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ABSTRACT 
The northern Australia beef cattle industry operates in harsh environmental conditions which consistently suppress female fertility. To better 
understand the environmental effect on cattle raised extensively in northern Australia, new environmental descriptors were defined for 54 com-
mercial herds located across the region. Three fertility traits, based on the presence of a corpus luteum at 600 d of age, indicating puberty, (CL 
Presence, n = 25,176), heifer pregnancy (n = 20,989) and first lactation pregnancy (n = 10,072) were recorded. Temperature, humidity, and rainfall 
were obtained from publicly available data based on herd location. Being pubertal at 600 d (i.e. CL Presence) increased the likelihood of success 
at heifer pregnancy and first lactation pregnancy (P < 0.05), underscoring the importance of early puberty in reproductive success. A tempera-
ture humidity index (THI) of 65–70 had a significant (P < 0.05) negative effect on first lactation pregnancy rate, heifer pregnancy and puberty at 
600 d of age. Area under the curve of daily THI was significant (P < 0.05) and reduced the likelihood of pregnancy at first lactation and puberty at 
600 days. Deviation from long-term average rainfall was not significant (P < 0.05) for any trait. Average daily weight gain had a significant and pos-
itive relationship (P < 0.05) for heifer and first lactation pregnancy. The results indicate that chronic or cumulative heat load is more determinantal 
to reproductive performance than acute heat stress. The reason for the lack of a clear relationship between acute heat stress and reproductive 
performance is unclear but may be partially explained by peak THI and peak nutrition coinciding at the same time. Sufficient evidence was found 
to justify the use of average daily weight gain and chronic heat load as descriptors to define an environmental gradient.
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INTRODUCTION
The northern Australia beef industry encompasses 
Queensland, the Northern Territory, and the northern half of 
Western Australia. This region contains 60% of Australia’s 
national cattle herd with the majority Bos indicus derived 
breeds (Australian Bureau of Statistics (ABS) 2020). The use 
of cattle with Bos indicus content is necessary given the di-
verse and challenging environmental conditions of the region 
(Fordyce et al., 1990; O’Rourke et al., 1991; Burrow, 2012; 
McLean et al., 2014). Generally, in the northern Australia 
pastoral industry the environmental “harshness” increases 
as you move north. This is due to a combination of extreme 
temperatures, increased external parasite burden, low fertility 
soils and highly pronounced wet and dry seasons (Henderson 
et al., 1978; McLean et al., 1983). These environments re-
quire tropically adapted cattle.

Environment represents more than location or a contempo-
rary group, it is the sum of the temperature, rainfall, pasture 
availability and other factors to which animals are exposed. 
“Environment” will; however, shift radically on an annual 
basis. Animals must be able to reproduce despite environ-
mental variation. Fertility traits, such as puberty, conception, 
and re-conception (i.e. second conception) are important 

drivers of profitability in a beef enterprise (McLean et al., 
2014; Harburg et al., 2020). Overall herd productivity is 
enhanced by large numbers of maiden heifers attaining pu-
berty, conceiving, and subsequently calving early in the 
breeding season (Day and Nogueira, 2013). Such females 
have maximum opportunity for lifetime reproductive success 
(Fortes et al., 2012; Johnston et al., 2014). These same traits 
have been shown to be greatly affected by environmental var-
iation (McGowan et al., 2014).

A range of approaches have been used to define the en-
vironment in northern Australia. McGowan et al. (2014) 
partitioned environment into several different regions based 
upon multiple inputs including land-type, weaning, and year-
ling weight. Harburg et al. (2020) adopted the regions based 
upon the Australian Bureau of Agricultural and Resource 
Economics and Sciences survey regions. In both these 
approaches, animals were effectively “binned” into environ-
mental groups. Alternatively, it is possible to describe the 
environment as a linear covariate (Falconer, 1990; Mulder, 
2016; Freitas et al., 2019). Mota et al. (2020) examined the 
impact of the environment on fertility traits in Brazilian beef 
cattle and used yearling weight to define environment. By 
using this approach, production and fertility traits can be 
modeled along an environmental gradient (Mota et al., 2020).
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We hypothesized that environmental factors will impact 
the rate of successful heifer fertility outcomes, namely attain-
ment of puberty by an average 600 d of age, first conception, 
and first lactation re-conception. The aim of this paper was 
to define environmental descriptors with a significant effect 
on fertility traits. The environmental descriptors examined in 
this study were designed to account for environmental vari-
ation as a continuous variable based upon available weather 
information (rainfall and temperature humidity index) and 
animal weight gain performance. This information is readily 
available to producers and was used to maintain applicability 
of the results to industry.

MATERIALS AND METHODS
The data were collected with approval from the University 
of Queensland Production and Companion Animal Ethics 
Committee as Approval SAFS/253/20/Northern Genomics.

Animals and Commercial Collaborators
The project utilized data from 54 commercial producers from 
environmentally diverse locations across northern Australia. 
These data were collected as part of the Northern Genomics 
project (Hayes et al., 2022). Animals were born between 2016 
and 2018 with primary data collection taking place between 
2018 and 2021. Some historical data from 2012 to 2014 
Brahman cohorts were also included. The project contained a 
cross-section of breeds typically found in northern Australia 
including Brahman, Angus, Belmont Red, Charolais, 
Droughtmaster, Shorthorn, Limousin, Santa Gertrudis, Boran 
and Wagyu (Hayes et al., 2019).

