horses (horse, equine), morphological traits (conformation,
morphology, withers height, body length, etc.), and genetic parameters (heritability, genetic
correlation). After initial screening, stringent inclusion criteria were applied: 1) the study had
to report numerical estimates of h? or rg; and 2) each trait had to be investigated in at least three
independent studies to allow for meaningful meta-analysis. From an initial pool of 34 relevant
studies, data were ultimately extracted from 25 eligible publications. This included estimates
for 14 morphological traits and 3 key pairs of genetic correlations. The meta-analysis was
performed using the Random-Effects Model (REM) in R software (version 4.4.3) with the
metafor package. The REM was chosen over the fixed-effects model as it explicitly accounts
for between-study variance (1*), making it more suitable for the anticipated methodological and
population heterogeneity across studies (e.g., different breeds, measurement protocols, and
genetic models). Studies were weighted using the inverse-variance method. Heterogeneity
among study estimates was statistically assessed using Cochran’s Q test and quantified with the
I? statistic. Publication bias and funnel plot asymmetry were examined using Egger's linear
regression test and the non-parametric Trim-and-Fill method. Where significant heterogeneity
was detected (p<0.05 for Q), moderator (meta-regression) analysis was employed to identify
potential sources, such as the time period of the study.

Results and Discussion: The meta-analysis yielded robust pooled estimates. Heritability for
the 14 morphological traits ranged from low to high (0.08 to 0.75). Key structural traits
exhibited moderate to high heritability, such as withers height (h* = 0.55, 95% CI: 0.39-0.72)
and croup height (h>=0.75, 95% CI: 0.61-0.89). In contrast, subjectively scored gait traits like
walk showed low heritability (h? = 0.08). Genetic correlations among major biometric traits
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were consistently positive and strong. For instance, the correlation between withers height and
chest circumference was r; = 0.67 (95% CI: 0.53-0.84), and between cannon bone
circumference and chest circumference was r; = 0.72 (95% CIL: 0.50-0.93). Statistically
significant heterogeneity among studies was detected only for the trait withers height (Q-test
p<0.05, I = 48.5%). This heterogeneity was successfully resolved through moderator analysis,
identifying the study period as a significant source. After adjusting for this temporal effect, the
heterogeneity became non-significant (I> = 18.8%). For all other traits and for the genetic
correlations, heterogeneity was negligible (I> = 0%), indicating high consistency among the
included studies. No significant publication bias was confirmed for the majority of traits based
on Egger’s test and Trim-and-Fill analysis. The moderate-to-high heritability estimates confirm
a substantial additive genetic component for most conformational traits, indicating significant
potential for genetic improvement through selection. This aligns with breed-specific studies
showing tangible morphological change over decades of selective breeding (e.g., in the
Murgese breed). The strong positive genetic correlations suggest shared genetic architectures
and coordinated development, enabling efficient multi-trait selection. These correlations justify
the use of advanced genetic evaluation models, such as multi-trait models or reduced-rank
factor analytic models, which can enhance accuracy and computational efficiency. However,
the findings necessitate a nuanced and balanced approach to breeding. The low heritability of
some subjectively scored traits underscores the critical need for standardized, objective
phenotyping protocols to minimize environmental noise and evaluator bias. Furthermore, the
significant heterogeneity observed for withers height—explained by the study period—
highlights the potential influence of evolving management practices, genetic trends, or
measurement techniques over time, reinforcing the value of meta-analysis in contextualizing
historical data. Most importantly, while the genetic parameters indicate potential for progress,
they must be applied with caution. Evidence from studies on certain breeds (e.g., Rhenish
German Coldbloods) reveals that strong positive genetic correlations can exist between
desirable morphological traits (e.g., large bone circumference) and debilitating diseases like
Chronic Progressive Lymphedema (CPL). This serves as a critical warning that intense single-
trait selection for morphology, without considering correlated health responses, can have severe
unintended consequences. Therefore, the successful exploitation of the genetic potential
identified in this meta-analysis mandates the definition of balanced, multi-dimensional breeding
objectives. These objectives must explicitly integrate traits for performance, durability, health,
and welfare alongside conformation, and must be supported by rigorous management of
inbreeding to preserve genetic diversity.

