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Investigating genotype by environment 
interaction for beef cattle fertility traits 
in commercial herds in northern Australia 
with multi-trait analysis
James P. Copley1*  , Benjamin J. Hayes1, Elizabeth M. Ross1, Shannon Speight1,2, Geoffry Fordyce1, 
Benjamin J. Wood3 and Bailey N. Engle1,4 

Abstract 

Background Genotype by environment interactions (GxE) affect a range of production traits in beef cattle. Quan-
tifying the effect of GxE in commercial and multi-breed herds is challenging due to unknown genetic linkage 
between animals across environment levels. The primary aim of this study was to use multi-trait models to investi-
gate GxE for three heifer fertility traits, corpus luteum (CL) presence, first pregnancy and second pregnancy, in a large 
tropical beef multibreed dataset (n = 21,037). Environmental levels were defined by two different descriptors, 
burden of heat load (temperature humidity index, THI) and nutritional availability (based on mean average daily 
gain for the herd, ADWG). To separate the effects of genetic linkage and real GxE across the environments, 1000 
replicates of a simulated phenotype were generated by simulating QTL effects with no GxE onto real marker geno-
types from the population, to determine the genetic correlations that could be expected across environments due 
to the existing genetic linkage only. Correlations from the real phenotypes were then compared to the empirical 
distribution under the null hypothesis from the simulated data. By adopting this approach, this study attempted 
to establish if low genetic correlations between environmental levels were due to GxE or insufficient genetic linkage 
between animals in each environmental level.

Results The correlations (being less than <0.8) for the real phenotypes were indicative of GxE for CL presence 
between ADWG environmental levels and in pregnancy traits. However, none of the correlations for CL pres-
ence or first pregnancy between ADWG levels were below the 5th percentile value for the empirical distribution 
under the null hypothesis from the simulated data. Only one statistically significant (P < 0.05) indication of GxE for first 
pregnancy was found between THI environmental levels, where  rg = 0.28 and 5th percentile value = 0.29, and this 
result was marginal.

Conclusions Only one case of statistically significant GxE for fertility traits was detected for first pregnancy 
between THI environmental levels 2 and 3. Other initial indications of GxE that were observed from the real pheno-
types did not prove significant when compared to an empirical null distribution from simulated phenotypes. The lack 
of compelling evidence of GxE indicates that direct selection for fertility traits can be made accurately, using a single 
evaluation, regardless of environment.
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Background
Beef production in tropical pastoral systems, such as 
northern Australia, takes place in environments ranging 
from hot, dry and arid to those with very high rainfall and 
humidity. Given the diversity of environments in tropi-
cal pastoral systems, there is value investigating whether 
genotype by environment interaction (GxE) could be con-
sidered in genetic evaluations to improve the accuracy of 
selection in a target environment. In the presence of GxE, 
genotypes will respond to environmental variation differ-
ently [1–3]. GxE is important for all breeding objectives 
but particularly for fertility traits, as these traits are key 
drivers of profitability in tropical beef enterprises and are 
affected by heat and nutritional stress [4, 5]. If ignored it 
may decrease the accuracy of estimated breeding values, 
but when accounted for, GxE can be used positively as 
it provides a source of genetic variation [6, 7]. This can 
affect targeted selection in two ways: re-ranking and re-
scaling of breeding values across environments [2, 6, 8]. 
Re-scaling of breeding values from one environment to 
another means that while the estimates of genetic merit 
of individual animals may change, the overall ranking of 
animals is not affected [1, 3, 9]. Re-ranking occurs when 
the relative genetic merit of individuals changes from one 
environment to the other [3, 6]. The latter creates a prob-
lem for livestock production systems where stud breeders 
are supplying the commercial sectors. If stud bulls, for 
example, are selected under a vastly different environ-
ment compared to the commercial environment where 
they will be used, the progeny may be sub-optimal for 
that commercial environment. This would be particularly 
important where animals are spread over large geograph-
ical regions with very different environments.

A common method to estimate GxE is to consider the 
same trait measured in different environments as two 
different traits [3, 6, 10]. In this multi-trait approach, 
a low correlation (<0.8), between the same trait meas-
ured in two separate environments is indicative of GxE 
[3, 9]. Multi-trait models have been used successfully to 
examine GxE interaction in numerous studies [2, 10–16]. 
If the genetic correlation is <0.8, then it is beneficial to 
a breeding program to actually split selection according 
to environments, resulting in a faster rate of genetic gain 
[17]. However, GxE is often not considered when calcu-
lating breeding values, as it is challenging to detect and 
measure outside of carefully designed studies that often 
balance the progeny of sires across different environ-
ments [2, 6, 18]. GxE will often be estimated from data 
collected in small, intensively recorded herds where the 
inter-herd genetic linkage is known and understood 
from the pedigree [2, 8, 14, 19]. Sufficient linkage, where 
the same or closely related genotype is present in mul-
tiple environments, is critical to successfully conduct 

GxE investigations [20]. Calculating the genetic correla-
tion between environments with insufficient linkage will 
result in lower correlations (<0.8) and this can potentially 
overestimate the true GxE [3]. The lower genetic correla-
tion between environments in the multivariate approach 
can arise either from inadequate genetic linkage between 
environments, actual GxE between environments, or a 
combination of both.

The absence of reliable estimates for the magnitude of 
linkage between herds has limited the utility of the multi-
trait approach when applied to commercial beef datasets. 
In extensive Australian pastoral systems, it is quite nor-
mal for parentage or pedigree to be entirely unknown 
[5]. Using pedigree information to estimate GxE relies 
on the progeny of multiple sires being represented across 
the different environments. Using genomic information 
to estimate GxE is potentially a solution for situations 
where pedigree is unavailable and may have more power 
to detect GxE [7]. This is because the requirement in a 
genomic analysis is for chromosome segments or single 
nucleotide polymorphism (SNP) alleles to be replicated 
across environments, as opposed to progeny in a pedi-
gree analysis [3].

The primary objective of this study was to investigate 
the presence of GxE interactions in a large, unstruc-
tured, industry-derived, beef cattle dataset for female 
fertility. We hypothesized that, given the significant envi-
ronmental challenges across a range of environments 
in the data set, GxE interaction between female fertility 
and both feed availability and/or prolonged heat expo-
sure would be observed. We took a multi-trait approach 
to assessing the potential for GxE. To disentangle the 
effects of genetic linkage from true GxE on the estimates 
of genetic correlations between environments, we simu-
lated 1000 replicates of a quantitative trait under the null 
hypothesis of no GxE between the environments, using 
the true genotypes of the test population to capture the 
genetic linkage between environments. Estimates for 
GxE, as measured by genetic correlation from the real 
phenotypes and genotypes, were then compared to an 
empirical distribution of correlation estimates from the 
simulated data. Correlation estimates from the real phe-
notypes that fell within the 5th percentile of the distribu-
tion were interpreted as statistically significantly different 
from unity (P < 0.05).

