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Abstract 

Recent advancements in the reproductive management of dairy cattle highlight the 

integration of multiple disciplines, including physiology, management, nutrition, genetics, 

economics, veterinary herd health, and production medicine, to improve reproductive 

performance. Generation of timely and cost-effective pregnancies is a key economic driver in dairy 

herds, influencing milk yield, income over feed cost, and culling decisions. Artificial insemination 

(AI) accelerates genetic progress, controls venereal diseases, and ensures safety. Estrous cycle 

synchronization programs, particularly timed AI (TAI), have emerged as cost-effective solution 

to improve pregnancy rates and reducing estrus detection needs. Despite the development of 

numerous controlled breeding programs, a thorough understanding of estrous cycle physiology 

and follicular wave dynamics is essential. Different synchronization programs enhance 

insemination and pregnancy rates in dairy cows and heifers. Genetic selection for reproductive 

traits has improved breeding strategies by emphasizing both productive and reproductive traits. 

Improved understanding of hormonal influences, estrous synchronization, and genetic selection 

has significantly enhanced reproductive performance. The goals of this thesis are to: 1)  review the 

literature on the current status of knowledge of factors impacting effective reproductive 

management strategies and hormonal manipulations in dairy cattle; 2) assess the impact of 

increasing the dose of GnRH at the beginning of a CIDR Synch to improve ovulation and 

pregnancy in dairy heifers, and 3) to compare key reproductive outcomes in two reproductive 

programs with variable estrus detection length followed by OvSynch and to assess their 

relationship with the fertility traits genomic prediction for daughter pregnancy rate (GDPR) and 

the genomic prediction for cow conception rate (GCCR) in lactating Holstein dairy cows. 
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Chapter 1 - Introduction 1 

Reproductive management in dairy cattle has undergone significant changes, with 2 

researchers now deeply exploring the reproductive physiology of dairy cows and heifers. These 3 

improvements encompass a variety of disciplines integral to dairy farming, such as physiology, 4 

management, nutrition, genetics, economics, veterinary herd health, and production medicine. 5 

Integrative strategies are essential for achieving optimal fertility in lactating dairy cows and 6 

enhancing overall reproductive performance in herds. Aligning with industry standards and 7 

emerging market trends is critical for ensuring efficient reproductive management and 8 

sustainability in dairy cattle. (Thatcher and Santos, 2020). 9 

Reproductive performance is a vital component of any livestock operation, with the success 10 

of dairy operations closely tied to economic outcomes. Failures in reproductive management can 11 

significantly impact crucial factors such as average milk yield, income over feed costs, and culling 12 

decisions, ultimately affecting the overall profitability of dairy herds. (Giordano et al., 2012b; 13 

Galvão et al., 2013). In the context of dairy farming, economic profitability is heavily reliant on 14 

enhancing the reproductive efficiency of dairy cows (Cabrera, 2014). A decline in fertility, which 15 

adversely affects milk production, can be attributed to various factors. These include inadequate 16 

estrous detection, suboptimal housing systems, herd size challenges, nutritional mismanagement, 17 

and reproductive diseases (Giordano et al., 2012b). 18 

The productive lifespan of an adult cow is a crucial factor in dairy management. Optimizing 19 

this duration extends the most productive phase of their life cycle, enhancing overall farm 20 

efficiency and profitability. (Pecsok et al., 1994; Ferguson and Galligan, 1999). Therefore, it is 21 

essential to optimize pregnancy outcomes in dairy cattle to align their life cycle with the best 22 

predicted window for productive performance. The use of artificial insemination (AI) is known to 23 
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accelerate genetic progress, control venereal diseases, and ensure the safety of cows and farm 24 

personnel compared to reproductive programs that rely on natural services (Champagne et al., 25 

2002; Lima et al., 2009). Over the past 30 years, estrous cycle synchronization and timed artificial 26 

insemination (TAI) programs have emerged as pivotal strategies in dairy management. These 27 

programs have enabled farmers to achieve optimal reproductive performance, significantly 28 

enhancing conception rates. 29 

Moreover, TAI has been identified as a cost-effective solution for managing reproduction, 30 

especially in high-producing dairy cows that exhibit reduced signs of estrus (Risco et al., 1998; 31 

Lima et al., 2010). Timed AI programs were developed to assist in obtaining pregnancies in groups 32 

of cows, either restricting the intervals during which estrus detection needs to be performed or 33 

eliminating the need for estrus detection (ED). Although there are numerous TAI programs in beef 34 

and dairy herds, a thorough understanding of the physiology of the estrous cycle and follicular 35 

wave dynamics in particular, is necessary before attempting manipulation of the estrous cycle. 36 

(Colazo and Mapletoft, 2014). 37 

A variety of estrus and ovulation synchronization programs have been designed and 38 

applied to improve insemination and pregnancy rates in dairy cows (Bisinotto et al., 2014; 39 

Borchardt et al., 2018; Stevenson et al., 2018) and dairy heifers (Lima et al., 2013; Silva et al., 40 

2015; Colazo and Mapletoft, 2017; Karakaya-Bilen et al., 2019). Despite considerable progress in 41 

understanding the physiology of follicular development in cattle, there remain questions and 42 

pitfalls in controlling the normal growth of ovulatory follicles in high-producing dairy cows 43 

(Mohammadi et al., 2024). Physiological differences between cows and heifers have been widely 44 

reported in several studies. While a great percentage of heifers exhibit three follicular waves, dairy 45 

cows tend to have two follicular waves per cycle (Lindley et al., 2021). Moreover, discrepancies 46 
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between the sizes of follicles and corpus luteum (CL) and serum steroid concentrations between 47 

dairy cows and heifers are another physiological difference that needs to be considered (Sartori et 48 

al., 2004). For example, lactating cows have greater steroid metabolism and clearance than dairy 49 

heifers (Sartori et al., 2004; Lopez et al., 2005a; Lopez et al., 2005b). Depending on the number 50 

of waves that occur in the cycle, the length of the cycle itself will vary, and the variable period of 51 

follicular turnover will require the use of different programs (Kasimanickam and Kasimanickam, 52 

2021). Indeed, the latter is a major difference that has supported the use of specific programs for 53 

dairy heifers (Lima et al., 2011, 2013).  54 

Another physiological aspect that impacts gonadotropin-releasing hormone (GnRH) 55 

induced ovulation at the beginning of estrous synchronization programs is the plasma 56 

concentration of progesterone (P4). Studies have shown that higher P4 concentrations are 57 

consistently associated with lower plasma concentrations of luteinizing hormone (LH) in response 58 

to GnRH (Giordano et al., 2012a; Lima et al., 2013; Batista et al., 2017). The P4 environment is 59 

thus a crucial component of the hormonal landscape that determines the GnRH response and 60 

influences the ovulatory potential of the treated animal. Interestingly, it was reported that a double 61 

dose of GnRH (200 μg vs. the standard 100 μg) increased the plasma concentration of LH released 62 

(Giordano et al., 2012a). Therefore, optimizing hormonal treatments and understanding the 63 

underlying physiological mechanisms can significantly enhance reproductive performance in dairy 64 

cattle. 65 

Selection for reproductive traits, such as genomic daughter pregnancy rate (GDPR) and 66 

heifer conception rate (HCR), reshaped breeding strategies within the dairy community, 67 

underscoring the increasing emphasis on selecting for both productive and reproductive traits 68 
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(VanRaden et al., 2003; Council on Dairy Cattle Breeding, 2018). A positive correlation exists 69 

between cows in the highest quartiles for GDPR and the first AI service pregnancy success rates 70 

(Veronese et al., 2019; Lima et al., 2020), and also exhibit increased odds of estrous expression 71 

and lower odds of pregnancy loss (PL), indicating broader genomic trait influences (Madureira et 72 

al., 2022). 73 

The increased use of Timed AI programs addresses failures in ED (Chebel et al., 2010) and 74 

employs ovulation synchronization to facilitate AI without relying on visible estrus signs (McArt 75 

et al., 2010). However, concerns about extensive hormonal treatments have grown. Automated 76 

activity monitoring (AAM) systems enhance reproductive performance by detecting estrus 77 

through increased activity levels (Fricke et al., 2014a; Borchardt et al., 2024).  78 