The aim of the project was to encompass the full range 
of breeds, country types and management systems repre-
sentative of northern Australia. Management practices and 
enterprise type varied from smaller, intensively managed 
seedstock herds to large, purely commercial businesses. Most 
collaborators ran heifers in large contemporary groups of at 
least 200–300 animals. A majority of heifers were first joined 
at 2 yr of age, although both intentional and unintentional 
mating of yearling heifers occurred. Producers who practiced 
controlled mating typically exposed females to bulls for 3–4 
mo commencing from November to January, depending on 
region. Animals in the project were individually identified 
using unique electronic identification device ear tags, required 
in Australia as part of the National Livestock Identification 
System (NLIS). Birth dates were not available for most ani-
mals due the extensive production environment, so approxi-
mate age was estimated based upon birth year.

Fertility Traits
CL presence Heifer reproductive maturity was meas-
ured in each year group when it was likely that approxi-
mately 50% were sexually mature, using a one-time ovarian 
ultrasound examination to detect the presence of a corpus 
luteum (CL) (n = 23,015). The original CL Score ranking 
from Corbet et al. (2018) was reduced to a binary trait, CL 
Presence (0 = “nonpubertal”, 1 = “pubertal”). A rectal ultra-
sound examination of the reproductive tract was completed 
by a trained veterinarian using a 10 MHz 60 mm linear array 
probe (HS-2200V or HS-1600V, Honda Electronics Co Ltd.). 
Heifers with a CL, either functional or regressing, or were 
pregnant, were classified as pubertal (1), and those without 
these hallmarks were classified as nonpubertal (0). See Corbet 

et al. (2018) for a full description of the procedure. The trait 
was assumed to be measured at approximately 600 d of age 
based on the cohort. With the nature of the extensive man-
agement system and lack of precise animal age, this may have 
ranged from 1 to 2.5 year of age.

Pregnancy
First pregnancy diagnosis (PD1) was measured as fetal age 
in months (n = 20,989) at approximately 2.5 yr of age, fol-
lowing the heifer’s first breeding season. Second pregnancy 
diagnosis (PD2; n = 10,072) was measured at approximately 
3.5 yr of age. Some yearling mating did occur within the 
project cohorts, in which case, first and second pregnancy 
diagnosis was conducted earlier than ~2.5 and ~3.5 yr, re-
spectively. Trained project collaborators or veterinarians 
conducted pregnancy testing via manual palpation or ul-
trasound examination approximately 2–4 mo after bull ex-
posure, with the timing of recording optimized to coincide 
with the producer’s management schedule. The pregnancy 
traits (PD1, PD2) were recorded as fetal age or “months 
pregnant” (with 0 = nonpregnant). This meant that animals 
with more advanced pregnancies at the time of ultrasound 
or palpation may have been assessed later in relation to their 
breeding season. Modeling pregnancy as a binary trait was 
therefore preferable, as all animals receive equal weighting for 
successful pregnancy. PD1 and PD2 were modeled as binary 
traits (0 = “nonpregnant”, 1 = “pregnant”) using a logistic 
regression.

Pregnancy within 4 mo of Calving
The ability of a first lactation cow to conceive is critical to 
herd profitability. Pregnancy within 4 mo of calving (P4M) 
was calculated from the fetal age at consecutive pregnancy 
diagnoses (PD1, PD2) using the approach outlined by 
McGowan et al. (2014). A gestation length of 290 d was used 
to predict calving date from PD1. A predicted conception date 
was derived from PD2, the difference between these two dates 
being used to determine whether P4M was achieved, resulting 
in a binary trait (1 = conceived within four months of calving, 
0 = did not re-conceive within four months of calving).

Covariates At the time of ultrasound examination and fer-
tility trait recording for CL Presence, PD1 and PD2, addi-
tional covariates and factors were also recorded:

Weight (Wt): Animal’s liveweight at the time of trait re-
cording, recorded automatically using a variety of equip-
ment such as walkover crush scales.

Hip Height: Distance from the ground to the peak of the 
sacrum. Typically, a standard tape-measure was taped to 
the roof of the crush and measured the vertical distance 
from the roof to the sacrum. This measurement was 
subtracted from the total height of the roof to the ground 
to calculate the true measurement.

Body Condition Score (BCS): Defined on a 1–5 scale, 1 be-
ing poor condition and 5 being over conditioned.

Bos indicus content (BI%): A measure of B. indicus con-
tent expressed as a percentage. All animals were genotyped 
using a 35K or 50K tropBeef SNP array by Neogen, 
Australasia (Hayes, 2022). Bos indicus percentage was 
calculated by comparing each animal to a large purebred 
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B. indicus dataset (Hayes et al., 2019). Using a GBLUP 
model, phenotypes were assigned as 1 for B. indicus and 
0 if not and the effect of each SNP was back-solved (Yang 
et al., 2011). Prediction equations for B. indicus purebred 
then directly estimated BI% (Hayes et al., 2019).