Methods
Phenotypes and project collaborators
The phenotypes and genotypes used in this study were 
collected as part of the Northern Beef Genomics pro-
ject [4, 15, 21]. This project collected 21,037 paired phe-
notypes and genotypes from animals managed under 
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diverse conditions from 54 commercial beef businesses 
representative of northern Australia (Fig. 1a).

Three fertility phenotypes, corpus luteum presence 
(CL presence), first pregnancy, and second pregnancy 
were recorded over a 3-year period. CL presence, the 
first trait recorded, was an ovarian ultrasound pro-
cedure conducted at approximately 600 days of age, a 
binary measure where; 1 = “pubertal” and 0 = “non-
pubertal” [21, 22]. First and second pregnancy were 
measured at approximately 2.5 years and 3.5 years of 
age, respectively. Testing was conducted via manual 
palpation or ultrasound examination by veterinarians 
and project collaborators at a time post-bull exposure 
that fit with the collaborator’s typical management 
schedule. Pregnancy was also modelled as a binary 
trait (1 = “pregnant”, 0 = “non-pregnant”) [4]. Through-
out the analysis, these binary traits were examined as 
continuous responses using mixed linear models, as 
has been extensively utilized in the literature [23–26]. 
Previous efforts to fit threshold and more complicated 
models to this dataset [4] revealed the advantages of 
the linear model approach for convergence and inter-
pretability, particularly in a multivariate model. Given 
the distribution of cases and controls is nearly balanced 
for each trait and the large sample size, a normal dis-
tribution is expected to approximate the binary trait. 
Finally, this approach provided continuity with other 
examinations of the dataset [4, 15].

In conjunction with fertility trait recording, addi-
tional covariates were recorded for each individual 
animal:

Weight
Animal liveweight (body weight) on the day of each fer-
tility trait recording at CL presence, first pregnancy and 
second pregnancy.

Hip height
Distance from the ground to the peak of the sacrum [4]. 
Hip Height was measured at the time of each fertility 
recording.

Body condition score (BCS)
Defined on a 1–5 scale with 1 being poor condition to 5 
being fat. BCS was evaluated at the time of each fertility 
trait recording.

These three covariates were fit in the multi-trait analy-
ses. These covariates have previously been tested for sig-
nificance to the traits by [4].

Environmental descriptors
The environmental descriptors were based on nutritional 
availability, represented here as average daily weight gain 
(ADWG) of the herd, and cumulative heat load experi-
enced beyond a defined temperature-humidity index 
(THI) threshold of 65 [4, 16, 27]:

ADWG was calculated for each individual animal based 
on the liveweight records from consecutive fertility meas-
urements, CL presence to first pregnancy (typically 6 to 
12 months and usually including one annual growing sea-
son) and first pregnancy to second pregnancy (typically 
1 year) [4]. A limitation of this environmental descriptor 
was inconsistency of the timing between trait recordings, 
however, the lack of more precise nutritional informa-
tion or additional liveweight records meant that adopting 
ADWG was the only viable nutritional descriptor in this 
complex industry dataset. The ADWG of each individual 
animal (kg/day), from CL presence to first pregnancy and 
from first pregnancy to second pregnancy, was used to 
calculate the phenotypic mean ADWG of each contem-
porary group. Contemporary groups were defined as 
combinations of farm/collaborator and year. Based on 
the mean ADWG value, each contemporary group was 
then assigned into quartiles from 1 (lowest ADWG) to 4 
(highest ADWG).

Another limitation of this method was that no live-
weight records were made before CL presence recording. 
While liveweight was always recorded at CL presence, 
it was not recorded prior to this because CL presence 

THI = 0.8 ∗ T+ ((RH ∗ 0.01) ∗ (T− 14.4))+ 46.4.

Fig. 1 Project collaborators and environmental levels. a Map 
showing the locations of the 54 collaborating herds; b Locations 
colour-coded according to Average Daily Weight Gain environmental 
levels, 1 = harshest, 4 = most favourable; c Locations colour-coded 
according to Temperature Humidity Index environmental levels, 1 = 
harshest, 3 = most favourable
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recording was the first time that the project had access 
to the animals. Consequently, ADWG could not be cal-
culated for the time-period preceding CL presence 
recording and environmental levels for this trait could 
not be defined directly. As an alternative, the CL pres-
ence records were ‘binned’, by contemporary group, into 
the same environmental levels as for first pregnancy. This 
effectively assigned animals to a quartile representing 
their ‘future’ performance. The use of future ADWG per-
formance, while lacking precision, was still indicative of 
nutritional availability for the respective herd. It must be 
noted that contemporary groups of animals only changed 
ADWG environmental levels seven times, from a total of 
80 contemporary groups, from first to second pregnancy. 
These seven contemporary groups represented a total 
of 497 animals. Thus, whilst the use of future ADWG 
performance to run a GxE analysis for CL presence was 
not perfect, it was the best solution available within the 
industry dataset. The ADWG levels for second preg-
nancy were defined from the weight gain from first to 
second pregnancy.

Days over a THI threshold was defined on an indi-
vidual animal basis, representing chronic heat load dur-
ing critical reproductive timepoints. The descriptor was 
the number of days where the THI threshold of 65 was 
exceeded within the 120-day period surrounding (60 days 
prior and 60 days post) (1) trait recording for CL pres-
ence, or (2) conception dates, in the case of both first and 
second pregnancies [4]. Despite the low threshold, this 
THI was selected as a proxy for relative environmental 
harshness. The temperature and humidity data for THI 
calculation [4] was obtained with the NASAPOWER 
package in R v3.5.4; the data was interpolated from direct 
weather observations to a 0.5 by 0.5 degree grid of lati-
tude and longitude [28]. The full explanation of THI as an 
environmental descriptor is available from [4]. The same 
procedure described for allocating ADWG quartiles was 
followed here to disperse animals into terciles with 1 
(longest exposure to heat load) to 3 (shortest exposure to 
heat load) based on the mean within each contemporary 
group. Three rather than four levels were selected for 
characterizing THI due to insufficient environmental dif-
ferentiation between quartile levels.

Genotypes
All animals were genotyped on 35K GGP tropBeef SNP 
array (Neogen Australasia, Ipswich, QLD), which was spe-
cifically developed for use on tropical and tropical compos-
ite breeds to reduce ascertainment bias. Genotypes with 
GC score less than 0.6 were set to missing. Genotypes were 
imputed up to 709,768 SNPs (Bovine HD array) using the 
FImpute software [29] and a panel of 3,140 cattle of rel-
evant breeds genotyped for the Bovine HD array [15]. A 

principal component analysis (PCA) was conducted using 
GCTA, six principal components were calculated and 
then plotted using ggplot2 in R 4.2.2 [30, 31]. Estimates of 
genetic distance,  Fst, were made as pairwise comparisons 
between sub-populations, in this case the different envi-
ronmental levels. These were estimated in GCTA [30, 32]. 
The  Fst analysis was conducted as a preliminary examina-
tion of genetic linkage between environmental levels.