Higher GDPR scores correlate with more prolonged estrous expression (Lima et al., 2020), 79 

improving detection by visual observation or AAM systems, potentially leading to better 80 

reproductive outcomes. 81 

Despite the substantial advancements observed in the past 2 decades of programs for 82 

synchronization of ovulation and timed AI, refining ED remains a major priority for dairy 83 

operations (Marques et al., 2020). Precisely detecting estrus plays a pivotal role in a successful 84 

and profitable dairy program. Inadequate or inaccurate detection of this crucial phase is often the 85 

root cause of suboptimal reproductive performance in dairy cows (Roelofs et al., 2010; Senger, 86 

2010). Developing strategies to enhance estrous detection programs becomes exceedingly 87 

important given their widespread utilization. 88 

Improved understanding of hormonal influences and estrous synchronization has enhanced 89 

reproductive performance. Genetic selection for traits like GDPR and GCCR has also improved 90 
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fertility outcomes. However, refining estrous detection and combining it with TAI programs 91 

remains critical for maximizing reproductive efficiency and profitability. 92 

  93 
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Chapter 2 - Literature Review 94 

1- Estrous Cycle 95 

a. General Concepts 96 

Dairy cows need to become pregnant and give birth to initiate lactation, and ideally, they 97 

should be able to conceive multiple times throughout their lives to maximize milk production, 98 

reduce the labor and costs involved in replacing departing herd members, and enhance profitability 99 

(Gordon et al., 2017). It is already known that female mammals are born with a finite number of 100 

ovarian follicles, and they progressively decrease during life, resulting in the end of their capability 101 

to conceive (Grieve et al., 2015). The commencement of puberty triggers the activation of these 102 

follicles, a crucial phase that not only determines the onset of reproductive capacity but also sets 103 

the foundation for their future productivity in the herd. 104 

The estrous cycle (Figure 1) provides multiple opportunities for females to conceive during 105 

their reproductive years. The estrous cycle is predominantly regulated by intricate feedback 106 

mechanisms of several hormones, mainly from the hypothalamic-pituitary-ovarian axis (Roche, 107 

1996). These feedback mechanisms include ovarian steroid hormones such as progesterone (P4) 108 

and estradiol (E2), gonadotropin-releasing hormone (GnRH) from the hypothalamus, follicle-109 

stimulating hormone (FSH) and luteinizing hormone (LH) from the anterior pituitary, and 110 

prostaglandin F2α (PGF2α) from the uterus (Roche, 1996).  111 

The typical estrous cycle lasts approximately 21 days in mature cows and 20 days in heifers 112 

and is divided into four stages: estrus, metestrus, diestrus, and proestrus (Larson and Randlea., 113 

2013). Estrus and proestrus are the stages that will comprise the follicular phase, while metestrus 114 

and diestrus form the luteal phase of the estrous cycle (Senger, 2010). Estrus is characterized by 115 
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the initiation of sexual receptivity and the ovulation of the dominant follicle (DF) (Sartori et al., 116 

2004). Metestrus spans 3 to 5 days, and this period is marked by the initial presence of the collapsed 117 

ovulated follicle that will give rise to the formation of the corpus hemorrhagicum, the structure 118 

that will become the functional corpus luteum (CL) that will produce a significant amount of P4 119 

at the beginning of the diestrus (Larson and Randlea., 2013). The diestrus is defined by the lifespan 120 

of the CL, which lasts about 12 days. Early in diestrus, the CL experiences increases in P4 121 

production, reflecting its maturing capabilities in steroid synthesis. Over time, as diestrus 122 

advances, P4 concentration stabilizes and maintains a steady state in the bloodstream (Larson and 123 

Randlea., 2013). During diestrus, PGF2α will lyse the CL and initiate the next phase, proestrus. 124 

Proestrus lasts about 2 to 3 days, and during this stage, the CL continues to regress both structurally 125 

and functionally, accompanied by a significant increase in estradiol production by pre-ovulatory 126 

follicles. The increase in E2 triggers the onset of sexual receptivity, marking the beginning of the 127 

estrus stage. From the onset of luteolysis to the day before ovulation, a threefold increase in the 128 

maximal serum E2 has been estimated to occur. A study found that the peak serum E2 129 

concentration before ovulation was higher in dairy heifers than in mature dairy cows (heifers = 130 

11.3 pg/mL vs. cows = 7.9 pg/mL) (Sartori et al., 2004). 131 

b. Timed AI programs 132 

Understanding the physiological and endocrinological aspects of the estrus cycle opens 133 

vast opportunities for reproductive management and controlling the timing of estrus (Caraviello et 134 

al. 2006; Norman et al. 2009). Synchronization protocols have become a standard part of 135 

reproductive programs across the majority of dairy farms in the U.S. (Caraviello et al., 2006; 136 

Norman et al., 2009). Estrus synchronization significantly boosts economic returns by enhancing 137 

animal production efficiency, enhancing submission, optimizing insemination timing, and 138 
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improving pregnancy rates across various management systems. Estrous synchronization 139 

programs can regulate follicular development, stimulate ovulation in non-cycling cattle, induce 140 

CL regression, and coordinate the timing of estrus and ovulation (Lucy et al., 2004). 141 

The rate of estrus detection (ED) impacts the interval between calving and conception 142 

(Kinsel and Etherington, 1998) and the overall calving interval (Opsomer et al., 1996). The 143 

effectiveness of ED in lactating dairy cows is constrained by a combination of physiological and 144 

management factors (Lopez et al., 2004; Senger, 2010). Behavioral signs of estrus are key 145 

indicators for predicting ovulation and determining the optimal time for insemination. A study 146 

found the best results for good-quality embryos (67.6%) were achieved when AI was performed 147 

24 to 12 hours before ovulation. Specifically, within this timeframe, the percentage of good 148 

embryos peaked at 89% when artificial insemination (AI) took place 16 to 13 hours before 149 

ovulation. (Roelofs et al., 2006). Traditionally, ED in cows was monitored through visual 150 

observation, which has been effective but becomes less practical and effective as herd sizes 151 

increase, often leading to estrus going unnoticed and subsequently reduced submission rates, 152 

extended intervals to breeding, and economic losses. Detection efficiency in dairy herds frequently 153 

falls below 50% (Van Vliet and Van Eerdenburg, 1996), and low detection rates could be attributed 154 

to management issues, with only 10% due to factors related to the cows themselves (Diskin and 155 

Sreenan, 2000). 156 

The challenges in ED are compounded by the high variability in the duration and intensity 157 

of estrous signs among individual cows and the influence of various factors. For example, daily 158 

milk production significantly impacts the duration of estrus, with a correlation coefficient of 159 

r=−0.51 between milk yield and estrus duration (Wiltbank et al., 2006). This correlation might be 160 

due to the lower serum E2 concentrations observed on the day of estrus in high-yielding cows, 161 



9 
 

potentially resulting from an increased metabolic clearance rate of steroid hormones (Lopez et al., 162 

2004). 163 

The OvSynch (Figure 2) program has revolutionized reproductive management in dairy 164 

cattle. This estrous synchronization program provided farmers an opportunity to control cows' 165 

ovarian functions, enabling timed AI (TAI) without the need for ED. The development of 166 

OvSynch significantly boosted the AI service rates and provided an invaluable tool for improving 167 

reproductive practices. To further enhance reproductive efficiency, many dairy farms have adopted 168 

additional synchronization protocols that were developed throughout the years (Fricke and 169 

Wiltbank, 2022). 170 

The initial GnRH administration in the OvSynch protocol aims to trigger an LH surge and 171 