Heterozygosity (Het): Heterozygosity accounted for the ef-
fect of heterosis and was measured by the proportion of 
markers that were heterozygous for each animal (Hayes 
et al., 2019). Heterozygosity ranges from 0.25 (purebred) 
to 0.5 (F1 cross), this measure has been re-scaled on a 0–1 
scale, where 0 = purebred and 1 = F1 cross (Hayes, 2022).

Factors

Contemporary Group (CG): Defined by collaborating herd 
and animal birth year.

Collaborator: Defined by herd alone, distinct from CG as 
some project collaborators entered up to three separate 
cohorts into the project.

Year: Defined as year of CL Presence recording.

Month: Month of CL Presence recording.

Environmental Descriptors
Weather data for each property was obtained using the 
NASAPOWER package (Sparks, 2018) in R v3.5.3. 
NASAPOWER data are a publicly available global clima-
tology database with a 0.5° by 0.5° arc of longitude and lati-
tude (Sparks, 2018). Based upon the coordinates provided for 
each collaborator, daily interpolated observations of rainfall, 
temperature and relative humidity data were downloaded 
for the 20 yr preceding the time of trait recording. The 
interpolated data were preferrable as direct observations 
from weather stations were not available within 300 km for 
multiple different collaborators.

Temperature humidity index The temperature (T) and 
relative humidity (RH) was used to calculate a daily tempera-
ture humidity index (THI) as per Wijffels et al. (2013).

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

To assess the impact of the severity of the environment to 
which the heifers were exposed, the number of days where 
THI was equal to or exceeded different thresholds in the 
120 d prior to CL Presence recording and 120 d surrounding 
(60 d prior and 60 d post) conception date for heifers and 
first-lactation cows (PD1 and PD2) were obtained. The 60 d 
prior and post conception approximately aligns with three 
complete estrus cycles (Senger, 1997). Conception date was 
calculated from estimated fetal age and pregnancy diagnosis 
date.

A THI value of 79 is the threshold of acute heat stress, 
where the risk of detrimental effects on animal health and 
production increase (Moran, 2005; McGowan et al., 2014). 
Incremental thresholds of 65, 70, 75 and 79 were used, with 
THI thresholds of 65–75 being considered chronic heat load. 
Chronic heat load was also modeled by calculating the area 
under the curve (AUC) of daily THI in 120 d surrounding (60 
d prior and 60 d post) conception date for PD1 and PD2 and 
prior to recording date for CL Presence.

The use of this threshold however, did produce a potential 
sampling problem as a number of contemporary groups were 
not exposed to any days over the threshold of 79 within the 
120 d time period. The use of alternate (chronic heat load) 
thresholds aimed to address for this problem.

Rainfall Rainfall descriptors were based on the daily pre-
cipitation records. Rainfall was intended to serve as a proxy 
for nutritional availability as rainfall received is the key de-
terminant of nutrition in extensive grazing systems. Two 
separate descriptors were calculated based on the same key 
dates in the breeding cycle: conception date (PD1, PD2) and 
trait recording date (CL Presence). Total rainfall (mm) in 
120 d and the standard deviation of rainfall in the 120 d 
were compared to the 20 yr average of the same period and 
location.

Average Daily Weight Gain
Average daily weight gain (ADWG) was calculated as the 
average daily gain from CL Presence to PD1 and from PD1 
to PD2 (kg/day). ADWG measures the nutritional availa-
bility based on animal outcome. In the context of this study, 
ADWG was used to approximate environment. This is similar 
to Mota et al. (2020) who used yearling body weight to define 
environmental levels to analyze genotype by environment in-
teraction for fertility traits in Brazilian Nellore cattle. The ef-
fect of ADWG on CL Presence was not modeled as no weight 
recording information prior to CL Presence measurement was 
available.

Statistical analysis Contemporary groups containing 
fewer than 50 records were excluded from the analysis. 
Second pregnancy (PD2) records were filtered based on the 
number of days a cow was open, or the estimated number 
of days between predicted calving date at PD1 (assuming a 
290 d gestation length) and the predicted conception date for 
PD2. The time between PD1 and PD2 varied greatly within, 
in some cases was in excess of 600 days. Outliers of this 
magnitude indicated that animals were not pregnancy tested 
within their respective groups. In extensive herds, it is not un-
common for animals to be absent or inadvertently left behind 
during mustering. This was apparently the case within the 
dataset and such outliers were removed to ensure that PD2 
was restricted to animals breeding within consecutive years. 
In absence of available lactation or weaning records, this also 
had the effect of narrowing the dataset to primarily include 
cows that would have been lactating at conception, although 
this could not be confirmed. This data filtering criteria was 
also used to assign P4M. The environmental descriptors were 
individually fit as fixed effects. Animal level fixed effects 
(factors and covariates) were modeled alongside environment 
to isolate the effect of each environmental descriptor on fer-
tility. Using a bottom-up approach for model fitting, models 
only included a combination of significant fixed effects 
(Supplementary Table S1). In the case of PD1, BI% was kept 
in the model to maintain consistency with every other anal-
ysis. For pregnancy diagnosis (PD1 and PD2), the equation of 
each generalized linear model was:

Pregnancy status ∼ HH + BCS+Wt + CG+ BI % +Het + ED

Statistical analysis was conducted using the glm.db package 
in R (Ripley et al., 2013). Additional analysis to examine the 

http://academic.oup.com/tas/article-lookup/doi/10.1093/tas/txac035#supplementary-data
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effect of puberty status at CL Presence on subsequent preg-
nancy was similarly modelled, replacing environmental de-
scriptor for CL Presence, and completed using a least squares 
mean test via the emmeans package in R (Russell et al., 2018).