Genomic covariates
Breed composition, heterozygosity, and Bos indicus con-
tent were calculated from the genotypes. Breed propor-
tion aimed to capture the genetic composition of each 
animal in relation to 14 breeds common in northern 
Australia and represented in the dataset: Angus, Belmont 
Red, Brahman, Charolais, Droughtmaster, Hereford, 
Limousin, Murray Gray, Santa Gertrudis, Shorthorn, 
Wagyu, Boran, Senepol and Tuli. Individual breed pro-
portions were estimated using a separate data set com-
prised of purebred cattle from the 14 breeds [15]. SNP 
effects for breed composition were estimated using a 
genomic best linear unbiased prediction model, where 
the phenotype was 1 if the animal was of that breed and 0 
if not [15, 33]. The effects of each SNP for the proportion 
of each breed were then derived by back-solving for the 
SNP effects [30], and the resulting prediction equations 
for each breed were used to estimate breed proportions 
in the dataset [15]. The breed composition for each of 14 
breeds was then included in the model. B. indicus per-
centage, or proportion of the genome estimated to be of 
B. indicus origin, was calculated using the same method 
as breed composition, the only difference being the use of 
a single, pure B. indicus reference dataset instead of one 
comprising of individual breeds [15]. Marker heterozygo-
sity for each animal was fitted as a covariate to account 
for heterosis [15] and ranged from 0.25 (purebred) to 0.5 
 (F1 cross) [4, 15, 21]. Breed proportions, B. indicus con-
tent, and heterozygosity were previously calculated by 
Hayes et al. [15] for this dataset and were included in the 
multi-trait model as covariates.

Heritability
Heritability was first estimated using a univariate model, 
ignoring environment, to establish the baseline herit-
ability for each trait. Heritability was then re-estimated 
within each environmental level. Estimation in all cases 
was done using the model:

In the equation, y = vector of phenotypes (CL pres-
ence, first pregnancy, or second pregnancy), X = design 
matrix allocating phenotypes to fixed effects, β = vector 
of fixed effects, including weight, hip height, BCS, 14 

y = Xβ+ Zµ+ e.
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breed composition vectors, heterozygosity, and percent-
age B. indicus as covariates and contemporary group; Z 
= design matrix allocating records to animal effects; u = 
vector of random additive genetic animal effects, one for 
each animal, distributed N (0,Gσ2u) ; and, e = vector of 
residual errors, distributed as N (0, Iσ2e) . The G matrix is 
the genomic relationships among the animals, calculated 
from the SNP data [30]. Univariate REML in MTG2 was 
used to estimate the variance components and the herit-
ability for each trait [34].

As discussed by [60] G⦻T is not strictly a genetic 
covariance matrix (for reasons including that is the vari-
ance captured by SNP rather than the full additive genetic 
variance for this trait, and the fact that genotyped SNP 
may not have the same allele frequency distribution as 
casual variants), so that this approach is actually equiva-
lent to a Bayesian prior belief (rather than a classic mixed 
model for BLUP).

Genomic correlations
Assessing GxE was done by calculating the genomic 
correlation between the same trait in different environ-
mental levels, with each environmental level treated as a 
separate trait [1, 35], using the model:

where: yADWG(1−4) = vectors of fertility phenotypes 
within each environmental level, XADWG(1−4) = inci-
dence matrices for the fixed effects, βADWG(1−4)= vec-
tor of fixed effects, ZADWG(1−4) = incidence matrices for 
the random additive genetic animal effect, uADWG(1−4) 
= vectors containing random additive genetic effects, 
eADWG(1−4) = vectors of random residual effects.

The random effects uADWG(1−4) were distributed as 
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, σ2eADWG(1−4)
 is 

the residual variance of  ADWG(1-4) and I is an identity 
matrix. The reverse diagonal of � contained all 0 values 
because no animals had repeated observations for the 
same trait in multiple environmental levels. This model 
was identical to that used for THI environmental levels, 

the only difference being the distribution of animals 
across three levels instead of four.

The off-diagonal values were also 0 as the covariances 
between animal and environmental effects and the resid-
ual covariances were assumed to be zero due to no animal 
was present in multiple environments [35]. The multivari-
ate analysis was performed using MTG2, fitting the same 
fixed and random effects previously described [34].

Simulated phenotypes
To determine the impact of shared genetic linkage on the 
estimates of genetic correlations between environments, 
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we simulated a data set under the null hypothesis of no 
GxE. The real, imputed genotypes from the population 
were used, and 1000 replicates of the simulated pheno-
types were produced as quantitative traits using genome-
wide complex trait analysis (GCTA) [30] by the simple 
additive genetic model y = Zu + e [30]. The simulated 
phenotypes were generated using all 709,768 SNPs as 
QTL and h2 was set as the estimated heritability of the 
real trait (CL presence, first and second pregnancy, 
respectively) [30]. This heritability was based on the her-
itability for CL presence from the real data, calculated 
above. The simulated phenotypes were transformed from 
a continuous to binary scale based on the distribution of 
the simulated phenotypes and the proportion of puber-
tal/non-pubertal or pregnant/non-pregnant in the real 
phenotype. GCTA does not have a facility to simulate 
binomial traits. Hence the transformation from continu-
ous to binary, based upon the distribution/proportion of 
the real traits, was necessary. For example, the propor-
tion for simulated CL presence was 43% reflecting the 
percentage of heifers that were pubertal at the time of 
trait recording, the simulated phenotypes were distrib-
uted to reflect this. These transformed simulated phe-
notypes were then analysed using the same multi-trait 
model as the real phenotypes, estimating the genetic cor-
relation between each environmental level 1000 times to 
generate an empirical null distribution. This distribution 
was then directly compared to the correlation between 
levels for the real phenotypes. GxE was deemed to be 
statistically significant if the correlations for the real phe-
notypes fell within the 5th percentile of the distribution 
of simulated correlations (P < 0.05). The heritability of 
the transformed phenotypes aligned closely to the esti-
mated heritability of the real traits (e.g. 0.15(0.02) for first 
pregnancy).

Results
Genetic linkage between environment levels for ADWG
A principal component analysis (PCA) of genetic linkage 
across the four ADWG environmental levels at first preg-
nancy (n = 13,549), found principal component 1 to be 
highly correlated to B. indicus content  (r2 = 0.98) (Fig. 2a). 
The PCA suggests that while some clustering of genotypes 
does occur within environment levels, a large degree of 
overlap is also observed. Fig. 2b confirmed these findings, 
indicating cattle with higher B. indicus content were more 
concentrated in harsher environmental levels (1 and 2). 
Although higher heterozygosity was more concentrated in 
harsher environments, its overall distribution was similar 
for all four ADWG levels (Fig. 2c).