FSH release that can lead to the ovulation of a dominant follicle and the start of a synchronized 172 

follicular wave. The ovulation process results in the formation of the CL, which enhances the 173 

levels of circulating P4 during the development of the ovulatory follicular wave. The next step is 174 

administering PGF2α seven days after the first GnRH treatment, causing luteolysis and a reduction 175 

in P4 concentrations, thus effectively synchronizing the start of proestrus. The second and final 176 

GnRH treatment in the OvSynch protocol is designed to synchronize ovulation, aligning the timing 177 

of AI optimally with ovulation to facilitate fertilization and the onset of pregnancy (Fricke and 178 

Wiltbank, 2022). 179 

Presynchronization strategies were developed based on findings that initiating an OvSynch 180 

protocol between days 5 to 9 of the estrous cycle results in increased P/AI compared to starting 181 

earlier or later in the cycle (Vasconcelos et al., 1999). The initial presynchronization strategy tested 182 

involved administering two PGF2α treatments 14 days apart, with the second PGF2α treatment 183 

occurring 12 days before the first GnRH treatment of an OvSynch protocol. The Presynch-184 
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OvSynch (Figure 2) is an advanced strategy, and in a study, P/AI increased from ~36% to ~47% 185 

when compared to the standard OvSynch protocol (Moreira et al., 2001). One approach with the 186 

Presynch-OvSynch is to perform ED after the second PGF2α of the Presynch (Fricke, 2020) 187 

However,  studies showed that inseminating cows showing estrus after the second PGF2α treatment 188 

of a Presynch-OvSynch protocol decreased P/AI compared to letting all cows complete the 189 

protocol and undergo TAI (Gumen et al., 2012; Borchardt et al., 2017). The authors of this study 190 

indicate that the reported reduction in P/AI might be attributed to the removal of cycling cows 191 

from the TAI program, thereby undermining the benefits of presynchronization (Borchardt et al., 192 

2017). However, adjusting the interval between the second PGF2α treatment and the start of the 193 

OvSynch protocol from 14 to 11 days has been shown to increase the ovulatory response to the 194 

initial GnRH treatment and boost P/AI by ~ 7 percentage points when cows receive TAI (Galvão 195 

et al., 2007).  196 

Albeit the Presynch-OvSynch became a popular program among dairy farmers, one of its 197 

limitations is that noncycling cows do not benefit from the presynchronization treatment with 198 

PGF2α. Alternatively, the Double-Ovsynch (DO) program (Figure 2) was developed to improve 199 

ovulation and synchronization in both cyclic and anovular cows, which ultimately led to greater 200 

P/AI than the Presynch-OvSynch program (Souza et al., 2008). Albeit the DO has led to dairy 201 

farmers achieving high P/AI, other challenges remained when attempting to optimize the protocol. 202 

For example, the newly formed CL induced by the initial GnRH treatment in the OvSynch protocol 203 

can be resistant to regression by a single dose of PGF2α, with studies showing incomplete 204 

regression in 10 to 25% of cows (Brusveen et al., 2009; Martins et al., 2011; Wiltbank and Pursley, 205 

2014). The increase in luteolysis translated into an increase in P/AI, particularly notable in 206 

multiparous cows (Wiltbank et al., 2015; Borchardt et al., 2018).  207 
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High-producing lactating dairy cows are affected by an anovulatory condition involving 208 

follicle growth without resulting in an ovulation event (Wiltbank et al., 2002). The proportion of 209 

cows that continue to be anovular during the voluntary waiting period (VWP), which is generally 210 

staged between 50 to 65 days in milk (DIM), was reported to be an average of 23.3%, ranging 211 

from 15% up to 50%  and represent 20 to 30% of cows receiving TAI for the first service (Bamber 212 

et al., 2009; Santos et al., 2009). Anovulation has been associated with a decreased probability of 213 

conception, reported at 20% in one study (Gumen et al., 2012) and 6 to 10% in another (Walsh et 214 

al., 2007), with similar effects whether insemination followed by ED or a synchronization 215 

program. Anovulation is also linked to increased pregnancy losses (PL) (Santos et al., 2004; 216 

Gumen et al., 2012).  217 

Anovular cows lack a CL and do not respond to the first two PGF2α treatments, leading to 218 

the initiation of the OvSynch protocol in a low progesterone environment and resulting in lower 219 

P/AI to TAI (Wiltbank and Pursley, 2014). In these cases, follicles might develop but either fail to 220 

reach the necessary size or responsiveness needed for ovulation. The reproductive cycle remains 221 

incomplete without any follicle maturing enough to release an oocyte and subsequently transform 222 

into a CL (Wiltbank et al., 2002, 200). The DO protocol is consistently acknowledged as one of 223 

the top-performing protocols, significantly enhancing overall pregnancy per artificial insemination 224 

(P/AI) and improving P/AI for anovular cows (Souza et al., 2008). Administering the 225 

comprehensive series of treatments involved in DO can be beneficial, and various studies have 226 

demonstrated that the P/AI of the DO is usually greater than in cows receiving Presynch-OvSynch 227 

(Fricke and Wiltbank, 2022). 228 

Lactating cows submitted to a presynch plus 5-day protocol without a CIDR outperformed 229 

a similar 7-day protocol in terms of pregnancies, with authors attributing the improvement to a 230 
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reduced period of follicle dominance (Santos et al., 2010). Cows receiving the 5-day program with 231 

two PGF2α doses on days 5 and 6 had greater P/AI compared with those receiving OvSynch. The 232 

follicular steroidogenic potential may be altered with longer or shorter periods of antral follicle 233 

development. Intrafollicular fluid concentrations of E2 increased exponentially with follicle 234 

diameter in both cows (Reyes et al., 2006) and heifers (Nishimoto et al., 2009). 235 

c. Nuances in dairy heifers  236 

The cost of raising heifers is the second largest and equals 15% to 20% of the total cost of 237 

milk production, shared among the cost factors, following feed costs (Tozer and Heinrichs, 2001). 238 

The time point of breeding heifers is pivotal, and management is primarily based on age but also 239 

influenced by growth during the rearing period (Wathes et al., 2014). The efficient breeding 240 

programs developed are essential to reduce the age of first parturition in dairy heifer (Silva et al., 241 

2015). Understanding the developmental stages and physical characteristics of heifers is crucial to 242 

optimally timing artificial insemination (AI), which focuses on the physiological differences of 243 

heifers to properly adjust the strategic breeding practices to optimize the reproductive and 244 

economic results of dairy operations. 245 

A primary physiological difference between heifers and cows is the follicular wave pattern 246 

of both, and each wave involves the emergence, selection, and dominance of follicles, culminating 247 

in either atresia or ovulation of the dominant follicle (Sirois and Fortune, 1988; Sartori et al., 2004). 248 

For instance lactating dairy cows have 2 to 3 waves of follicular during the estrous cycle  (Lucy et 249 

al., 1992; De La Sota et al., 1993), and about 80% (78.6 to 83.3%) of them have two follicular 250 

waves (Sartori et al., 2004; Wolfenson et al., 2004). An association of a higher milk yield was 251 

reported in cows with 2-wave estrous cycles (Bleach et al., 2004). On the other hand, during the 252 

estrous cycles, more than 40%. of dairy heifers exhibit three follicular waves (Sirois and Fortune, 253 
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1988; Kulick et al., 2001; Sartori et al., 2004). The intervals of days separating each follicular 254 

emergence in heifers with three follicular waves are days 2, 9, and 16 of the cycle. This timing 255 

could potentially shorten the optimal window available for these heifers when treated with GnRH 256 

for follicles to achieve ovulation. (Savio et al., 1988; Sirois and Fortune, 1988; Sartori et al., 2004). 257 

This aspect is crucial for synchronizing and optimizing breeding protocols to enhance reproductive 258 

outcomes. 259 

Previous studies have shown that the 5-day timed AI protocol developed leads to P/AI rates 260 

above 59% for the first insemination and above 55% for the second insemination in Holstein and 261 

crossbred dairy heifers (Rabaglino et al., 2010; Lima et al., 2011, 2013). The success of this 262 

protocol is attributed primarily to the higher number of pregnancies achieved within a fixed period 263 

and the reduction in the age at first calving, which collectively enhance the overall reproductive 264 

efficiency. A comparison between heifer breeding programs shows that TAI is more economically 265 

beneficial than relying on visual ED and subsequent AI. This is primarily due to the greater number 266 

of pregnancies achieved within a fixed period and the reduced age at first calving (Silva et al., 267 

