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ABSTRACT: Fully recursive model (RM) is equivalent to 
a multiple-trait model (MTM). Structural coefficients and 
other RM parameters can be derived from MTM parameters 
given a known causal structure. Birth weight (BW) and 
calving ease (CE) of Canadian Simmental cattle were 
analyzed by a linear-binary MTM with direct and maternal 
genetic effects. Direct and indirect (mediated by BW) 
genetic and environmental effects on CE were quantified by 
transformation of MTM parameters. An increase of 1 kg of 
BW resulted in more difficult calving by 0.044 on a liability 
scale.   Variance due to direct effects on CE constituted 
from 71 to 100% of the total variance for different sources 
of variability. Random MTM effects were correlated almost 
perfectly with direct RM effects. Correlations between 
direct and indirect RM effects on CE were smaller than 
0.66.   
Keywords: beef cattle; calving ease; genetic parameters; 
recursive model 
 

Introduction 
Structural equation models (SEM) (Gianola and 

Sorensen (2004)) allow fitting causal relationships between 
phenotypes in addition to regular co-variance structure in 
the multiple-trait model (MTM). Recursive models (RM) 
form a category of SEM models in which causal links do 
not include circular effect or reciprocal causation. Fully 
recursive model with restrictions on residual co-variances is 
statistically equivalent to standard MTM. Parameters of RM 
and MTM have different interpretations (Valente et al. 
(2013)). In RM, they represent effects acting directly on 
each trait without mediation by other traits in the model. 
Parameters of MTM represent an overall effect on each trait 
i.e. combing direct and all indirect effects generated by RM. 
Genetic parameters of MTM are utilized in animal selection 
where the overall goal is to select parents that would 
produce offspring with the best phenotypes. Causal 
parameters pertaining to RM, however, can be useful in 
describing biological relationships among traits, as well as 
prediction tools for situations when external interventions 
(i.e. fixing or modifying the magnitude of associations) are 
performed.  

Causal links among traits can be postulated to be 
known for many scenarios when time related relationships 
among correlated traits are evident. An example could be 
associations between health status of an animal for a certain 
disease and its following performance. Parameters of 
standard MTM fitted to these traits can then be transformed 
to RM parameters under the assumption of known causal 
structure. Objectives of this study were to 1. Derive RM 
parameters from the parameters of the equivalent MTM 
with known causal phenotypic links and 2. Apply this 
methodology to quantify RM parameters for calving ease as 

a trait causally determined by birth weight of the calf using 
Canadian Simmental data.  

 
Materials and Methods 

 Parameters of RM derived from MTM. Let the 
MTM for 2 traits be represented as:  

 
yi = Xib* +  ui

* + ei
*,   [1] 

 
where yi is a vector of observations for traits in subject i, b* 
is a vector of fixed effects, ui

* is a vector of additive genetic 
effects, ei is a vector of residuals, Xi denotes an incidence 
matrix.  Vectors ui

* and ei
* are assumed to follow joint 

normal distribution with mean 0 and var(ui
*) = G*and 

var(ei
*) = R*. Assume further that  
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defines a causal structure for phenotypes. The RM 
equivalent to [1] is: 
 

  Λyi = Xib +  ui  + ei,   [2] 
 
with  

var(ui) = G, var(ei) = R (diagonal matrix); and 
  R* = Λ-1 RΛ’-1, G* = Λ-1 GΛ’-1,  [3] 
  b* = Λ-1b, ui* = Λ-1ui, ei* = Λ-1ei.  

 
After fitting model [1], parameters of [2] can be 

derived using λ = r12
*/r11

* and relationships in [3]. In 
particular, ui’ = [ui1

*, ui2
* - λui1

*]’. Here ui2
* - λui1

* is a direct 
genetic effect on trait 2 (DIRECT), and ui2

* - (ui2
* - λui1

*) =   
λu1

* represents indirect genetic effect on trait 2 mediated by 
trait 1 (INDIRECT). The same applies to all other 
parameters of [2], where direct and indirect effects (or 
variances) of the RM can be expressed as simple linear 
(quadratic) functions of MTM parameters. This approach 
can be easily generalized to other models (e.g. maternal 
effects model) and recursive scenarios including more traits 
with known recursive structure (Λ). 

Data. Data on birth weight (BW) and calving ease 
(CE) on Canadian Simmental heifers from 1975 to 2011 
was used (71,088 records). Information on CE was coded 
as: 1 = Unassisted and 0 = Other (any form of assistance). 
Routine genetic evaluation of Canadian Simmentals uses 
CE defined in 5 categories. For the purpose of this study, 
Easy Calving, Hard Pull, Surgery and Malpresentation were 
merged into a single class (Other). Unassisted calvings 
constituted 71% of the data with an average BW of 39.9 
(SD = 4.7) kg. Calvings that required assistance were 



associated with heavier calves (43.0 kg, with SD= 5.5). 
Pedigree data on 1,200,893 Canadian Simmental animals 
was available. More details on the data can be found in 
Jamrozik and Miller (2014). 