Average daily weight gain environmental levels
Both pregnancy and puberty generally increased as nutri-
tion improved with level (Table 1). This suggests that the 
quartiles were accurately reflecting a change in environ-
mental conditions. Heritability varied considerably when 
estimated from a univariate analysis within each environ-
mental level, although standard errors on these estimates 
were large (See Additional file 1: Table S1). The pairwise 
 Fst results show the genetic variance within a subpopu-
lation, in this case between the environmental levels, in 
comparison to the total population. Low  Fst values sug-
gested limited genetic differentiation between subpopu-
lations, which provided sufficient evidence to examine 
GxE. However, the lack of clear differentiation does not 
convey the degree of similarity between environmen-
tal levels, especially considering the diversity inherent 
within the dataset (See Additional file 1: Table S1).

Estimated genetic correlations between the ADWG 
environmental levels for the real and simulated pheno-
types were determined (Fig. 3, Additional file 1: Table S1). 
Genetic correlations of < 0.8, when taken in isolation, are 
typically indicative of GxE [17]. However, this analysis 
compared the correlation between the real phenotypes 
in each environment to the null distribution generated 
from the 1000 replicates of the simulated correlations. 
It was determined that GxE was only observed when the 
correlation for the real phenotypes was below the 0.05 
significance level of the null distribution. Based on this 
criterion, no statistically significant observations of GxE 
were made for fertility traits across the ADWG environ-
mental levels (Fig. 3).

Temperature humidity index environmental levels
The percentage of pubertal heifers declined in the reverse 
to the expected direction with heifers in the ‘harshest’ 
level indicating the highest percentage pubertal (Table 2). 
This trend may have been associated with B. indicus 
content, which was generally higher in harsher environ-
ments. However, any confounding impact of this trend 
was minimised by accounting for B. indicus content in 
the multi-trait model. This trend was less pronounced 
for first and second pregnancy where the response to 
the THI environmental gradient was ill-defined in either 
direction (particularly for environmental levels 1 and 2, 
more defined comparing 2 and 3) (Table 2). The heritabil-
ity of each trait was calculated within each environmental 
level subpopulation (See Additional file 2: Table S2).

The genetic linkage between environmental levels 
was initially examined via a pairwise  Fst analysis. These 
results indicated a similar pattern observed across the 
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ADWG levels, where relative genetic distance was higher 
between environments at opposing ends of the envi-
ronmental spectrum (See Additional file  2: Table  S2). 

However, the pairwise Fst estimates were still universally 
low, indicating that subpopulations were not significantly 
differentiated from each other. A principal component 

Fig. 2 Genetic linkage across average daily weight gain (ADWG) levels within first pregnancy subset. a Principal component analysis coloured 
by environmental level; b Density plot showing distribution of Bos indicus content within each environmental level for first pregnancy subset; and c 
Density of heterozygosity content for first pregnancy subset
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analysis suggested that there was substantial genetic 
overlap between environmental levels (See Additional 
file 3: Figure S1).

In contrast to ADWG levels, genetic correlations 
between THI levels for CL presence were found to be 
high, almost universally >0.8, the only exception being 
the correlation between levels 1 and 2, an estimate that 
was within the standard error of the defined threshold of 
0.8 (Fig. 4, Additional file 2: Table S2). When the genetic 
correlations were compared to the null distribution of 
correlations from the simulated phenotypes, the only 
statistically significant result (P < 0.05) was for first preg-
nancy between levels 2 and 3 (Fig.  4). Notwithstanding 
this marginal example, no other significant (P < 0.05) evi-
dence of GxE was found for fertility traits between THI 
environmental levels.

Discussion
This study found no significant evidence of GxE for fer-
tility traits across ADWG environments and only limited 
evidence across THI environmental levels. The environ-
mental descriptors used to define the multi-trait model 
were designed to measure the chief challenges faced by 
breeding females in northern Australia, namely nutri-
tion deficiencies and exposure to high temperatures [5, 
36, 37]. Examining the genetic correlations for the real 
phenotypes in isolation may suggest some GxE (r < 0.8), 
however comparison to an empirical distribution derived 

from 1000 simulated phenotypes found that these indi-
cations are more likely an artefact of the genetic struc-
ture of the dataset, specifically lack of genetic linkage 
across environment levels. Therefore, our results serve 
to illustrate the difficulty of assessing GxE in such data-
sets. Prior studies examining GxE have been limited to 
smaller, intensively managed herds where genetic link-
age between environmental levels can be assured [3, 11]. 
Other studies in industry datasets have not focussed on 
fertility traits [20, 38]. The absence of significant GxE 
suggests that selection for the examined traits can be 
accurately carried out across a wide variety of environ-
ments for this population.

Heritability of fertility traits
The heritability for all three fertility traits was re-esti-
mated, as trait definitions differed slightly from those 
calculated by [15]. Our results for heritability were sim-
ilar to those reported by Corbet et  al. [22] of 0.18-0.32, 
found in sub-populations of different breeds, from the 
closely aligned trait of reproductive maturity score. The 
estimates made by Hayes et  al.[15] for corpus luteum 
score (0.25) and corpus luteum rate (0.22) also supported 
our results. Estimated genomic heritability of pregnancy 
traits were comparable to those reported by Corbet et al. 
[22] who investigated pregnancy rate in maiden Brahman 
heifers (0.15 (0.05)) and first lactation Brahman cows 
(0.17 (0.10)). Guarini et  al. [39] found heifer heritability 

Table 1 Information regarding success rates for CL presence, first pregnancy and second pregnancy overall and within environmental 
levels

a Corpus luteum (CL) presence, assessed by ultrasound at about 600 days of age, first pregnancy = first pregnancy test conducted at ~2.5 years of age, second 
pregnancy = second pregnancy test conducted at ~3.5 years of age.
b ADWG = average daily weight gain in kg/d for the entire cohort and within each environmental level.
c Positive (%) = This number reflects the percentage of animals that were pubertal at CL presence recording OR were pregnant at first/second pregnancy recording. 
Values expressed for whole cohort and within each environmental level.

Traita ADWG quartile n ADWG (kg/d)b Positive (%)c h2 (SE)

CL presence 11,801 0.42 47.21 0.30 (0.02)

Level 1 3641 0.20 44.96

Level 2 2658 0.33 45.74

Level 3 2706 0.46 46.32

Level 4 2796 0.68 52.08

First pregnancy 13,459 0.42 71.22 0.15 (0.02)

Level 1 2991 0.20 64.03

Level 2 3934 0.33 75.67

Level 3 3058 0.46 75.83

Level 4 3152 0.68 79.98

Second pregnancy 10,044 0 63.99 0.08 (0.02)

Level 1 1882 – 0.14 61.90

Level 2 2717 – 0.03 58.08

Level 3 3438 0.04 59.80

Level 4 1287 0.18 81.28
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of heifer rebreed rate, comparable to second pregnancy, 
to be 0.15 (0.02). Our estimates for second pregnancy 
were lower than those for second pregnancy rate in Brah-
man cows (0.35) found by [40]. Our results, especially for 
CL presence, demonstrate the value in identifying repro-
ductive traits which can be measured early in life and 

are moderately to highly heritable. Fertility traits can be 
difficult and expensive to measure, and low heritability 
generally undermines, or at least slows, the benefits of 
selecting for fertility. Traits like CL presence with moder-
ate to high heritability mean that selection decisions can 
be made early and with confidence.