2015). 268 

Albeit for heifers, timed AI programs, specifically the 5-day CoSynch protocols, are widely 269 

recognized as the gold standard for producing superior P/AI rates compared to other protocols 270 

(Masello et al., 2019), the initial ovulatory response to synchronization programs in dairy heifers 271 

tends to be lower—ranging from 15% to 35%—compared to that in dairy cows, which lies between 272 

50% and 60% (Pursley et al., 1995; Sartori et al., 2004; Bello et al., 2006; Rabaglino et al., 2010; 273 

Lima et al., 2013; Lauber et al., 2021). This discrepancy can be potentially due to follicular 274 

dynamics and P4 secretion variations, affecting the efficacy of synchronization treatments (Sirois 275 

and Fortune, 1988; Sartori et al., 2004; Lima et al., 2013). This variation in the initial ovulatory 276 
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response between heifers and dairy cows suggests that there is room for improvement in aligning 277 

the first ovulation with the timing of TAI program in dairy heifers. Further studies are needed to 278 

better understand and enhance the synchronization protocols, focusing on the unique follicular 279 

dynamics and P4 concentrations in heifers.  280 

d. Ovulation responses at the beginning of Estrous Synchronization Programs 281 

Advances in the understanding of the reproductive biology of dairy cows provide the ability 282 

to manipulate follicle growth and the luteal lifespan and have created opportunities to optimize 283 

fertility while ensuring effective insemination timing (Moreira et al., 2001; Souza et al., 2008). 284 

The ovulatory response to the first GnRH injection in the OvSynch protocol (G1)  is crucial 285 

for achieving successful synchronization outcomes (Vasconcelos et al., 1999). Despite its 286 

widespread use, the OvSynch program has limitations in effectively synchronizing follicles to 287 

growth. Ovulation in response to G1, which is given at random stages of the estrous cycle, typically 288 

occurs in only 50% to 60% of cases (Vasconcelos et al., 1999; Bello et al., 2006; Galvão and 289 

Santos, 2010). The ovulatory response to the G1 administration in timed AI protocols not only 290 

enhances synchronization through better control of the emergence of new follicular waves. A study 291 

revealed that ovulation to G1 synchronized follicular wave emergence within 1.5 for heifers to 2.1 292 

d for cows after injection (Pursley et al., 1995). This event was key to coordinating a functional 293 

dominant follicle at the time of PGF2α and subsequent final GnRH of OvSynch. 294 

Ovulation in response to the first GnRH treatment is positively correlated with P/AI 295 

(Bisinotto and Santos, 2012). Furthermore, cows that ovulate following the G1 treatment have a 296 

higher likelihood of becoming pregnant compared to cows that do not ovulate in response to G1  297 

(Bello et al., 2006; Chebel et al., 2006; Galvão et al., 2007). 298 
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Furthermore, the benefit of cows ovulating to G1 (of the breeding OvSynch) of a DO 299 

program is the formation of a new accessory CL, which increases circulating P4 concentrations 300 

during the development of the ovulatory follicle (Giordano et al., 2013; Carvalho et al., 2015). 301 

This increase in P4 concentrations has been associated with greater oocyte and embryo quality in 302 

lactating dairy cows (Cerri et al., 2011; Rivera et al., 2011). 303 

When P4 concentrations are high (greater than 3 ng/mL), the ovulatory response decreases. 304 

This decrease occurs because high levels of P4 negatively affect the GnRH-induced LH surge, 305 

which in turn reduces the ovulatory response. (Giordano et al., 2012a). Giordano et al., 2013 306 

compared the effect of treatment with 200 versus 100 μg of GnRH on ovulatory response and P/AI, 307 

and results showed that cows treated with the double dose 200 μg of GnRH at G1 had a greater 308 

ovulatory response than cows treated with the standard dose 100 μg (66.6% vs. 57.5%), and greater 309 

P/AI than cows that did not ovulate.  310 

Different studies have shown that higher P4 concentrations were consistently associated 311 

with lower LH responses to GnRH in both beef and dairy heifers and cows (Colazo et al., 2008; 312 

Lima et al., 2013; Batista et al., 2017). In this regard, increasing the GnRH dose improved LH 313 

release and ovulatory responses for dairy cows and heifers (Lima et al., 2022; Valdés-Arciniega et 314 

al., 2023; Colazo et al., 2023).  315 

 316 

2- Recent progress in estrus detection 317 

Effective estrus detection is vital for reproductive management on dairy farms. Low 318 

detection rates negatively impact fertility, prolong calving intervals, increase heifer replacements, 319 

and slow genetic progress, leading to significant economic losses (Zebari et al., 2018). Moreover, 320 
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undetected or falsely detected estrus activity escalates costs related to artificial insemination and 321 

feed (Reith and Hoy, 2018). Detection efficiency in dairy herds is often below 50% (Van Vliet and 322 

Van Eerdenburg, 1996). Despite poor reproductive performance being the primary reason for 323 

culling, few cows are deemed infertile. Management factors account for about 90% of low 324 

detection rates, with only 10% attributed to the cows themselves (Diskin and Sreenan, 2000). 325 

Nevertheless, the expansion of large dairy herds and year-round calving patterns in the dairy 326 

farming industry significantly hinders visual estrus observation (Dobson et al., 2008).  327 

Moreover, a marked decline in estrus duration over the past 50 years, along with factors 328 

such as increasing cow age, higher milk production, and challenging environmental conditions 329 

(e.g., elevated ambient temperatures, uncomfortable housing, and flooring), adversely affects both 330 

the length and intensity of estrus expression which contribute to low estrus detection rates (Rutten 331 

et al., 2014). A study showed that the duration of cows displaying estrus behaviors varies 332 

depending on the detection method, as well as the housing system and floor type (Reith and Hoy, 333 

2018). For instance, dairy cows housed on concrete flooring had less mounting activity and 4-hour 334 

shorter estruses compared with counterparts housed on dirt surfaces (Britt et al., 1986; Vailes and 335 

Britt, 1990).  336 

High-production cows may have a reduction in their estrous behavior compared to 337 

nulliparous heifers due to the higher rate of estrogen metabolism, which is the hormone responsible 338 

for triggering estrous behavior (Sartori et al., 2004). Thus, visual direct observation of estrus has 339 

become less effective, requiring auxiliary methods for its identification (Roelofs et al., 2010). 340 

Studies using an automated activity monitoring (AAM) device demonstrated over again that 341 

higher-producing cows had less intense and shorter estrus despite not differing in E2 concentration 342 

from lower-producing cows. Nonetheless, a higher activity peak was associated with greater 343 
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plasma E2 concentration (Madureira et al., 2015; Marques et al., 2020). The development of 344 

automated technology that can help identify the beginning of estrous behavior also opens new 345 

doors for adjusting the insemination schedule (Walker et al., 1996; Nebel et al., 2000).  346 

 347 

3- Fertility traits 348 

Over the past years, a revolution in the reproductive performance of lactating dairy cows 349 

happened; while days open increased steadily from 1955 to 2000, there was a dramatic decrease 350 

in days open from 2000 to 2010 without a corresponding rise in the genetic trend for daughter 351 

pregnancy rate (Fricke and Wiltbank, 2022). The introduction of genetic and genomic selection 352 

for reproductive traits, such as daughter pregnancy rate (GDPR) in 2003, marked a significant 353 

shift in breeding program strategies by emphasizing the importance of selecting for both 354 

productive and reproductive traits simultaneously (VanRaden et al., 2003; Council on Dairy Cattle 355 