Model. Linear (for BW) and binary with a probit 
link function (for CE) MTM model was fitted to the data. 
Single-trait models included the same factors for both traits.  
A specific model for CE in a simplified scalar notation can 
be described as follows: 

 
CE  = YS + BAS + H:YS + D + M +  E, 

 
where CE is a liability to CE (underlying scale), YS is a 
fixed effect of year of calving by season of calving, BAS is 
a fixed effect of breed composition of dam by age of dam 
by sex of calf, H:YS is a random effect of herd within YS, 
D is a random direct additive genetic effect, M is a random 
maternal genetic effect, and E is a random error term.  In 
matrix notation, the model can be written as: 

 
y = X b* + Z1h* + Z2d* + Z3m*  + e*,  

 
where y is a vector of observations (traits within animals), 
b* is a vector of all fixed effects, h* is a vector of H:YS 
effects, d* is a vector of direct additive genetic effects, m* is 
a vector of maternal genetic effects, e* is a vector of 
residuals, X and Zi (for i =1, 2, 3) are respective incidence 
matrices. Assumptions were that: [h*’ d*’ m*’ e*’ ]’ ~ N[ 0, 
V*] with V* =  Σ +Vi

*, where V1
* = I ⊗ H*, I is an identity 

matrix, H* is a covariance (2x2) matrix for H:YS effects; 
V2

* = A ⊗ G*, A is an additive relationship matrix, G* is a 
genetic covariance (4x4) matrix for direct (d*) and maternal 
(m*) genetic effects; V4

* = I ⊗ R*, R* is a residual 
covariance matrix (of order 2x2) with variance for CE fixed 
at 1.0. 

Methods. Gibbs sampling was used to generate 
posterior distributions for all parameters of the model. 
Assumptions included normal distribution for residuals for 
all traits, and multivariate normal priors for genetic and 
H:YS effects. Normal priors were also applied for all fixed 
effects. Priors for co-variances were proper (inverted 
Wishart) distributions with minimal number of degrees of 
belief. Prior values for co-variances were diagonal matrices. 
Conditional distributions were truncated normal (liability 
for CE) with a threshold set to 0, multivariate normal 
(location parameters), conditional inverted Wishart 
(residual co-variance components) and inverted Wishart 
(remaining co-variance components). The total length of the 
Gibbs chain was 170,000. Burn-in period (20,000 

iterations) was determined based on trace plots of selected 
covariance components. After fitting the MTM [1], 
parameters of an equivalent RM [2] were derived, given an 
assumed causal scenario that CE was phenotypically 
influenced by BW. They were: structural coefficient (λ), 
direct and indirect co-variance components and genetic 
parameters, correlations among overall (MTM), DIRECT 
and INDIRECT effects for different sources of variability. 
All estimates were calculated as posterior means of all 
samples after the burn in with corresponding posterior SD. 
Parameters related to CE were expressed on a continuous 
liability scale. 

 
Results and Discussion 

Estimate (posterior SD) of structural coefficient λ 
was -0.044 (0.016). This means that an increase of calf 
body weight by 1 kg increased calving problems (decreased 
liability to CE) of its dam by 0.044. Estimates of variance 
components of CE from MTM and corresponding 
proportions of variance explained by DIRECT and 
INDIRECT effects are in Table 1.  DIRECT effects 
constituted overwhelming part of the overall variance for 
different sources of variability; from 70.5% (direct genetic 
effects) to 100% (H:YS effect). INDIRECT variance for 
maternal genetic effect of CE was slightly smaller than 
corresponding parameter for direct genetic effect (4.1 vs. 
4.8%). Co-variances between DIRECT and INDIRECT 
effects constituted substantial portion of MTM variance; up 
to 24.7% for direct genetic effect. 

Estimates of genetic parameters for DIRECT 
effect of CE were generally lower in absolute value than 
their MTM counterparts (Table 2). Heritability of 
INDIRECT effect for direct and maternal CE was smaller 
than 0.5%. Correlation between BW and CE for H:YS 
effect changed sign; from slightly negative from MTM to 
significantly positive for the DIRECT effect. Direct and 
maternal BW and INDIRECT CE were perfectly and 
negatively correlated. Correlations between MTM and 
DIRECT effects (Table 3) were extremely high (>0.98). 
Rankings of animals based on MTM overall genetic (direct 
or maternal) effect would practically be the same as for 
DIRECT effect of CE from RM. INDIRECT genetic effects 
of CE seem to be not the same genetic traits as the overall 
additive MTM characteristics (correlations of 0.78 and 0.52 
for direct and maternal effects, respectively). This was 
further confirmed by values of correlation between 
DIRECT and INDIRECT genetic effects on CE (0.66 and 
0.36 for direct and maternal effects, respectively). 