Fig. 3 Genetic correlations between environmental levels for simulated and real phenotypes for average daily weight gain. Red = genomic 
correlation based on real phenotypes, blue = 5th Percentile values for simulation correlation distribution (P < 0.05). Genetic correlation for real 
phenotypes in bold on red line. a–f CL presence correlations for ADWG environmental levels a 1v2, b 1v3, c 2v3, d 1v4, e 2v4, f 3v4. g–l First 
Pregnancy correlations for ADWG environmental levels g 1v2, h 1v3, i 2v3, j 1v4, k 2v4, l 3v4. m–r Second Pregnancy correlations for ADWG 
environmental levels m 1v2, n 1v3, o 2v3, p 1v4, q 2v4, r 3v4
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Simulated phenotypes
The dataset used was typical of northern Australia, with 
a population with no pedigree information, unknown 
genetic linkage, and a multibreed heritage [15]. Recorded 
animals were bred under commercial conditions repre-
sentative of the environmental and economic realities 
of extensive grazing systems. These realities are seldom 
reflected in research herds and using an unstructured 
dataset from this production system poses significant 
challenges. The greatest challenge is that traditional pedi-
gree or parentage-based methods to ensure sufficient 
genetic linkage between environmental categories are 
unavailable. This has limited the utility of industry data-
sets for assessing GxE in the past and was overcome in 
this study by using SNP array genotypes. The benefits of 
exploiting SNP array genotypes in relation to GxE stud-
ies have previously been confirmed by Mulder [7]. When 
genotypes are used, the key requirement for the accurate 
estimation of GxE is that chromosome segments or SNP 
alleles are replicated across environments. We used sim-
ulations to assess the impact of the degree of replication 
of chromosome segments/SNP alleles in the data set by 
using the actual genotypes from the data set to estimate 
genetic correlations between environmental levels. The 
risk of over-estimating GxE has generally led to the con-
clusion that GxE can only be investigated within tightly 
controlled research herds where the family structure is 
known [10, 11, 41, 42]. The use of simulated phenotypes 
has been demonstrated as viable and our study utilised 
these simulations to create context around the multi-trait 
models in an industry dataset [43–45]. The use of the 

simulated phenotypes to create an empirical distribution 
of correlations created a population specific threshold 
for GxE, thus helping to distinguish true GxE from back-
ground genetic noise. The use of genomic data instead of 
pedigree information made this examination of GxE fea-
sible. However, whether this calibre of information will 
be available in commercial herds outside of a project like 
Northern Genomics remains to be seen.

Genotype x environment interactions
The results of this study found limited statistically signifi-
cant evidence of GxE for the three female fertility traits 
analysed. Limited supporting evidence for this result 
exists in the literature due to the relative novelty of our 
dataset and the traits examined. Many of the research 
populations previously assessed for GxE interaction 
are not representative of the commercial beef industry 
either in scale or in breed composition. The focus has 
largely been on temperate, B. taurus breeds in relatively 
moderate environments [11, 46–48]. These environ-
ments do not represent the stress faced by animals in 
northern Australia which ranges from dry arid condi-
tions to very high rain fall, high humidity environments. 
Some relevant studies examining weight traits for GxE 
in tropically adapted populations have been carried out; 
in these cases, sire re-ranking was observed and genetic 
correlations were found to decrease, indicating GxE, as 
the environments diverged [38, 49]. However, thorough 
examinations of fertility traits for GxE in similar popula-
tions, are less available. Santana et al. [35] detected some 
indications of GxE for male fertility traits in tropically 

Table 2 Descriptive statistics for CL presence, first pregnancy and second pregnancy overall and within environmental levels

a CL presence = ovarian ultrasound scan and 600 days of age, First pregnancy=first pregnancy test conducted at ~2.5 years of age, Second pregnancy=second 
pregnancy test conducted at ~3.5 years of age.
b n days THI >65 = number of days where daily peak temperature humidity index exceeded 65 in the 120 days prior to trait recording for CL presence and surrounding 
conception for first and second pregnancy.
c Positive (%) = This number is the percentage of animals that were pubertal at CL presence recording OR were pregnant at first/second pregnancy recording as a 
whole and also within each environmental level

Traita n n days THI >  65b Positive (%)c h2 (SE)

CL presence 21,037 79.6 43.37 0.27 (0.01)

L1 6740 115.0 48.39

L2 5483 86.8 44.12

L3 8814 38.7 38.67

First pregnancy 13,549 115.2 73.59 0.15 (0.02)

L1 4612 120.00 77.21

L2 4736 119.94 78.45

L3 4201 105.70 64.17

Second pregnancy 10,044 114.2 63.99 0.18 (0.02)

L1 2475 120.00 56.42

L2 2519 119.51 67.89

L3 5057 102.41 65.89
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adapted cattle under tropical conditions, but their study 
did not provide a comparison for female fertility traits.

The lack of evidence of GxE across ADWG of THI 
environmental levels indicates that, for fertility traits at 
least, genomic evaluation and selection do not need to 
be split according to environment [17]. It has been pre-
viously noted that the greatest potential for re-ranking 

occurs in moving from temperate or subtropical environ-
ments to less favourable conditions [6, 46]. If re-ranking 
was occurring for fertility traits, animals of the highest 
genetic merit for their respective environments would 
potentially not be identified and the results of targeted 
selection for fertility would be reduced. Our results sug-
gest, however, that this is not the case. Accurate selection 

Fig. 4 Genetic correlations between environmental levels for simulated and real phenotypes for temperature humidity index. Red = genomic 
correlation based on real phenotypes, blue = 5th Percentile values for simulation correlation distribution (P < 0.05). Genetic correlation for real 
phenotypes in bold on red line. a–c CL presence correlations for THI environmental levels a 1v2, b 1v3, c 2v3. d–f First Pregnancy correlations for THI 
environmental levels d 1v2, e 1v3, f 2v3. g, h Second Pregnancy correlations for THI environmental levels g 1v2, h 1v3, i 2v3
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to improve fertility is beneficial to the profitability of 
the northern beef industry [50]. The results of this study 
indicate that fertility traits may be accurately selected for 
in any environment without the need to use environment 
specific breeding values [17].