Conclusion: This meta-analysis provides consolidated, reliable estimates of genetic parameters
for equine morphological traits, confirming their moderate-to-high heritability and strong
positive inter-correlations. These results offer a robust scientific reference for designing and
optimizing breeding programs across diverse horse breeds. To translate this genetic potential
into sustainable improvement, breeding strategies must employ advanced genetic evaluations,
precise phenotyping, and—above all—holistic breeding goals that ensure the long-term health,
functionality, and genetic vitality of equine populations.
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Table 1- Traits examined, number of studies, and their phenotypic characteristics in the meta-analysis of
heritability estimation

Slaw Sl 59 obe
ol 3,55, g
sxsoiulasly Number Number  Weighted — sbee Sl
Cho Unit of of of Phenotypic  Standard Syl o g
Trait Measurement Studies Records Mean Deviation Coefficient of Variation
WH CM 26 251157 157.1 4.42 2.81
CBC CM 13 108436 19.6 0.93 4.74
BL CM 10 124256 157.5 5.68 3.61
NL CM 8 106688 66.2 4.20 6.34
CG CM 6 73220 181.9 7.37 4.05
CW CM 5 57835 34.3 2.38 6.93
CL CM 5 49801 55.7 5.34 9.58
Frame Score 4 12259 5.2 3.60 69.57
SL CM 4 116562 63.6 3.39 5.33
Walk Score 5 40092 6.8 0.50 7.42
HL Score 3 42454 62.3 2.35 3.77
HaC CM 6 63529 151.7 4.72 3.11
Trot Score 4 13580 7.2 0.90 12.50
Type Score 4 18360 7.2 0.85 11.77

Walk s Job :SL «ogz s Frame wuiy Job :CL i o p0 CW iaipus 95 CG 0,5 Jsb :NL ¢y Jsb BL (55 lsscl 453 CBC (g glis,l WH
o T TYPE sy :TrOL (LS ¢lisyl :HAC «ju Jgbo :HL o3
WH: Withers Height, CBC: Cannon Bone Circumference, BL: Body Length, NL: Neck Length, CG: Chest Girth, CW: Chest

Width, CL: Croup Length, Frame: Frame Score, SL: Shoulder Length, Walk: Walk, HL: Head Length, HaC: Height at Croup,
Trot: Trot, Type: Type (Conformation)
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Table 2- Number and Characteristics of Studies Used for the Meta-Analysis of Genetic Correlations

Sladllas sl 23,557, oluss Niamsod jluze Bl 50l
Anod Olio Number of Number of Shaet (1SSke Standard Deviation of the
Correlated Traits Studies Records Mean Correlation Correlation

WH-CG 4 32985 0.6775 0.0277
WH-CBC 5 21091 0.6778 0.0383
CBC-CG 3 21091 0.7123 0.0370

b ol olssaul 590 (K55 (Siumen CBC-CG 1l sl 190 b olSsin £lis)) Siij (Krnrad WH-CBC taipusyp0 b oS sun £lis)| i Kiusan WH-CG

