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Introduction

Functional longevity is a key determinant of sustainability and profitability in beef cattle
production, as it directly influences replacement costs, herd stability, and overall production
efficiency. Longevity is commonly evaluated through stayability (STAY), defined as the
probability that a cow remains productive in the herd up to a given age or calving number.
Modelling STAY at increasing thresholds (e.g., survival to the second, third, or later calvings)
allows longevity to be assessed across different stages of the productive life. However, STAY
is a binary trait with low heritability and threshold-based expression, which complicates both
genetic evaluation and biological interpretation (Callegaro ef al., 2024).

Additionally, despite its economic relevance, STAY, and therefore longevity, remains difficult
to improve through direct selection due to its complex, time-dependent nature, delayed
expression, and strong sensitivity to management and environmental conditions (Brzakova et
al., 2019). As a result, breeding programs typically rely on indicator traits expressed earlier in
life to achieve indirect genetic progress for longevity.

Importantly, STAY is not a primary biological trait, but rather the cumulative outcome of
multiple underlying phenotypes that jointly determine a cow’s ability to remain in the herd.
Morphological traits influence structural soundness and adaptability, fertility traits govern
reproductive efficiency and breeding success, and performance traits reflect growth potential
and productivity. Conventional multitrait genetic models describe the relationships between
these traits and longevity through genetic correlations, which capture overall association but
do not distinguish between direct and indirect effects. When intermediate traits act as
mediators, such correlations may be inflated or difficult to interpret, limiting their biological
relevance and utility for selection decisions. Structural or recursive genetic models provide a
framework to explicitly account for directional relationships among traits, allowing genetic
associations to be decomposed into inferred causal pathways (Valente et al., 2010). By
modelling longevity as an outcome influenced by multiple upstream phenotypes, these
approaches disentangle direct genetic effects from indirect associations, thereby improving
biological interpretability and inference on the mechanisms underlying functional longevity.
The objective of this study was to investigate the causal relationships between morphological,
fertility, and performance traits and functional longevity in Limousine cattle using recursive
genetic models. Longevity was evaluated through stayability from the second to the eighth
calving (STAY2-STAY8). Results from a standard multitrait model were compared with those
from a structural model to assess changes in genetic correlations and to quantify inferred causal
effects across different stages of the productive life.

Materials & Methods

Data. Stayability (STAY) was used as an indicator of functional longevity and defined as the
probability of a cow remaining in the herd and producing up to a given parity number (Hudson
and Van Vleck, 1981). Seven cumulative binary traits were derived (STAY2-STAYS),
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indicating survival from the second to the eighth calving. A value of 1 indicated the presence
of a calving record at the target parity, and 0 otherwise.

The initial dataset comprised 460,731 calving records from 107,792 Limousine cows born
between 1977 and 2023 and raised in 3,228 herds. Data editing retained cows with age at first
calving between 700 and 1,400 days and calving intervals between 290 and 550 days; twin
calvings were treated as single events. Censored records were treated as missing observations,
and animals without pedigree information were removed. The final dataset included 38,188
cows, daughters of 4,900 sires, from 2,121 herds. Fertility traits included age at first calving
(AFC, days) and first calving interval (FCI, days), both analyzed as continuous traits. Mean
values were 1,026 + 143.7 days for AFC and 405.7 = 60.9 days for FCI. Conformation traits
related to muscularity and skeletal development were visually scored once per animal between
6 and 15 months of age. Scores ranged from 1 to 10 and followed ANACLI technical standards.
A total of 32,316 cows had conformation records. Performance traits included weaning weight
(WW) and yearling weight (YW), recorded between 170-250 and 290-440 days of age,
respectively. The pedigree comprised 526,887 animals; genotypes were available for 4,054
individuals.