The relationship between CL Presence and all environ-
mental measures was also modeled using logistic regression 
using the glm.db package in R (Ripley et al., 2013). The envi-
ronmental descriptors for CL Presence were calculated as the 
same for all the animals within a herd year group. Months in 
which fewer than five cohorts were scanned were excluded 
from the analysis. For CL Presence, the equation of the 
generalized linear model was:

CL Score ∼ HH + BCS+Wt +month+ year+ collaborating

herd+ BI % +Het + ED

RESULTS
Table 1 shows descriptive statistics for CL Presence, PD1, PD2 
and P4M. The presence of a CL was detected in close to 50% 
of heifers, corresponding to the objectives in the study design. 
Pubertal heifers were, on average, heavier at CL Presence re-
cording. The pregnancy results achieved at PD1 were slightly 
higher than those achieved at PD2. Yearling pregnancy at the 
time of CL Presence recording, contained within the “pu-
bertal results”, was observed in 15.63% of heifers. The P4M 
results of yearling mated heifers were lower than the those 
achieved by heifers rebreeding at PD2.

Heifers that were pubertal at CL Presence had increased 
log odds of pregnancy success at both PD1 (0.56) and PD2 
(0.75) compared to non-pubertal heifers (P < 0.05). There 
was substantial evidence that heifers that achieved puberty by 
approximately 600 d of age had improved performance for 
subsequent pregnancies.

Effect of Rainfall on Reproductive Traits
Neither the magnitude nor the variability of rainfall in the 
120 d preceding CL Presence recording was found to have 
a significant effect (P > 0.05) on the attainment of puberty 

(Table 1). There was no evidence that above average rain-
fall in the period prior to conception/trait recording lead to a 
higher proportion of pubertal heifers.

Total rainfall and rainfall deviation from a 20 yr average 
both had no effect (P > 0.05) on first or second pregnancy 
outcome. There was no evidence that above average rain-
fall in the period prior to conception lead to a higher preg-
nancy rate at either PD1 or PD2. Rainfall was significantly 
(P < 0.05) correlated to liveweight; however, fitting rainfall 
independently of liveweight in the model accounted for this 
potentially confounding effect.

Effect of ADWG on Reproductive Traits
We found that that effect of ADWG on PD1 was significant 
(P < 0.05), with each additional kilogram of daily weight gain 
increasing the log odds of successful first pregnancy (Table 1). 
Increased ADWG from PD1 to PD2 assessment had a signifi-
cant, positive effect on first lactation conception rate. There is 
an evidence that increased ADWG from CL Presence recording 
to PD1, and again from PD1 to PD2 recording, is associated 
with an increase in the proportion of successful pregnancies.

Effect of THI on Puberty
The effect of THI on the CL Presence was varied. Each day 
over the individual THI thresholds 65 and 70 had a signif-
icant (P < 0.05) and negative relationship to CL Presence. 
The cumulative daily THI for 120 d prior to trait recording 
was significant (P < 0.05) and had a negative effect on CL 
Presence (Table 1). However, the effect of days over 75 and 
79 on CL Presence was positive. There was limited evidence 
that increased heat load, especially chronic heat load, in the 
period prior to ovarian ultrasound for CL Presence reduced 
the proportion of pubertal females.

Effect of THI on Pregnancy
The effect of daily THI on PD1 followed a similar pattern 
to CL Presence. The number of days an animal was exposed 
to THI thresholds of 65 and 70 in the 120 d surrounding 
conception date each had a significant impact (P < 0.05) and 
reduced the likelihood of pregnancy for each additional day 

Table 1. Effect of environmental descriptors on fertility outcome

 CL Presence1 PD11 PD21

N 25,176 20,989 10,072

Proportion pubertal or pregnant 0.44 0.71 0.64

P4M1 rate 0.27 0.38

Environmental Descriptor Estimate P-value Estimate P-value Estimate P-value 

Temperature humidity index

  Number of d ≥ 79 0.12 <0.01 0.04 <0.01 −1.01 0.11

  Number of d ≥ 75 0.02 0.06 0.01 0.24 −0.06 <0.01

  Number of d ≥ 70 −0.05 <0.01 −0.01 <0.01 −0.05 0.01

  Number of d ≥ 65 −0.06 <0.01 −0.06 <0.01 −0.15 <0.01

  Area under curve in previous 120 d 0.00 <0.01 0.00 0.75 −0.01 <0.01

Deviation from average rainfall 0.00 0.21 −0.09 0.94 0.38 0.75

Total rainfall −0.10 0.21 0.00 0.94 0.00 0.75

Average daily weight gain in previous year 0.01 <0.01 2.12 <0.01

1CL Presence = ovarian scanning at 600 d, PD1 = Pregnancy detection 1, PD2 = Pregnancy detection 2, P4M = conception rate within 4 mo of calving.
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above the threshold (Table 1). In contrast, days above 79 had 
a positive effect (P < 0.05), while days over 75 had no effect. 
The AUC of daily THI for the 120 d surrounding concep-
tion date (60 d prior and 60 d post) was not associated with 
pregnancy outcome at first pregnancy (P > 0.05). The results 
showed that increased chronic heat load in the period sur-
rounding conception will reduce the proportion of females 
that are pregnant at PD1.