While the lack of GxE for fertility traits simplifies selec-
tion, it does not remove the requirement for cattle that 
are properly adapted to their environmental conditions. 
Heat stress has a well-proven effect on fertility outcomes, 
including the suppression of follicle stimulating hormone 
secretion from the pituitary gland, which slows or stops 
the reproductive cycle [51–54]. The effect of heat stress 
on fertility is most readily apparent in dairy breeds [19, 
55, 56] and Bos taurus beef cattle in tropical conditions 
[51, 57]. However, the effect of heat stress on both repro-
ductive outcome and oocyte survival was found to be less 
pronounced in B. indicus cows [51, 57]. Clearly then, the 
use of B. indicus cattle with some level of adaptation is 
still strongly recommended in the context of northern 
Australia, despite the lack of evidence for GxE in fertility 
traits in this study.

Potential drawbacks and future work
The unique nature of our study, applying a multivari-
ate GxE analysis to a diverse industry dataset, provided 
an excellent opportunity to leverage a commercial beef 
dataset to deliver relevant and applicable results directly 
back to the industry. However, the strength of the data 
as a reference dataset for commercial herds also created 
some significant challenges. The first key challenge was 
the lack of precision and consistency in the timings of 
trait recordings, potentially affecting the accuracy of the 
measurements of ADWG which were the cornerstone 
of the GxE analysis. The raw mean of ADWG data, as 
adopted in this study, acted as a proxy for environmental 
‘harshness’ where the exact reasons for reduced weight 
gain, such as disease or drought, were unknown. Animals 
had, at most, three weight records, thus the dataset was 
unable to capture weight gain at specific points of peak 
nutritional requirement, such as prior to joining. Addi-
tionally, the lack of weight records on animals prior to 
CL presence undermined the examination of GxE across 
ADWG levels for what was the most heritable trait with 
the highest number of records. Future work with this or 
related datasets could potentially collect and leverage 
weight records directly from project collaborators to help 
fill this gap.

Lack of precision was also an issue for the THI envi-
ronmental descriptors. Attempts to model acute heat 
stress events (e.g., THI > 79) in the same dataset using 

linear modelling were previously unsuccessful [4]. The 
heat load descriptors analysed here were developed from 
an interpolated dataset rather than direct measurements. 
Identifying critical time periods of acute heat stress has 
previously been done successfully in dairy cattle by Shi 
et al. [58] and in pigs by Freitas et al. [59]. Both of these 
studies sought to investigate GxE for fertility traits and 
potentially identify environmentally robust animals, how-
ever these studies were conducted on intensively man-
aged livestock where there was virtually unlimited access 
to the animals for trait recording [58, 59]. In the case of 
Shi et al. [58], measurements of temperature and humid-
ity information were made hourly and thus a precise 
comparison could be made between reproductive traits 
and environmental conditions. It was not possible to cap-
ture that level of detail in our study where, for example, 
conception or calving dates were based entirely on back 
or forward-dating from the pregnancy test date with the 
estimated foetal age [4, 21]. The heat load descriptors we 
adopted were not designed to capture this level of detail, 
rather, they were intended to function as proxies for the 
relative level of environmental harshness.

In spite of these potential drawbacks, our study pro-
vided a thorough examination of GxE for fertility traits 
in relation to the two most pressing challenges for cattle 
in northern Australia, high heat stress and nutritional 
availability. Additional precision, as is typically desired 
for GxE studies, simply was not achievable. The great-
est strength of this dataset remains its representation of 
the diverse breeds, management systems, environmental 
challenges and reproductive performance observed in 
northern Australia. Future efforts will explore utilizing a 
random regression reaction norm to study the presence 
of GxE in this population.

Conclusions
Limited significant indications of GxE for fertility traits in 
this population were found using a multi-trait approach 
for estimating GxE. Initial indications based only on 
genetic correlations estimated from real phenotypes 
proved to be biased when compared to an empirical null 
distribution of correlations derived from simulated phe-
notypes. Further work is required to probe the presence 
of GxE for fertility and production traits given the genetic 
structures present within this industry dataset. If sub-
stantiated, the absence of GxE across ADWG and THI 
environmental levels holds particular significance for 
genetic selection in northern Australia. It would allow for 
accurate and direct selection for fertility traits, regardless 
of environment.
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Additional file 1: Table S1. Heritability (on diagonal), genetic correlation 
of REAL phenotypes (above diagonal, genetic correlation of SIMULATED 
phenotypes (below diagonal) with standard error in brackets for CL 
presence, first pregnancy and second pregnancy within environmental 
levels defined by ADWG. The results from earlier figures displayed in table 
format.

Additional file 2: Table S2. Heritability (on diagonal), genetic correlation of 
REAL phenotypes (above diagonal, genetic correlation of SIMULATED phe-
notypes (below diagonal) with standard error in brackets for CL presence, 
First Pregnancy and Second Pregnancy of heifers within environmental 
levels defined by THI. The results from earlier figures displayed in table 
format.

Additional file 3: Figure S1. Genetic linkage across Temperature Humidity 
Index (THI) levels within CL presence subset. (a) Principal component anal-
ysis coloured by environmental level; (b) Density plot showing distribution 
of Bos indicus content within each environmental level for CL presence 
subset; and (c) Density of heterozygosity content for CL presence subset.

Acknowledgements
The authors would like to acknowledge the collaborating producers from 
the Northern Genomics project for agreeing to participate and continuing to 
provide data. The authors acknowledge all members of the Hayes and Ross 
Groups within the Queensland Alliance for Agriculture and Food Innovation – 
Centre for Animal Science for their support and guidance. The authors would 
also like to thank Russell Lyons for support and assistance generating geno-
types for the project. USDA is an equal opportunity provider and employer. 
Mention of trade names or commercial products in this publication is solely 
for the purpose of providing specific information and does not imply recom-
mendation or endorsement by the U.S. Department of Agriculture.

Author contributions
JC, BH, ER, and BE designed the study. JC completed the data analysis, inter-
preted the results and prepared the manuscript. BH was the project manager 
and principal investigator on the overarching project. ER interpreted results. 
SS and GF collected and managed the data for the project. BW assisted with 
study design. BE assisted with data analysis and interpretation of results and 
supervised the study. All authors read and approved the final manuscript.

Funding
Meat and Livestock Australia (MLA) provided funding for the Northern 
Genomics Project, P.PSH.P0833, the source of all phenotypic and genotypic 
data for this project.

Availability of data and materials
The data and relevant research materials including scripts can be provided 
upon request.

Declarations

Ethics approval and consent to participate
The data used in this study was obtained with approval from the University 
of Queensland Production and Companion Animal Ethics Committee as 
Approval SAFS/253/20/Northern Genomics.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Centre for Animal Science, Queensland Alliance for Agriculture and Food 
Innovation, St Lucia, QLD 4072, Australia. 2 Black Box Co, Mareeba, QLD 4880, 

Australia. 3 School of Veterinary Science, University of Queensland, Gatton, QLD 
4343, Australia. 4 USDA, ARS, U.S. Meat Animal Research Center, Clay Center, NE 
68933, USA. 