Breeding, 2018). Additionally, the development and widespread adoption of fertility programs 356 

have been major driving factors behind this improvement (Carvalho et al., 2018; Fricke and 357 

Wiltbank, 2022). 358 

Implementing a reproductive management strategy that P/AI by 130 days in milk (DIM) 359 

is an effective approach to positioning the herd within a high fertility cycle (Middleton et al., 2019). 360 

This strategy ensures that cows are bred at an optimal time postpartum, enhancing overall fertility 361 

rates and improving the productivity and health of the dairy herd. Programs like DO and G6G for 362 

first timed AI has proved to increase the AI services rate and increase P/AI beyond levels achieved 363 

through AI based on ED (Fricke and Wiltbank, 2022). 364 
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Simultaneously with the use of fertility programs, the dairy community has increasingly 365 

used genomic traits for fertility to enhance breeding strategies and improve herd performance 366 

(Council on Dairy Cattle Breeding, 2018). The hazard of pregnancy in lactating cows encompasses 367 

a multifaceted matter, influenced by various factors, including health status (Ribeiro et al., 2016), 368 

the resumption of ovarian cycles postpartum (Chebel et al., 2010a), the accuracy and efficiency of 369 

estrus detection (Chebel et al., 2006), and the probability of achieving pregnancy following 370 

insemination. 371 

Advancements in genomic tools have enhanced the potential of using GDPR as a selection 372 

criterion, improving the reliability of fertility trait predictions (Wiggans et al., 2011). These 373 

genomic advancements have not only doubled the annual rates of genetic gain for production traits 374 

but have also resulted in a 3- to 4-fold increase for fitness traits, including female fertility (García-375 

Ruiz et al., 2016). There is a positive correlation between GDPR and the success rate of first-376 

service pregnancies (Veronese et al., 2019). Although GDPR and GCCR are strongly correlated 377 

(Chebel and Veronese, 2020), GDPR may more significantly affect estrus characteristics, 378 

enhancing the accuracy of breeding decisions and reproductive management success. 379 

In summary, fertility programs have been directly linked to increases in P/AI, while 380 

genomic selection has contributed to the rise in cow conception rates over the past years. It is 381 

challenging to pinpoint which factor has had a more significant impact on these improvements. 382 

Additionally, other management factors can influence the increase in cow conception rates. 383 

However, it is evident that strategies involving first AI, coupled with presynchronization, have 384 

played a substantial role in this enhancement (Fricke and Wiltbank, 2022). 385 

 386 
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4- Target reproductive programs 387 

A new approach, known as targeted reproductive management, involves identifying 388 

subgroups of cows that require specific reproductive management strategies to achieve better 389 

reproductive performance (Giordano et al., 2022). The expectation is that by optimizing the 390 

management of subgroups of cows, greater gains in efficiency and performance can be achieved 391 

compared to applying a single management strategy to the entire herd (Rial et al., 2022). As 392 

technology continues to advance, incorporating traditionally unused AAM data, such as the 393 

occurrence of estrus within the VWP, into targeted reproductive management could enhance the 394 

sustainability and profitability of dairy farms (Rial et al., 2022; Gonzalez et al., 2023). 395 

Programs that rely primarily on AI at estrus (AIE) provide cows with more opportunities 396 

and time to be inseminated during estrus, incorporating TAI to ensure timely insemination of cows 397 

not detected in estrus (Giordano et al., 2022). These programs highly depend on the cows' ability 398 

to express estrous behavior and conceive if inseminated at ED (Tenhagen et al., 2004). Conversely, 399 

programs that rely exclusively or almost exclusively on synchronization of ovulation protocols for 400 

insemination take advantage of TAI to tightly control the timing of AI, increase the fertility of AI 401 

services, or both (Moreira et al., 2001; Souza et al., 2008). 402 

Assessing anovulation before the end of the VWP is labor-intensive, requiring multiple 403 

examinations either through circulating P4 measurements or by visualizing a CL using transrectal 404 

ultrasound (Lucy, 2019). However, recent advancements in technology have led to the 405 

development of AAM systems, which provide valuable insights into the reproductive status of 406 

dairy cows (Borchardt et al., 2024). These systems enable early ED, monitor cow health, and 407 

support data-driven decision-making, thereby improving conception rates, reducing calving 408 

intervals, and optimizing herd productivity (Borchardt et al., 2024). 409 
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Several studies demonstrate a positive correlation of cows in the highest groups of genomic 410 

traits like GDPR had a greater percentage of cows AI at ED (Lima et al., 2020; Rial et al., 2022). 411 

(Sitko et al., 2023) report that cows in the genomic high fertile group had greater P/AI to first 412 

service, became pregnant faster, and were more likely to be pregnant by 200 DIM than cows in 413 

the low fertility group. Overall, these findings indicate a favorable association between genetic 414 

merit for fertility traits and enhanced reproductive outcomes in dairy cows. More research is 415 

needed to explore the potential advantages of using tailored management strategies to better align 416 

genomic traits with cows bred through AIE and TAI, thereby maximizing fertility for AI services. 417 

  418 
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CHAPTER 3: Effect of 200 µg of gonadorelin hydrochloride at the first GnRH of a CIDR 419 

Synch program on ovulation rate and pregnancies per AI in Holstein heifers. 420 

The initial ovulatory response during synchronization programs is often low in dairy 421 

heifers, largely due to follicular dynamics and hormonal dynamics. Specifically, the progesterone 422 

concentration (P4) at the time of the first GnRH treatment in a breeding program can influence the 423 

LH response, often resulting in a suboptimal ovulatory response.  The objective of this study was 424 

to determine the effect of the highest label dose 200 μg (100 μg vs. 200 μg) of GnRH (50 μg 425 

gonadorelin hydrochloride per mL; Factrel®; Zoetis Inc. Madison, NJ) at the first GnRH of a 6-426 

day CoSynch plus P4 device program on ovulatory response and pregnancy per AI (P/AI) in first 427 

service in Holstein heifers. A total of 1308 Holstein heifers were randomly allocated at the 428 

beginning of a 6-day CIDR-Synch program, Day 0, to receive either i.m. treatment of 100 μg (2CC, 429 

n = 655) or 200 μg (4CC, n = 653) of GnRH. Also, at Day 0, heifers received an intravaginal insert 430 

with 1.38 grams of P4 (Eazi-Breed CIDR® Cattle Insert; Zoetis Inc., Madison, NJ). On Day 6, the 431 

insert was removed, and i.m. treatment of 25 mg of PGF2α (12.5 mg dinoprost tromethamine/mL; 432 

Lutalyse® HighCon Injection Zoetis) was administered. On Day 7, a second i.m. treatment of 25 433 

mg of PGF2α was given, followed on Day 9 by concurrent i.m. treatment of 100 μg of GnRH and 434 

timed AI (TAI). A subset of 396 heifers had their ovaries scanned to evaluate ovulatory response, 435 

and blood samples were collected to measure the serum concentration of P4 at Day 0 and Day 6 436 

of the study. The P4 concentrations at Day 0 were categorized as Low (≤ 3ng/mL) or High (> 437 

3ng/mL). The ovulatory response was greater for heifers receiving 4CC than 2CC at Day 0 (54.7% 438 

vs. 42.8%). The ovulatory response was greater for Low P4 than High P4 at Day 0 (54.3% vs. 439 

37.8%). However, there was not an interaction between treatment and P4 concentrations (Low P4 440 

2CC = 48.6% vs. High P4 2CC = 30.0%; Low P4 4CC = 60.0% vs. High P4 4CC = 45.5%). The 441 
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ROC curve analysis indicates that P4 concentrations at Day 0 treatment could predict the ovulatory 442 

response, although the area under the curve was only 0.6. As expected, heifers that ovulated had 443 

increased P/AI  (No = 55.6% vs. Yes = 67.7%); however, there was no effect of treatment on P/AI  444 