The number of days an animal was exposed to THI 
thresholds of 65, 70, and 75 in the 120 d surrounding concep-
tion date each had a significant impact (P < 0.05) and reduced 
the likelihood of pregnancy success for every additional day 
above the threshold. The AUC of daily THI for the 120 d sur-
rounding conception date (60 d prior and 60 d post) was also 
negatively (P < 0.05) associated with a positive pregnancy di-
agnosis at PD2. These results showed that increased heat load 
in the period surrounding re-conception will reduce the pro-
portion of successful pregnancies at PD2.

Discussion
Our results have demonstrated that environmental factors 
impact heifer fertility traits; puberty attainment by approx-
imately 600 d of age, first conception, and first lactation 
re-conception. We found that ADWG and chronic heat load 
descriptors had a significant relationship with reproductive 
outcomes and effectively model the influence of environ-
ment. By utilizing environmental information readily avail-
able to producers, the interaction between environment and 
reproduction may more effectively be accounted for in future 
efforts to improve female fertility in tropical beef herds.

Relationship Between Puberty and Pregnancy
The use of an ultrasound to examine the reproductive tract 
and ovaries can detect the presence of a CL (Pierson and 
Ginther, 1988; Johnston et al., 2009, 2014; Corbet et al., 
2018). The use of a single ultrasound examination at approx-
imately 600 d was proposed by Corbet et al. (2018) as an 
alternative to the intensive process of regularly conducted 
scanning to determine age at puberty. Its use was expanded 
upon by Engle et al. (2018) who estimated the genomic cor-
relation between age at puberty and reproductive maturity 
score was −0.83, indicating that a single scan is an accurate 
measure of puberty.

Our results confirmed the beneficial relationship between 
these puberty measures and later reproductive success in 
Northern Australian beef (Johnston et al., 2014; Corbet et 
al., 2018). Heifers that are pubertal at the commencement 
of joining conceive earlier, calve earlier, and are more readily 
able to re-conceive during the subsequent breeding season 
(Day and Nogueira, 2013; Johnston et al., 2014; Corbet et 
al., 2018). This increases the management options available 
for producers, it allows for earlier weaning if required due to 
seasonal conditions. This study has reinforced the importance 
of puberty as a fertility trait as it can be measured early in 
life and has a positive relationship to subsequent pregnancy. 
These results also highlight the importance of heifer manage-
ment to ensure puberty is reached prior to joining and that 
deliberate selection for reduced age and weight at puberty is 
undertaken.

Fertility variation Approximately 44% of the heifers in 
this study were pubertal as they had either a CL at time of CL 

Presence measurement or were pregnant. Heifers reaching pu-
berty by ~600 d is typical of northern Australian production 
systems. Burns et al. (1992) found the average age of pubertal 
to be 580–650 d, which was corroborated by Johnston et al. 
(2009) who found 24 mo to be typical. Our results for CL 
Presence were comparable to past studies investigating pu-
berty in females including results from Johnston et al., (2009) 
(age at first CL) and Corbet et al., (2018) (CL Presence). 
These findings, amongst others, demonstrate the difficulties 
associated with reaching puberty in tropical and subtrop-
ical Australia. In temperate environments, by 2 yr of age, 
heifers are expected to have already calved. The differing ex-
pectations in temperate zones is partially attributable to the 
widespread use of taurine breeds, breeds with earlier sexual 
precocity compared to the indicine breeds favored in the trop-
ical environments of this study (Martin et al., 1992; Rodrigues 
et al., 2002). However, insufficient body weight, due to mar-
ginal nutrition and harsh environmental conditions, is often 
the primary constraint on puberty in tropical herds. Kinder 
et al. (1994) found that achieving 2/3 of a mature weight is 
critical to puberty attainment, regardless of age impractical 
to achieve before 2 yr of age in many northern Australia pro-
duction systems (Johnston et al., 2009, Fordyce and Chandra, 
2016). Scanning project heifers earlier than ~600 d would 
have resulted in a dataset that was heavily skewed toward 
“nonpubertal” due to these environmental constraints. The 
complex relationship between body weight, environmental 
conditions, and fertility outcome is beyond the scope of this 
study. However, liveweight, body condition score, and hip 
height were included in our models to account for the well-es-
tablished relationship between animal weight, body condition 
and reproductive outcome (McCosker et al., 2021).

The observed pregnancy rates were also reflective of past 
research. The success rate for PD1 was fractionally less than 
the result reported by McGowan et al. (2014) (80%) and 
Schatz and Hearnden (2008) (>75%), who found marginally 
higher median pregnancy rates amongst cows in Queensland 
and the Northern Territory, respectively. Pregnancy diagnosis 
results at PD2 reflect rebreed rates from first-lactation cows. 
McGowan et al. (2014) found a higher annual pregnancy rate 
in first lactation cows ranging from 48% to 86% (Q1–Q3) 
across several regions, a median level of 77%. In contrast, 
Johnston et al. (2014) and Schatz and Hearnden (2008) 
found drastically lower rebreed rates (25%–27%), as did 
Sullivan et al. (1997) (18.6%), O’Rourke et al. (1995) (15%), 
and Holroyd et al. (1990) (38%–44%).