Received: 6 December 2023   Accepted: 10 September 2024

References
 1. Falconer DJGR. Selection in different environments: effects on environ-

mental sensitivity (reaction norm) and on mean performance. Genet Res 
(Camb). 1990;56:57–70.

 2. Hayes BJ, Carrick M, Bowman P, Goddard ME. Genotype×environment 
interaction for milk production of daughters of Australian dairy sires from 
test-day records. J Dairy Sci. 2003;86:3736–44.

 3. Hayes BJ, Daetwyler HD, Goddard ME. Models for genome× environment 
interaction: examples in livestock. Crop Sci. 2016;56:2251–9.

 4. Copley JP, Engle BN, Ross EM, Speight S, Fordyce G, Wood BJ, Hayes BJ. 
Environmental variation effects fertility in tropical beef cattle. Trans Anim 
Sci. 2022;6:txac035.

 5. McGowan M, McCosker K, Fordyce G, Smith D, O’Rourke P, Perkins N. 
North Australian beef fertility project: cash cow. Final report, project B. 
NBP. 0382. Sydney: Meat and Livestock; 2014.

 6. Burrow HM. Importance of adaptation and genotype x environment 
interactions in tropical beef breeding systems. Animal. 2012;6:729–40.

 7. Mulder HA. Genomic selection improves response to selection in resil-
ience by exploiting genotype by environment interactions. Front Genet. 
2016;7:178.

 8. Cheruiyot EK, Nguyen TTT, Haile-Mariam M, Cocks BG, Abdelsayed M, 
Pryce JE. Genotype-by-environment (temperature-humidity) interac-
tion of milk production traits in Australian holstein cattle. J Dairy Sci. 
2019;102:2460–76.

 9. Robertson A. The sampling variance of the genetic correlation coefficient. 
Biometrics. 1959;15:469–85.

 10. Fennewald DJ, Weaber RL, Lamberson WR. Genotype by environment 
interaction for stayability of Red Angus in the United States. J Anim Sci. 
2018;96:422–9.

 11. Jeyaruban MG, Johnston D, Graser H. Estimation of genotype× environ-
ment interactions for growth, fatness and reproductive traits in Australian 
Angus cattle. Anim Prod Sci. 2008;49:1–8.

 12. Brown-Brandl T. Understanding heat stress in beef cattle. R Bras Zootec. 
2018;47: e20160414.

 13. Koger M, Burns WC, Pahnish OF, Butts WT. Genotype by environ-
ment interactions in hereford cattle: I. Reproductive traits J Anim Sci. 
1979;49:396–402.

 14. Haile-Mariam M, Carrick MJ, Goddard ME. Genotype by environment 
interaction for fertility, survival, and milk production traits in Australian 
dairy cattle. J Dairy Sci. 2008;91:4840–53.

 15. Hayes B, Fordyce G, Landmark S. Genomic predictions for fertility traits 
in tropical beef cattle from a multi-breed, crossbred and composite 
reference population. In: Proceedings of the 23rd Conference of the 
Association for the Advancement of Animal Breeding and Genetics: 27th 
October-1st November 2019; Armidale. 2019.

 16. Wijffels G, Gaughan J, Revell D, Allingham P. Heat stress nutrition: a 
comprehensive review and R&D program. Sydney: Meat and Livestock 
Australia; 2013.

 17. James J. Selection in two environments. Heredity. 1961;16:145–52.
 18. Falconer DS. The problem of environment and selection. Am Nat. 

1952;86:293–8.
 19. Nguyen TT, Bowman PJ, Haile-Mariam M, Pryce JE, Hayes BJ. Genomic 

selection for tolerance to heat stress in Australian dairy cattle. J Dairy Sci. 
2016;99:2849–62.

 20. Barwick S, Johnston D, Burrow H, Holroyd R, Fordyce G, Wolcott ML. 
Erratum to: Genetics of heifer performance in “wet” and “dry” seasons and 
their relationships with steer performance in two tropical beef geno-
types. Anim Prod Sci. 2009;49:727.

 21. Hayes BJ. Accelerating genetic gain for productivity and profitability in 
Northern beef cattle with genomic technologies. Final Report, Project 
P.PSH.0833. Sydney: Meat and Livestock Australia; 2022.

https://doi.org/10.1186/s12711-024-00936-0
https://doi.org/10.1186/s12711-024-00936-0


Page 14 of 14Copley et al. Genetics Selection Evolution           (2024) 56:70 

 22. Corbet N, Allen J, Laing A, Fordyce G, McGowan M, Burns B. Using ultra-
sound to derive new reproductive traits in tropical beef breeds: implica-
tions for genetic evaluation. Anim Prod Sci. 2018;58:1735–42.

 23. Martínez-Velázquez G, Gregory KE, Bennett GL, Van Vleck LD. Genetic 
relationships between scrotal circumference and female reproductive 
traits. J Anim Sci. 2003;81:395–401.

 24. Engle B, Gill C, Sanders J, Riley D, Sawyer J, Herring A. Influence of first 
calving date on stayability in Bos indicus crossbred cows. J Anim Sci. 
2016;94:186.

 25. Berry DP, Wall E, Pryce JE. Genetics and genomics of reproductive perfor-
mance in dairy and beef cattle. Animal. 2014;8:105–21.

 26. Naya H, Peñagaricano F, Urioste J. Modelling female fertility traits in 
beef cattle using linear and non-linear models. J Anim Breed Genet. 
2017;134:202–12.

 27. Chang-Fung-Martel J, Harrison M, Brown J, Rawnsley R, Smith A, Meinke 
H. Negative relationship between dry matter intake and the temperature-
humidity index with increasing heat stress in cattle: a global meta-analy-
sis. Int J Biometeorol. 2021;65:2099–109.

 28. Sparks AH. Nasapower: a NASA POWER global meteorology, surface 
solar energy and climatology data client for R. J Open Source Softw. 
2018;3:1035.

 29. Sargolzaei M, Chesnais JP, Schenkel FS. A new approach for efficient 
genotype imputation using information from relatives. BMC Genomics. 
2014;15:478.

 30. Yang J, Lee SH, Goddard ME, Visscher PM. GCTA: a tool for genome-wide 
complex trait analysis. Am J Hum Genet. 2011;88:76–82.

 31. Wickham H, Chang W, Wickham MH. Package ‘ggplot2’. Create elegant 
data visualisations using the grammar of graphics Version. 2016. 
Accessed 01 Dec 2023.

 32. Bakshi A, Zhu Z, Vinkhuyzen AA, Hill WD, McRae AF, Visscher PM. Fast 
set-based association analysis using summary data from GWAS identifies 
novel gene loci for human complex traits. Sci Rep. 2016;6:32894.

 33. Dodds KG, Auvray B, Newman SAN, McEwan JC. Genomic breed predic-
tion in New Zealand sheep. BMC Genomics. 2014;15:92.