Parameters of RM were derived from MTM under 
the assumption of the known causal structure. This was a 

Table 1. Estimates of variances (posterior SD) for calving ease and proportions (%) of variance explained by 
direct (RM-DIRECT) and indirect (RM-INDIRECT) recursive effects. 

Source of variance Variance RM-DIRECT RM-INDIRECT 
Direct genetic 0.146 (0.014) 70.5 4.8 

Maternal genetic  0.049 (0.005) 83.7 4.1 
H:YS& 0.368 (0.015) 100.0 1.6 

Residual 1.000 (0.000) 97.6 2.4 
Total 1.707(0.026) 93.7 2.3 

&H:YS = herd within year-season of calving. 



different strategy from what is currently being applied in 
animal breeding research involving SEM. Usually, RM (or 
other SEM) are fitted first; and then (if possible due to 
models equivalency paradigm) RM parameters are 
transformed into corresponding MTM parameters in terms 
of so called reduced model. Genetic and environmental 
effects on CE were partitioned into DIRECT and 
INDIRECT (mediated by BW) factors. Differences between 
MTM and RM effects were outlined by Valente et al. 
(2013). As MTM affect phenotypes of the traits (y), RM 
effects can be attributed to act on phenotypes corrected for 
causal influences among traits (Λy). Separating genetic 
effects into DIRECT and INDIRECT components allowed 
for inferences regarding genes acting directly on a trait 
(CE), free from effects mediated by other phenotypic traits 
(BW) that may have causal influence on the trait of interest. 
Although selection is based on overall genetic values from 
MTM, RM provide tools for prediction in situations where 
external interventions could be performed (Valente et al. 
2013). Birth weight in beef cattle can be influenced through 
factors related to dam nutrition and a cold environment 
during late gestation. Information generated by RM can be 
used for prediction of such external interventions from the 
data under a no intervention scenario. Methods for 
quantifying SEM parameters from MTM were outlined for 
a simple 2-trait scenario. They can be easily generalized for 
more complex causal structure involving more than 2 traits. 
Examples (just pertaining to the case study presented in this 
paper) could be causal paths: gestation length → BW → 

CE, or gestation length → BW → CE → calf mortality. 
Similarly, generalizations for other models (i.e. longitudinal 
model, threshold model) as well as heterogeneous recursive 
structure are also straightforward.    

 
Conclusion 

Parameters of a fully recursive model can be 
derived from an equivalent multiple-trait model under the 
assumption of known causal structure among traits which 
are described by the same single-trait models.  Calving ease 
in Canadian Simmental cattle, modelled as a trait causally 
influenced by birth weight of a calf exhibited substantial 
heterogeneity in direct (acting directly on calving ease) and 
indirect (mediated by birth weight) structural model 
components.    
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Table 2. Estimates of genetic parameters (x100) (posterior SD) for overall multiple-trait effect (MTM) and due to 
direct (RM-DIRECT) and indirect (RM-INDIRECT) recursive effects for calving ease (CE) and birth weight 
(BW).  

Parameter& MTM RM-DIRECT RM-INDIRECT 
 h2(CEdir) 8.5 (0.8) 6.0 (0.6) 0.4 (0.04) 
h2(CEmat) 2.9 (0.2) 2.4 (0.2) 0.1 (0.01) 

rG(BWdir,CEdir) -78 (2.9) -66 (4.5) -100 (0.0) 
rG(BWmat,CEmat) -52 (6.0)  -36 (7.3) -100 (0.0) 

rH:YS(BW,CE) -3 (2.7) 10 (2.8) -100 (0.0) 
rRes(BW,CE) -16 (0.6) 0 (0.0) -100 (0.0) 
h2

H:YS(CE) 21.6 (0.8) 21.8 (0.7) 0.01 (0.01) 
rG(CEdir,CEmat) 86 (6.9) 87 (7.5) 57 (3.7) 

&h2 = heritability/relative variance, r = correlation, dir = direct genetic effect, mat = maternal genetic effect, H:YS = herd 
within year-season of calving, Res = residual effect. 

Table 3. Estimates of correlations (x100) (posterior SD) for overall multiple-trait effect (MTM), and direct (RM-
DIRECT) and indirect (RM-INDIRECT) recursive effects for calving ease. 

Source  
of variance 

MTM 
and RM-DIRECT 

MTM 
 and RM-INDIRECT 

RM-DIRECT  
and RM-INDIRECT 

Direct genetic 99 (0.3) 78 (2.9) 66 (4.5) 
Maternal genetic 98 (0.3) 52 (6.0) 36 (7.3) 

H:YS& 99 (0.1) 3 (2.7) -10 (2.8) 
Residual 99 (0.1) 16 (0.6) 0 (0.0) 

&H:YS = herd within year-season of calving  