The re-conception rates from our study were generally 
higher than previous findings, except for McGowan et al. 
(2014), which is the most comparable study to the present 
work in terms of location and commercial herd structure. The 
seasonal conditions during the years of data collection im-
pacted our results. Dry conditions were experienced during 
the project although severe weather events, including wide-
spread flooding, directly impacted some collaborators. Our 
re-conception results, despite being higher than some pre-
vious studies, still illustrate that pregnancy rates in tropical 
Australia are not reaching the level required for sustainable 
self-replacing breeding herds, this is without taking pregnancy 
loss and calf mortality into account. This indicates that a sig-
nificant proportion of breeding females in northern Australia 
are periodically unproductive.

Re-conception rate itself presents only part of the fertility 
picture; to successfully calve in consecutive years, cows must 
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re-conceive within four months of calving, a scenario that 
P4M is designed to measure. We found the P4M rate at second 
pregnancy diagnosis, among those heifers that first calved at 
~3 yr, were comparable to previous results from McGowan et 
al. (2014). Our results indicate that less than a third of first-
lactation heifers are re-breeding in a timeframe that will allow 
for calving in consecutive years, increasing the numbers of un-
productive (nonlacating and nonpregnant) females in the herd. 
For those heifers which were pregnant at CL Presence the rate 
of P4M was low. Animals that were pregnant at CL Presence, 
and were subsequently lactating at 2 yr, were comparatively 
less likely to be pregnant at PD1 recording compared to both 
nonpregnant pubertal and nonpubertal heifers. This indicates 
that heifers successfully producing a calf by 2 yr are at a dis-
advantage in extensive tropical production systems.

Fewer than half heifers in this study were pubertal at time 
of ovarian scanning, approximately 600 days of age, hence 
there is considerable scope for improvement. Heifers that were 
pubertal at 600 days of age were more likely to be pregnant 
at PD1 and PD2, thus targeted selection for earlier puberty 
would be beneficial to overall herd productivity. Currently, 
not enough heifers are pubertal prior to joining. However, 
the goal of selecting for reduced age and weight at puberty 
should be balanced with actual production constraints. In 
this extensive, tropical, pastoral system, calving heifers at 2 
yr of age places excessive nutritional demands on growing 
animals, reducing their ability to produce calves in consecu-
tive years, although the effect on the total number of calves 
in their lifetime is less pronounced (Burns et al., 2010; Schatz 
and Partridge, 2012). Selection and management must align 
to reduce age at puberty and ensure that heifers are suffi-
ciently grown prior to first pregnancy, so as not to impede 
re-conception.

Effect of rainfall on reproduction Rainfall itself has a 
marginal direct effect on cattle except for extreme weather 
events, rather, the impact of rainfall is primarily felt through 
the availability and quality of feed. Rainfall received is used 
to calculate annual feed budgets and is the basis for tracking 
stock days/ha, such information is fundamental to effective 
grazing management and has long been utilized for tools such 
as grazing charts. Quantifying the exact relationship between 
heifer pregnancy and mm of rainfall would be extremely val-
uable to producers and was the key objective in defining this 
environmental descriptor.

The timing of rainfall relative to trait recording was used 
to indicate the quality of pasture at periods in the breeding 
cycle. In a severe and extended dry periods, the quality of 
feed will decline but so will the available feed, measured in 
kg/ha (Bowen et al., 2018). The required dry matter intake 
is typically expressed at a percentage of bodyweight. Cattle 
generally require a dry matter intake equivalent to 2.5% of 
liveweight, a figure that increases during lactation (MLA, 
2015). Our simple contention was that rainfall has an influ-
ence on dry matter intake because it is a determining factor 
of feed digestibility, that more digestible a certain feedstuff 
is, the more cattle can consume. Young, growing pasture can 
be approximately 20% dry matter, compared to dry, mature 
pasture which can be 80%–85% dry matter (Fulkerson and 
Slack, 1993; Poppi et al., 2018). Increasing the nutritional 
availability of pasture during heifer development, before the 
breeding season, and during early pregnancy can improve fer-
tility outcomes (Poppi et al., 2018).

We did not find any statistically significant relationship be-
tween fertility and rainfall, indicating that while rainfall is a key 
determinant of available nutrition in extensive tropical pastoral 
systems, the use of total rainfall and deviation from long-term 
average does not capture the effect of nutritional availability on 
fertility outcomes. The shortcomings in this modeling may have 
been due to a lack of precision in defining rainfall, it is based on 
spacial interpolation of rainfall rather than direct observations 
(Sparks, 2018). A potential confounding effect was the signifi-
cant correlation between rainfall and liveweight; however, this 
was accounted for by independently fitting liveweight and rain-
fall to the model. This ensured that the reproductive response 
to rainfall was independent of weight. It should also be noted 
that our model does not account for supplementary feeding of 
protein meal or nonprotein nitrogen (urea) which is extremely 
common throughout tropical Australia (MLA, 2015; Bowen 
et al., 2018).