Statistical methods. Traits were jointly analyzed using a multitrait animal model. Stayability
traits were analyzed using threshold models, whereas fertility (AFC and FCI), conformation,
and performance traits were assumed to follow a Gaussian distribution. The baseline model
assumed correlational relationships among traits and can be written as follow:

lory =X+ Zyh+ Zya+e

Adory =X+ Zph+ Zya+e

Adory =X+ Zp,+ Zpa+e

where y represents continuous traits (AFC, FCI, conformation, WW, YW), and A is the
underlying liability for STAY. Fixed effects included year of calving; h is the random herd
effect, a is the additive genetic effect, and e the residual. For conformation traits, a fixed
classifier effect was added. For WW and YW, age of dam was included as a covariate, and a
maternal permanent environmental effect was fitted for WW. Additive genetic effects were

assumed as @ ~ N (O, Hoﬁ)’ herd effects as & ~ N (O, IUE), and residuals as € ~ N(0,105),
To infer causal relationships, a recursive structural model was fitted in which STAY liability
was explicitly regressed on fertility, conformation, and performance traits:

Astay = XB + iy, + Zyh+ Zya +e ( Agray = XB + XAy, + Zyh+ Za +e
where v; are the structural regression coefficients representing the inferred causal effects of trait
i on STAY liability, allowing the decomposition of direct and indirect genetic effects on
longevity. Recursive paths were specified only toward STAY, assuming no feedback
mechanisms. Variance components and genetic parameters were estimated via Gibbs sampling
using THRGIBBS1F90 (Aguilar ef al., 2019). Chains consisted of 100,000 iterations, with
50,000 burn-in and thinning of 10. Convergence was assessed by visual inspection of trace
plots and Geweke’s test.

Results

Genetic correlations between STAY and underlying traits differed substantially between the
baseline and recursive models (Figures 1 and 2). In the baseline model, fertility traits showed
strong negative correlations with STAY, particularly for the first calving interval (FCI: -0.44
to -0.52 across STAY2-STAYS, Figure 1A). The recursive model reduced these correlations,
suggesting that part of the observed association may be explained by mediated effects captured
by the structural model. Performance traits exhibited moderate positive correlations in the
baseline model (0.05 to 0.20, Figure 1B), which increased for early STAY classes in the



recursive model, particularly for weaning weight (WW: 0.27 for STAY?2). Conformation traits
showed generally positive correlations that increased in the recursive model for skeletal
development traits (back width, pin bone width), especially for intermediate and late STAY
classes (Figure 2). The recursive model estimated positive inferred causal effects across all trait
groups, with fertility traits exerting the strongest influence. Causal effects were consistently
larger for early STAY classes (STAY2-STAY4) than for later classes, indicating greater
responsiveness of early productive life to underlying phenotypes.
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Figure 1. Genetic correlations between stayability (
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STAY2-STAYS) and (A) fertility traits (AFC, FCI)

and (B) performance traits (WW, YW) from the baseline multitrait (solid lines) and recursive structural

(dashed lines) models. Error bars represent posterior standard deviations.
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Figure 2. Genetic correlations between stayability (STAY2-STAY8) and conformation traits from the
baseline multitrait (solid lines) and recursive structural (dashed lines) models. Error bars represent

posterior standard deviations.



Discussion

Our findings confirm that functional longevity in Limousine cattle is shaped by multiple
underlying phenotypic components, with fertility traits exerting the strongest causal effects
(Brzakova et al., 2020). The recursive model decomposed genetic associations into direct and
indirect components, revealing that correlations observed in the baseline model partly reflect
mediation through intermediate traits. In particular, the attenuation of the negative FCI
retention association after modeling causal pathways indicates that prolonged calving intervals
may directly increase stayability liability rather than solely reflect correlated reproductive
inefficiency. Stronger associations of performance traits with early STAY classes support a
role of early growth in survival to first reproductive events, whereas the stronger links between
morphological traits and later STAY highlight the importance of structural soundness for long-
term productive longevity.

Stronger causal effects for early STAY classes suggest that selection on early reproductive
performance and growth could accelerate genetic improvement in longevity. By disentangling
direct and indirect genetic effects, the recursive model improves interpretability and may
reduce bias in multi-trait selection indices.

Conclusions

Functional longevity in Limousine cattle is primarily driven by fertility traits, which showed
the strongest causal effects on stayability. The recursive model revealed that genetic
correlations observed in the baseline approach partially reflect indirect pathways mediated by
intermediate phenotypes. Early stayability classes (STAY2-STAY4) were most responsive to
underlying traits, indicating that selection on early reproductive performance may efficiently
improve longevity. These results support the incorporation of explicit causal relationships into
breeding programs, improving both biological interpretability and selection efficiency for
functional longevity in beef cattle.
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