(2CC = 63.3% vs. 4CC = 59.6%), nor interactions between treatment and ovulation and treatment 445 

and P4 (HIGH vs LOW) for pregnancy outcomes. In summary, P4 concentration and increasing 446 

the dose of GnRH at Day 0 positively impacted ovulatory response in Holstein heifers. However, 447 

there was no interaction between treatment and P4 on ovulation and no subsequent impact of 448 

GnRH dose on P/AI. 449 

INTRODUCTION 450 

Synchronization of ovulation has been widely recognized as an effective method for 451 

optimizing pregnancy outcomes in heifers, with studies supporting its benefits in obtaining high 452 

pregnancy rates in a cost-effective manner. (Lima et al., 2011; Lima et al., 2013; Silva et al., 2015). 453 

However, the initial ovulatory response during synchronization programs in dairy heifers is usually 454 

lower (15 to 35%) than in dairy cows (50 to 60%) (Pursley et al., 1995; Sartori et al., 2004; Bello 455 

et al., 2006; Rabaglino et al., 2010; Lima et al., 2013; Lauber et al., 2021) often due to variations 456 

in follicular dynamics and progesterone (P4) secretion (Sirois and Fortune, 1988; Sartori et al., 457 

2004; Lima et al., 2013). Dairy cows tend to have predominantly two follicular waves (Bleach et 458 

al., 2004; Sartori et al., 2004; Burns et al., 2005), but there have been studies reporting the existence 459 

of three follicular waves in more than 40% of the dairy heifers (Sirois and Fortune, 1988; Kulick 460 

et al., 2001; Sartori et al., 2004). Heifers exhibiting a pattern of three follicular waves experience 461 

intervals of approximately seven days between waves, with the first, second, and third waves 462 

initiating around day 2, 9, and 16, respectively.  This, in turn, could reduce the window of time for 463 



23 
 

follicles to ovulate when these heifers are treated with GnRH (Savio et al., 1988; Sirois and 464 

Fortune, 1988; Sartori et al., 2004). 465 

Another physiological aspect that has been shown to impact GnRH-induced ovulation at 466 

the beginning of the estrous synchronization programs is the plasma concentration of P4. Indeed, 467 

findings from previous studies demonstrated a higher P4 concentration is consistently associated 468 

with lower plasma concentrations of LH in responses to GnRH in beef heifers (Colazo et al., 2008; 469 

Batista et al., 2017), dairy heifers (Lima et al., 2013), and dairy cows (Giordano et al., 2012a). 470 

Hence, the P4 milieu is an integral component of the hormonal landscape that determines the 471 

GnRH response, thereby influencing the ovulatory potential of the treated animal. Indeed, the 472 

previous study in dairy heifers demonstrated that heifers in the Low Progesterone group had higher 473 

LH release from 45 to 120 minutes after GnRH treatment and higher ovulatory response (48.4% 474 

vs. 19.0%) when compared to heifers in High Progesterone group (Lima et al., 2013). 475 

An approach to mitigate the reduced LH release in lactating dairy cows with high 476 

progesterone was increasing the dose of GnRH in the estrous synchronization program (Giordano 477 

et al., 2012a). Interestingly, it was reported that when a double dose of GnRH of the current 478 

standard estrous synchronization dose (200 µg vs. 100 µg) was administered, it increased the 479 

plasma concentration of LH released (Giordano et al., 2012a). The translational potential of 480 

increased LH release with a double dose of GnRH for estrous synchronization was further assessed 481 

in other studies revealing an improvement in the ovulatory and pregnancy responses in dairy cows 482 

(Lima et al., 2022; Valdés-Arciniega et al., 2023). A recent study on dairy heifers demonstrated 483 

that those receiving a double dose of GnRH at the beginning of the program exhibited significantly 484 

higher ovulatory responses (Colazo et al., 2023). 485 
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Consequently, continuous refinement of synchronization protocols and integration of 486 

recent advances in reproductive management is crucial for maximizing the effectiveness of 487 

synchronization of ovulation in dairy heifers. The low GnRH-induced ovulatory response of dairy 488 

heifers at the beginning of estrous synchronization programs, combined with the negative impact 489 

of progesterone on LH release and ovulation suggests that doubling the dose of GnRH offers an 490 

opportunity to improve pregnancy outcomes. Therefore, we hypothesized that administering a 491 

double dose of gonadorelin hydrochloride (200 μg vs. 100 μg) at the first GnRH injection in a 6-492 

day CIDR Synch program would enhance ovulatory response and first service pregnancies per AI 493 

in Holstein heifers. The study objectives were to evaluate the impact of a high dose of gonadorelin 494 

hydrochloride on ovulation rate and pregnancy outcomes in Holstein heifers following the 6-day 495 

CIDR Synch program. 496 

 497 

MATERIALS AND METHODS 498 

All experimental procedures carried out in this study received an ethical review by the 499 

Institutional Care and Use Committees of the University of California, Davis (Protocol# 22792). 500 

 501 

Heifers, Diets, and Housing  502 

A total of 1,308 nulliparous Holstein heifers received their first insemination, with an 503 

average age of 15.2 months (ranging from 14 to 17 months), were included in the study conducted 504 

between February and May 2022, and were housed in a cattle feeder located in Wellington, 505 

Nevada. They had unrestricted access to water and twice daily access to a TMR ration formulated 506 

to meet or exceed the nutritional requirements of Holstein heifers weighing 360 kg and gaining 507 
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0.8 kg/day (NRC, 2001). Throughout the administration of hormonal treatments, insemination, 508 

and pregnancy examination, heifers remained in the same pen until the last pregnancy diagnosis. 509 

 510 

Experimental Design and Treatments  511 

Day 0 was defined as the enrollment day of heifers in the study. At Day 0, heifers were 512 

evaluated and had their body condition score (BCS) assessed using the previously established 513 

scoring system for dairy cattle (2004 Elanco Animal Health, Body condition scoring for dairy 514 

replacement heifers, adapted from Ferguson et al., 1994). On Day 0, heifers were ranked in 515 

ascending order based on their genomic prediction of daughter pregnancy rate (GDPR). 516 

Subsequently, at Day 0, they were randomly assigned to receive either (2CC) 100 μg (n = 655) or 517 

(4CC) 200 μg (n = 653) of GnRH as gonadorelin hydrochloride (50 μg gonadorelin hydrochloride 518 

per mL; Factrel®; Zoetis Inc. Madison, NJ). Also, at Day 0, heifers received a CIDR insert with 519 

1.38 grams of P4 (Eazi-Breed CIDR® Cattle Insert; Zoetis Inc., Madison, NJ). The CIDR insert 520 

was removed six days later on Day 6, and concurrently, heifers received a 25 mg i.m. injection of 521 

prostaglandin F2 alpha (PGF2α) as 25 mg of dinoprost tromethamine (12.5 mg dinoprost/mL; 522 

Lutalyse® HighCon Injection Zoetis Inc., Madison, NJ). Heifers then received, on Day 7, a second 523 

dose of PGF2α 24 hours after CIDR removal. Two days later, on Day 9, all heifers received a 524 

second dose of 100 μg of GnRH concurrent with timed AI and were performed by three technicians 525 

with sexed sorted semen: Holstein (n = 999), Crossbred (n = 152), Simental (n = 80) and Jersey (n 526 

= 77).  (Figure 3; Table 1). 527 

 528 

Ultrasonography of Ovaries and Evaluation of Ovulatory Responses  529 
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Each week, a cohort of 100 heifers was selected for the study, and from this group, 30 530 

underwent ovarian evaluations and blood sample collections, totaling 396 heifers by the end of the 531 

study. These procedures were repeated on Day 6. Ovarian evaluations were performed using the 532 

Easi-Scan Go Veterinary Ultrasound Scanner (IMV Imaging, Rochester, MN). Presence of corpus 533 

luteum (CL) larger than 14 mm and follicles equal to or greater than 10 mm in diameter were 534 

documented. Ovulation at the start of the timed AI (TAI) program was assumed if a heifer had a 535 

follicle equal to or greater than 10 mm on Day 0, and a newly formed CL was observed in the same 536 

ovary on Day 6. Heifers with follicles smaller than 10 mm on study Day 0 but with a new CL on 537 

study Day 6 were considered to have ovulated prior to study Day 0. 538 

 539 

Blood Sampling and Analysis of Progesterone Concentrations  540 

Blood samples were taken from 396 heifers, which were from the same subset previously 541 

mentioned in the ultrasonography examination section. Blood was drawn on study Day 0 and Day 542 