To overcome the shortcomings in nutritional modeling, 
rainfall records could be augmented with pasture growth 
information that is available through the Queensland gov-
ernment (Queensland Government, 2021). This will directly 
measure the level of nutrition (measured as dry matter) that is 
available to animals, rather than inferring this available nutri-
tion. Additionally, Northern Genomics project collaborators 
have also conducted faecal sampling which raises the pos-
sibility of direct observations of animal diet in the future. 
However, the exact interaction between rainfall, feed availa-
bility, and fertility is complex and difficult to quantify over a 
diverse range of land-types and doing so is beyond the scope 
of this current inquiry. We found that the use of rainfall alone 
over-simplifies the complex issue of nutritional availability, 
and that additional information is required to successfully es-
timate nutrition using rainfall.

Effect of average daily weight gain on preg-
nancy Average daily weight gain is an alternative measure 
of nutritional availability; rather than attempting to estimate 
nutrition from an external factor (like rainfall), it is quantified 
on an outcome basis. Those animals with higher ADWG had 
access to better nutrition through improved pasture quality, 
supplementation, or other factors. A heifer’s underlying ge-
netic potential has an impact on ADWG. However, to segre-
gate the genetic and environmental components of ADWG, 
measures of heifer size were included in these models, specif-
ically Wt, BCS, and HH. Our results confirmed the link be-
tween increased ADWG, as a measure of environment, and 
better reproductive performance (Burrow, 2001; Boligon and 
Albuquerque, 2011; Mota et al., 2020).

The link between increased ADWG and improved re-
productive performance has its basis in the physiological 
impacts of nutrition on the reproductive cycle. Nutrition 
acts in several ways to promote and maintain reproductive 
cyclicity, including to stimulate the secretion of pre-pubertal 
luteinizing hormone (Schillo et al., 1992; Pryce et al., 2001; 
Nogueira, 2004; Scaramuzzi et al., 2006; Archbold et al., 
2012; D’Occhio et al., 2019). The secretion of gonadotropin-
releasing hormone by the pituitary gland, is governed by 
the positive feedback from metabolic hormones whose se-
cretion will be promoted by improved nutrition (D’Occhio 
et al., 2019). This nutritional aspect is especially influential 
for rebreeding success following a heifer’s first pregnancy, 
insufficient nutrition can lengthen post-partum anoestrus 
interval and exacerbate lactation anestrus (Entwhistle, 
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1983; Scaramuzzi et al., 2006; Schatz and Hearnden, 2008; 
Burns et al., 2010). Lactation anestrus is prominent in the 
B. indicus breeds utilized in this study; a self-preservation 
mechanism, it can also reduce broader reproductive perfor-
mance (Rodríguez and Segura, 1995; Petersson et al., 2007).

The relationship between lactation anestrus and post-
partum anestrus interval accounts for the strong correla-
tion observed between ADWG and PD2. Animals that were 
gaining weight between PD1 and PD2 had access to suffi-
cient nutrition to avoid extended lactation anestrus. This 
again underlines the importance of female management 
in tropical pastoral systems; effectively managing cow 
body weight, particularly post-calving, is essential for re-
productive success. By extension, these results, along with 
the negative relationship between hip height and repro-
duction, demonstrate the risks of breeding large-framed 
females in tropical pastoral systems. Larger animals have 
higher feed maintenance requirements and it is beneficial to 
conduct breeding programs to produce moderate-framed, 
and thus more efficient, females for nutritionally limited 
environments.

THI effects on puberty The impacts of heat stress 
on fertility traits in beef cattle managed under extensive 
environments, such as those in tropical Australia, are not well 
understood. A wealth of information exists for this issue in 
dairy cattle and for non-reproductive feedlot cattle, but anal-
ysis of commercial female herds in extensive environments 
has been less common (Gilad et al., 1993; Beatty et al., 2006; 
Brown-Brandl et al., 2006; Ferguson et al., 2006). In this 
study, a THI of 79 was used, as this figure was widely ac-
cepted as the threshold to severe heat stress in cattle (Moran, 
2005; McGowan et al., 2014).

Although we uncovered evidence of a negative relation-
ship between chronic heat load and puberty (AUC and 
number of days over THI 65 and 70), surprisingly, a non-
negative relationship (P < 0.05) between acute heat stress 
and puberty was found. In this study, puberty was defined 
via detection of the CL, its presence indicated that the heifer 
was currently within the estrus cycle or had completed this 
cycle at least once (Senger, 1997). The hormones produced 
by the structures of the reproductive tract during estrus are 
subject to interference under high heat stress conditions. 
Heat stress suppresses the secretion follicle stimulating hor-
mone from the pituitary gland, slowing the reproductive 
cycle (Torres-Júnior et al., 2008; Krishnan et al., 2017). The 
onset of puberty itself has been shown to be delayed due 
to heat stress meaning that heat stress will negatively im-
pact the reproductive cyclicity of pubertal and nonpubertal 
animals (Vincent, 1972; Krishnan et al., 2017). Given this, 
the surprising lack of significant relationship between acute 
heat stress and puberty may be due to the modeling of THI. 
The THI descriptors were the same for all animals within 
a contemporary group, meaning the effect of THI was par-
tially nested. Additionally, the summer months in which ani-
mals would have been exposed to acute heat stress coincides 
with the wet season in tropical production systems and thus 
peak nutritional availability. It is possible that the opposing 
effects of increased pasture quality and the increased likeli-
hood of acute heat stress are confounding the interpretation 
of these results. Our results suggests that cumulative, sus-
tained heat load is detrimental to puberty attainment. We 
speculate that the high level of sustained heat load in the 

tropics could mean that acute heat stress events do not have 
the same impact as they would in temperate climates with 
temperate breeds.