A9

WH-CG: Genetic correlation between withers height and chest girth; WH-CBC: Genetic correlation between withers height
and cannon bone circumference; CBC-CG: Genetic correlation between cannon bone circumference and chest girth
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Table 3- Meta-Analysis Estimates of Heritability for Biometric Traits and Parameters for Heterogeneity

liseb! dlols
o Estimated  Standard Confidence
Trait Heritability  Error Interval p-value h? Q p-valueQ 12 tau® H?
WH 0.550 0.084  0.385-0.715 0000 50509 0002 485 0.027 1.9
CBC 0.414 0050  0.315-0512 0000  9.680  0.644 0 0 10
BL 0.395 0073  0217-0.502 0000 85891 0439 193 0010 1.2
NL 0.154 0.056  0.044-0.264 0006 4572 0712 15 0000 1.0
CG 0.377 0066  0.247-0.507 0000 2767  0.736 0 0 10
cwW 0.199 0.099  0.004-0.394 0046 0409  0.982 0 0 10
cL 0.148 0.087 00220318  ppgg 0833  0.934 0 0 10
Frame  0.222 0.092  0.042-0.403 0016 1346  0.718 0 0 10
sL 0.231 0082  0071-0.392 0005  1.861  0.761 0 0 10
walk 0.077 0.0s6 00330186 170 2791 0593 0 0 10
HL 0.209 0164  0113-0531 9203 0373 0830 0 0 10
HaC 0.749 0071  0.609-0.889 0000  3.889  0.566 0 0 10
Trot 0.301 0100 01050497 o033 2326 0508 0 0 10
Type 0.241 0095  0.054-0428 (o011 1736  0.629 0 0 1.0

Walk wld Job :SL gl :Frame Cudy Job :CL Al 4D 5 CW g ygd CG S sk :NL oh]sb :BL P Glesenl ygo CBC (o Bga glas)l ‘WH
5 T TYPE el TTOL (LS ¢lisyl :HAC (ju Jobo :HL o3

WH: Withers Height, CBC: Cannon Bone Circumference, BL: Body Length, NL: Neck Length, CG: Chest Girth, CW: Chest
Width, CL: Croup Length, Frame: Frame Score, SL: Shoulder Length, Walk: Walk, HL: Head Length, HaC: Height at Croup,
Trot: Trot, Type: Type (Conformation)
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Table 4- Effect Size and Heterogeneity of Estimated Genetic Correlations

) slas p-value
299 3kl 3oy
Slas Nsod 355y ot
Slalllas 55 Standard p-value of
aiwod Olie  Number  Estimated  Errorof = olweblalole the p-
Correlated of Genetic the Confidence  Estimated value
Traits Studies Correlation  Estimate Interval Correlation Q Q I tau? H?
WH-CG 4 0.685 0.080 0.528-0.843 0.000 0.196 0978 0 0 1
WH-CBC 5 0.671 0.083 0.509-0.833 0.000 2695 0610 0 O 1
CBC-CG 3 0.719 0.110 0.504-0.934 0.000 0.277 0871 0 0 1

b ol lssnl 595 (St (Srod ICBC-CG 1l sl y3 b ol lis) (555 (Kruwsa WH-CBC taipy0 b olfgas £lis)) (K55 (Krwan WH-CG

A )9

WH-CG: Genetic correlation between withers height and chest girth; WH-CBC: Genetic correlation between withers height
and cannon bone circumference; CBC-CG: Genetic correlation between cannon bone circumference and chest girth
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Figure 1- Schematic image of horse with biometric characteristics
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WH: Withers Height, CBC: Cannon Bone Circumference, BL: Body Length, NL: Neck Length, CG: Chest Girth, CW: Chest

Width, CL: Croup Length, SL: Shoulder Length, HL: Head Length, HaC: Height at Croup
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Figure 2- Forest plot of heritability estimates for various traits from the included studies and the pooled meta-
analysis estimate with 95% confidence intervals
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Figure 3- Funnel plot of heritability estimates for the trait of height at withers: (a) before trimming/filling, (b)
after trimming/filling, and (c) after applying a moderator in the model
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Figure 5- Funnel plot demonstrating symmetry of traits according to the Duval (2005) method
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Figure 6- The forest plot for estimating meta-correlation along with the confidence interval of 95% and
estimates and the confidence intervals in the studies
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Figure 6- The funnel plot of the distribution of predicted correlations in the studies
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