6 by puncturing the median coccygeal vein or artery, using evacuated tubes (Becton Dickinson, 543 

Franklin Lakes, NJ) containing K2 EDTA for plasma separation. Immediately after collection, 544 

samples were placed on ice and refrigerated until transported to the laboratory. Upon arrival at the 545 

laboratory, blood tubes were centrifuged at 2,000 × g for 15 minutes at 5°C, and a 2 mL plasma 546 

aliquot was frozen at -80°C for later analysis. The P4 was analyzed using the competitive enzyme 547 

immunoassay of (Munro and Stabenfeldt, 1984), as previously described in (Gomez et al., 2018). 548 

The average sensitivity of the assay was 1.17 ng/mL, calculated at 2 standard deviations below the 549 

mean counts per minute at maximum binding. All samples were analyzed in duplicate, and the 550 

intra-assay coefficient of variation averaged 10.7%. The inter-assay coefficients of variation were 551 

10.9%. Heifers were categorized based on the plasma concentration of P4. Heifers with plasma P4 552 
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concentration greater than 3 ng/mL were classified as High, while heifers with plasma P4 553 

concentration lower or equal to 3 ng/mL were classified as Low. The rationale for using the 3.0 554 

ng/ml was twofold. First, a previous study in dairy heifers from our group indicated that a 555 

concentration of P4 >3.5 ng/ml at the time at GnRH might compromise LH release and ovulation 556 

in dairy heifers (Lima et al., 2013a). Furthermore, a study demonstrated that cows with high P4 557 

concentration at the time released more LH when receiving 200 vs. 100 ug of gonadorelin diacetate 558 

tetrahydrate(Giordano et al., 2012a). 559 

 560 

Pregnancy Diagnosis and Calculation of Pregnancy per AI and Pregnancy Loss  561 

Pregnancy was diagnosed at 37 days post-TAI through transrectal ultrasonography of the 562 

uterus using a portable ultrasound device with a 7.5-MHz transrectal probe (Easi-Scan; BCF 563 

Technologies USA Ltd. LLC, Rochester, MN). The presence of an amniotic vesicle with a visible 564 

embryo heartbeat was used as a criterion to determine pregnancy. Heifers confirmed pregnant on 565 

Day 37 underwent another transrectal palpation of uterine contents around 79 days post-AI. The 566 

pregnancy rate per AI (P/AI) was determined by dividing the number of pregnant heifers on days 567 

37 or 79 by the total number of AI recipients. Pregnancy loss was diagnosed as heifers being 568 

pregnant at 37 days post-AI but then non-pregnant at 79- or 177-days post-TAI. Pregnancy loss 569 

between 37 and 79 days and between 37 and 177 days were calculated by dividing by the number 570 

of heifers identified as nonpregnant on Day 79 or 177 by heifers diagnosed pregnant at 37 post-571 

TAI, respectively.  572 

 573 

Statistical Analyses  574 
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Power analyses were performed to calculate sample sizes using G Power 3 (Universität 575 

Düsseldorf). Sample sizes were calculated for the study to allow sufficient power to detect a 576 

difference of seven percentage units in P/ AI between treatments [α = 0.05; β (the probability of a 577 

type II error) = 0.20; One-tailed test]. The expected P/AI for the first AI was combined for heifers 578 

receiving a CoSynch plus progesterone device program is 58% based on previous studies (Lima et 579 

al., 2013, Lima et al., 2011). Under these assumptions, a minimum of 597 experimental units per 580 

treatment were deemed necessary to test our hypotheses. Additional heifers were added to increase 581 

the statistical power and reduce the change of type II error. Also, sample sizes were calculated for 582 

the study to allow sufficient power to detect a difference of fifteen percentage units in ovulation 583 

response between treatments [α = 0.05; β (the probability of a type II error) = 0.20; one-tailed test]. 584 

The expected ovulation for the first AI combined for heifers receiving a CoSynch plus 585 

progesterone device program was between 34.4% and 35.4% based on previous studies (Lima et 586 

al., 2013, Lima et al., 2011). Under these assumptions, a minimum of 134 experimental units per 587 

treatment were deemed necessary to test our hypotheses. Because of potential attrition, additional 588 

heifers were added to both treatments. 589 

Categorical data were analyzed by logistic regression using PROC GLIMMIX of SAS 590 

version 9.4 (SAS/ STAT; SAS Institute Inc., Cary, NC), fitting a binary distribution Backward 591 

stepwise logistic regression models were used, and variables were continuously removed from the 592 

models by the Wald statistic criterion when P > 0.10. The Akaike information criterion (AIC) was 593 

used to select the final model variables (stepwise elimination approach). The model with the lowest 594 

AIC was used. Descriptive statistics were utilized to assess the pre-enrollment equivalence 595 

between treatment groups, for continuous variables such as average age, BCS, and GDPR were 596 

performed using PROC MEANS. Moreover, categorical variables, including age in months 597 
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categories, BCS categories (Low from ≤ 2.75, Medium = 3, and ≥3.25, and GDPR categories (Q1 598 

= Lowest GDPR and Q4 = Highest GDPR) were analyzed using PROC FREQ to report 599 

proportions. The GLIMMIX procedure of SAS was also utilized to compare 2CC and 4CC enrolled 600 

heifers.  The study's models for P/AI and pregnancy loss included the effects of treatment, sire, AI 601 

technician, and their interactions. Continuous data were analyzed using the GLIMMIX procedure 602 

of SAS version 9.4 (SAS/ STAT; SAS Institute Inc., Cary, NC), with models fitting a Gaussian 603 

distribution. Logistic regression and receiver operating characteristic (ROC) curves were used to 604 

generate a threshold of P4 to predict ovulation and pregnancy. Additional models were also 605 

performed to assess the impact of P4 at Day 0 on pregnancy and ovulation, with models including 606 

treatment effects, categorized P4 on d0 (High > 3 ng/mL and Low ≤ 3 ng/mL), and their 607 

interactions. Differences with P ≤ 0.05 were considered significant, and those with 0.05 < P ≤ 0.10 608 

were considered tendencies. 609 

 610 

RESULTS 611 

Descriptive Statistics 612 

The mean and distribution by month age for heifers, the mean and distribution BCS, and 613 

the mean and distribution GDPR did not differ for heifers enrolled in the 2CC and 4CC treatments 614 

(Table 1). For ovarian characteristics on Day 0 of the study, the presence of one (P = 0.14) or 615 

multiple (P = 0.82) follicles, the number of follicles (P = 0.59), and the size of the largest follicle 616 

(P = 0.23) were not different for heifers in 2CC or 4CC treatments (Table 2). The presence of one 617 

(P = 0.65) or multiple CLs (P = 0.86), the number of CLs (P = 0.87), and the size of the largest 618 

CL (P = 0.36) were not different at Day 0 for heifers in 2CC or 4CC treatments (Table 2). The 619 
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concentrations of P4 at Day 0 tended to be lower (P = 0.06) in the 2CC compared to the 4CC 620 

treatment (Table 2).  621 

 622 

Ovulatory Responses 623 

Heifers receiving 4CC treatment had a greater ovulatory response (P = 0.01) than heifers 624 

receiving 2CC (Figure 4A). Only a small fraction of heifers without follicles equal to or larger than 625 

10 mm at the beginning of the study at (Day 0) had new CL at Days 6 (n = 5, 2CC = 2, and 4CC 626 