THI effects on first and second pregnancy Our results 
for first pregnancy indicated that significant and negative 
relationships were only found for sustained heat load. This 
was similar to the effect of THI on puberty. We also found 
acute heat stress (days over 79) was not significant for second 
pregnancy outcome, although chronic heat load was signifi-
cant and the relationship was universally negative, regardless 
of significance. The lack of a definitive relationship between 
acute heat stress and pregnancy does not agree with the phys-
iological impacts found in literature. This result, similarly 
found in the puberty results, may be partially explained by 
a large number of contemporary groups within the analysis 
having 0 d above the 79 threshold in the defined time period. 
This potential sampling problem was compensated for by 
modeling a number of different thresholds.

Heat stress has well-recognized effects on the survival of 
fertilized embryos as well as direct impacts on the estrus cycle. 
The effect of heat stress on the estrus cycle without fertil-
ization of the oocyte was examined by Gilad et al. (1993) 
in Holstein cows. Seasonal (chronic) and acute heat stress 
during estrus were both found to reduce the secretion of fol-
licular stimulating hormone and luteinizing hormone, thus 
slow the estrus cycle, potentially delaying pregnancy (Gilad et 
al., 1993). Numerous, small-scale trials involving dairy cattle 
have described similar suppression of embryonic survival, 
interference with the estrus cycle and reduced fertility rates 
(Roth et al., 2000; Jordan, 2003; West, 2003; Nguyen et al., 
2016).

Torres-Júnior et al. (2008) conducted trials on tropically 
adapted Gir in Brazil, a breed and environment closer to 
our study, and determined that exposure to heat stress had 
a delayed effect on oocyte viability and suppressed the re-
cruitment of a dominant follicle during the follicular phase. 
Krishnan et al. (2017) concluded that B. indicus animals dis-
played better oocyte resilience under heat stress conditions 
compared to B. taurus, this suggests that the lack of a signif-
icant relationship between acute heat stress and pregnancy 
may be partially due to the widespread use of B. indicus cattle 
within the study. This effect was previously noted by Turner 
(1982) who found that B. taurus females, particularly those 
lactating, had diminished fertility outcomes when displaying 
elevated rectal temperatures. Conversely, the fertility of B. 
indicus females was less affected and no significant difference 
in fertility outcome was observed between “wet” and “dry” 
cows (Turner, 1982). This affect was observed within our 
results as the magnitude and direction of the relationship be-
tween heat stress/load was not significantly different between 
PD1 (nonlactating) and PD2 (lactating) cows.

The lack of a significant relationship between heat stress 
and fertility outcome in this study was partially echoed by 
results from McGowan et al. (2014) who found that in the 
most marginal environments, exposure to greater than or 
less than 2 weeks of days over 79 made no difference to 
calf survival. Whilst a different reproductive trait, the re-
sult from McGowan et al. (2014), in conjunction with our 
results suggests that acute heat stress events may be less 
impactful than expected on breeding females in Northern 
Australia. In addition to the potential acclimatization of an-
imals to their environment, we speculate that the influence 
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of a distinctive wet season, peak nutrition, and peak THI 
occurring at the same time is partially confounding the anal-
ysis, although this is difficult to determine. Chronic heat 
load appears to be a more suitable environmental gradient, 
with greater exposure to cummulative heat load significantly 
affecting pregnancy.

CONCLUSION
Heifers that were pubertal at approximately 600 d of age had 
improved chances of being pregnant at both first and second 
pregnancy examinations. This shows the value of selecting 
for heifers that are early maturing. Heifers that are pubertal 
at the start of the joining period increase their chances to 
become pregnant early in the joining period which in turn 
increases the time available after parturition to re-conceive. 
Acute heat stress was found to have no significant impact 
upon reproductive performance, either expression of puberty 
or successful pregnancy. However, descriptors based on THI 
used to measure chronic heat load were found to have neg-
ative, significant relationships to heifer puberty, first preg-
nancy and second pregnancy rates. The use of environmental 
descriptors based upon rainfall produced unsignificant 
results, suggesting that the use of rainfall, as a surrogate 
for nutrition, requires additional refinement, outside of the 
scope of this study. Increased ADWG, modeled as an out-
come of nutritional environment, was linked to improved 
pregnancy rates at PD1 and PD2. The descriptors based upon 
ADWG and chronic heat load satisfied the primary objective 
of the study, to define an environmental gradient based on 
these descriptors. Defining the relationships between these 
descriptors and reproductive outcomes forms the basis for 
future work modeling genotype by environment interactions 
in northern Australia.

Supplementary Data
Supplementary data are available at Translational Animal 
Science online.
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