 34. Lee SH, Van der Werf JH. MTG2: an efficient algorithm for multivariate 
linear mixed model analysis based on genomic information. Bioinformat-
ics. 2016;32:1420–2.

 35. Santana M, Eler J, Cardoso F, Albuquerque L, Balieiro J, Pereira R. Geno-
type by environment interaction for post-weaning weight gain, scrotal 
circumference, and muscling score of composite beef cattle in different 
regions of Brazil. Genet Mol Res. 2014:3048-59.

 36. McLean I, Holmes P, Counsell D. The Northern beef report: 2013 Northern 
beef situation analysis. Sydney: Meat & Livestock Australia Limited; 2014.

 37. Schatz TJ, Hearnden MN. The effect of weight and age on preg-
nancy rates in Brahman heifers in northern Australia. Anim Prod Sci. 
2017;57:2091–5.

 38. Wolcott M, Johnston D, Barwick S, Iker C, Thompson J, Burrow H. The 
genetics of meat quality and carcass traits in two tropical beef genotypes 
and the impact of tenderstretch on genetic and phenotypic tenderness. 
Anim Prod Sci. 2009;49:383–98.

 39. Guarini AR, Neves HHR, Schenkel FS, Carvalheiro R, Oliveira JA, Queiroz 
SA. Genetic relationship among reproductive traits in Nellore cattle. 
Animal. 2015;9:760–5.

 40. Johnston D, Barwick S, Fordyce G, Holroyd R, Williams P, Corbet N. 
Genetics of early and lifetime annual reproductive performance in cows 
of two tropical beef genotypes in northern Australia. Anim Prod Sci. 
2014;54:1–15.

 41. Brandt H, Werner DN, Baulain U, Brade W, Weissmann F. Genotype-
environment interactions for growth and carcass traits in different pig 
breeds kept under conventional and organic production systems. Animal. 
2010;4:535–44.

 42. Brown MA, Brown AH Jr, Jackson WG, Miesner JR. Genotype x environ-
ment interactions in Angus, Brahman, and reciprocal-cross cows and 
their calves grazing common bermudagrass, endophyte-infected tall 
fescue pastures, or both forages. J Anim Sci. 2000;78:546.

 43. Dingkuhn M, Luquet D, Quilot B, de Reffye P. Environmental and genetic 
control of morphogenesis in crops: towards models simulating pheno-
typic plasticity. Aust J Agri Res. 2005;56:1289–302.

 44. Uemoto Y, Sasaki S, Kojima T, Sugimoto Y, Watanabe T. Impact of QTL 
minor allele frequency on genomic evaluation using real genotype data 

and simulated phenotypes in Japanese Black cattle. BMC Genomics. 
2015;16:134.

 45. Almasy L, Dyer TD, Peralta JM, Jun G, Wood AR, Fuchsberger C. Data for 
Genetic Analysis Workshop 18: human whole genome sequence, blood 
pressure, and simulated phenotypes in extended pedigrees. BMC Proc. 
2014;8:1753–61.

 46. Rudder T, Seifert G, Burrow H. Live weights to 18 months of progeny sired 
by commercially bred and randomly selected bulls. Aust Soc Anim Prod. 
1986;16:347–50.

 47. Ibi T, Hirooka H, Kahi A, Sasae Y, Sasaki Y. Genotype× environment 
interaction effects on carcass traits in Japanese Black cattle. J Anim Sci. 
2005;83:1503–10.

 48. De Mattos D, Bertrand J, Misztal I. Investigation of genotype× environ-
ment interactions for weaning weight for Herefords in three countries. J 
Anim Sci. 2000;78:2121–6.

 49. Barwick SA, Johnston DJ, Holroyd RG, Walkley JRW, Burrow HM. Multi-trait 
assessment of early-in-life female, male and genomic measures for use in 
genetic selection to improve female reproductive performance of Brah-
man cattle. Anim Prod Sci. 2014;54:97–109.

 50. Harburg S, McLean I, Hayes BJ. Economic consequences of selection for 
cow fertility in northern Australian beef herds. Withcott: Bush Agribusi-
ness Pty Ltd.; 2020.

 51. Torres-Júnior JRDS, Pires MDFA, de Sá WF, Ferreira ADM, Viana JHM, Cama-
rgo LSA. Effect of maternal heat-stress on follicular growth and oocyte 
competence in Bos indicus cattle. Theriogenology. 2008;69:155–66.

 52. D’Occhio MJ, Baruselli PS, Campanile G. Influence of nutrition, body 
condition, and metabolic status on reproduction in female beef cattle: a 
review. Theriogenology. 2019;125:277–84.

 53. Senger PL. Pathways to pregnancy and parturition. Redmond: Current 
Conceptions, Inc.; 1997.

 54. Gilad E, Meidan R, Berman A, Graber Y, Wolfenson DJR. Effect of heat 
stress on tonic and GnRH-induced gonadotrophin secretion in relation 
to concentration of oestradiol in plasma of cyclic cows. Reproduction. 
1993;99:315–21.

 55. Roth Z, Meidan R, Braw-Tal R, Wolfenson D. Immediate and delayed 
effects of heat stress on follicular development and its association 
with plasma FSH and inhibin concentration in cows. J Reprod Fertil. 
2000;120:83–90.

 56. Jordan ER. Effects of heat stress on reproduction. J Dairy Sci. 
2003;86:104–14.

 57. Turner H. Genetic variation of rectal temperature in cows and its relation-
ship to fertility. Anim Sci. 1982;35:401–12.

 58. Shi R, Brito LF, Liu A, Luo H, Chen Z, Liu L, et al. Genotype-by-environment 
interaction in Holstein heifer fertility traits using single-step genomic 
reaction norm models. BMC Genomics. 2021;22:193.

 59. Freitas PHF, Johnson JS, Chen S, Oliveira HR, Tiezzi F, Lázaro SF, et al. 
Definition of environmental variables and critical periods to evaluate 
heat tolerance in large white pigs based on single-step genomic reaction 
norms. Front Genet. 2021;12: 717409.

 60. Fernando RL, Cheng H, Sun X, Garrick DJ. A comparison of identity-
by-descent and identity-by-state matrices that are used for genetic 
evaluation and estimation of variance components. J Anim Breed Genet. 
2017;134:213–23.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Investigating genotype by environment interaction for beef cattle fertility traits in commercial herds in northern Australia with multi-trait analysis
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Methods
	Phenotypes and project collaborators
	Weight
	Hip height
	Body condition score (BCS)

	Environmental descriptors
	Genotypes
	Genomic covariates
	Heritability
	Genomic correlations
	Simulated phenotypes

	Results
	Genetic linkage between environment levels for ADWG
	Average daily weight gain environmental levels
	Temperature humidity index environmental levels

	Discussion
	Heritability of fertility traits
	Simulated phenotypes
	Genotype x environment interactions
	Potential drawbacks and future work

	Conclusions
	Acknowledgements
	References