= 3) at Day 6 indicating very few heifers potentially had ovulation occurring before treatment was 627 

administered. Heifers in the Low P4 group had greater (P < 0.001) ovulatory response than heifers 628 

in the High P4 group (Figure 4). However, no interactions were observed between treatment and 629 

the P4 group (P = 0.26) for ovulatory response (Figure 4). Moreover, ROC curve analyses were 630 

conducted to assess the predictive ability of P4 concentrations during Day 0 for the ovulatory 631 

response. The analysis revealed that P4 concentrations could predict ovulation; however, the area 632 

under the curve was only 0.6 (Figure 5), indicating a moderate prediction.  633 

 634 

Ovarian Responses on Day 6 of the Study 635 

For ovarian responses, a trend was observed (P = 0.09) for the presence of follicles, with 636 

fewer heifers in the 4CC treatment tending to have follicles  ³ 10 mm when compared to the 2CC 637 

treatment (Table 3). The presence of multiple follicles (P = 0.79), the number of follicles (P = 638 

0.52), and the size of the largest follicle (P = 0.86) were not different for heifers in the 2CC and 639 

4CC treatments (Table 3). The presence of CL was not different (P = 0.39) between treatments 640 

(Table 3). A trend was observed for the presence of multiple CLs (P = 0.07), with more heifers in 641 
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the 4CC treatment tending to have multiple CLs. Also, the heifers in the 4CC treatment tended to 642 

have more CLs (P = 0.07) than heifers in the 2CC treatment. The size of the largest CL (P = 0.36) 643 

was not different between treatments (Table 3). The P4 concentrations on Day 6 of the study did 644 

not differ between the treatments (Table 3). 645 

 646 

Pregnancy Outcomes 647 

Pregnancy rates at 37 (P = 0.58), 79 (P = 0.68), and 177 (P = 0.61) days post-TAI were not 648 

different between heifers receiving 2CC and 4CC treatments (Table 4). There were effects of sire 649 

(P < 0.001) and technician (P < 0.05) on Day 37, 79, and 177 post-TAI, but there were no 650 

interactions between treatment, sire, and technician at Day 37 (P = 0.74), 79 (P = 0.65), and 177 651 

(P = 0.43). Also, pregnancy losses between Days 37 and 79 (P = 0.33) and between 37 and 177 (P 652 

= 0.96) days post-TAI were not different between heifers receiving 2CC and 4CC treatments 653 

(Table 4). 654 

For the subset group of heifers evaluated based on ovarian dynamics (P = 0.45; Figure 6A) 655 

and P4 (P = 0.75; Figure 6B), there were no differences in P/AI at 37 post-TAI between 2CC and 656 

4CC treatments, and there were no interactions (P = 0.75) between treatment and P4 groups (Figure 657 

6C). 658 

For the subset of heifers with ovulation data, heifers that ovulated had greater (P = 0.01) 659 

P/AI at 37 post-TAI than heifers that failed to ovulate (Figure 6D), but no interactions (P = 0.54) 660 

between treatment and ovulation were found (Figure 6E).  661 

 662 
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DISCUSSION 663 

As anticipated, heifers treated with the doubled GnRH dose displayed an increase in the 664 

ovulatory response at the first GnRH treatment of the program, and heifers categorized as Low P4 665 

plasma concentrations at Day 0 had higher ovulatory response than heifers in High P4 group. 666 

However, contrary to expectations, the improved ovulatory response at the beginning of the 667 

program did not translate into improved pregnancy per AI. While the P4 concentration at the 668 

beginning of the program predicted the ovulatory response and heifers that ovulated had higher 669 

pregnancy rates, no interactions between ovulation treatment or P4 and treatment were present for 670 

pregnancy outcomes at either Day 79 or 177 post-AI. 671 

The increase in ovulatory response of heifers in the 4CC treatment aligned with results 672 

from a recent study on dairy heifers that compared the use of a double dose of GnRH at the 673 

beginning of a 5-day CO-Synch protocol, reporting an increase from 27.9% to 51.8% in heifers 674 

receiving 200 μg when compared to heifers receiving 100 μg (Colazo et al., 2023). The improved 675 

ovulatory response is consistent with previous studies conducted in Holstein dairy cows receiving 676 

200μg vs. 100 μg at the beginning of the breeding OvSynch of a double OvSynch program. 677 

Ovulatory response increased from 69.4% to 81.2% (Martinez et al., 2021), and from 65.0% to 678 

81.3%, for cows treated with 200 μg compared to 100 μg (Martinez et al., 2021; Valdés-Arciniega 679 

et al., 2023). Previous studies reported a GnRH, dose-dependent LH release response in dairy cows 680 

(Souza et al., 2009; Giordano et al., 2012a), consistent with ovulatory responses observed in the 681 

current studies. Thus, the premise that there is a GnRH dose-related response for ovulation was 682 

confirmed herein as previously described (Colazo et al., 2023). 683 

As expected, progesterone concentrations on Day 0 influenced ovulatory response such 684 

that heifers in the Low P4 group had an increase in ovulatory response, but there was no interaction 685 
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with treatment. The lack of interaction suggests that the magnitude of response to treatment was 686 

not sufficient to influence responses observed in ovulation between progesterone groups 687 

differently. An increase in the ovulatory response for heifers in the Low P4 group from 19.0% to 688 

48.4%, when compared to the High P4 group, was similar to results previously reported (Lima et 689 

al., 2013). In that study, heifers in the high progesterone group had a mean plasma concentration 690 

of progesterone of 7.35 ng/mL, which was slightly higher than the mean concentration observed 691 

in the current study (6.57 ng/mL), but that is unlikely to be sufficient to explain the differences in 692 

the magnitude of ovulatory response (Lima et al., 2013). Previous studies have found differences 693 

in the magnitude of the responses to GnRH in high and low P4 environments, consistently 694 

demonstrating an increased ovulatory response in animals within the low P4. For instance, beef 695 

heifers (Colazo et al., 2008; Dias et al., 2010) and dairy cows showed a notable increase in 696 

ovulatory response for those animals with low P4 (Giordano et al., 2012a; Stevenson, 2016). Past 697 

research has suggested that progesterone can reduce the expression of GnRH receptors and thereby 698 

pituitary sensitivity to GnRH (Nett et al., 2002; Rispoli and Nett, 2005; Stevenson and Pulley, 699 

2016). Indeed, progesterone concentration was a significant (if only moderate) predictor for 700 

ovulation but was insufficient to translate into improved pregnancy outcomes as anticipated, 701 

suggesting that other physiological factors play a role in dairy heifers subjected to estrous 702 

synchronization programs.   703 

As anticipated, heifers ovulating at the beginning of the synchronization program had 704 

increased P/AI , but surprisingly, the benefits of the increased ovulatory response achieved by the 705 

double dose of GnRH did not result in significant differences in P/AI  at Days 37, 79, and 177 post 706 

AI. The positive association between ovulation at the beginning of the synchronization program 707 

and pregnancy outcomes is consistent with studies in dairy cows and heifers (Colazo et al., 2008; 708 
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Giordano et al., 2012a; Lima et al., 2013; Bisinotto et al., 2015). Nonetheless, contrary to our 709 

hypothesis, the greater ovulatory response induced by the double dose of GnRH failed to improve 710 

pregnancy outcomes, contrasting the findings of a similar recent study (Colazo et al., 2023). In 711 

that previous study, heifers receiving 200 μg of GnRH had increased P/AI at 30 days post-AI 712 

(75.9% vs. 63.1%) when compared to animals receiving 100 μg (Colazo et al., 2023). These 713 

disparities in pregnancy outcomes may potentially be attributed to the differences between the 714 

protocols used. In the current study, heifers stayed with the progesterone device for six days, while 715 

in the previous study, they kept the progesterone device for only 5 days. Thus, in the current study, 716 

heifers had follicles that were under a longer period of dominance when the P4 device was 717 

removed, which could have made them more susceptible to express estrus earlier, as indicated by 718 

the previous studies (Colazo et al., 2023; Gobikrushanth et al., 2023). In that study, the researchers 719 

revealed that increasing the dose of GnRH from 100 μg to 200 μg reduced the interval from device 720 

removal to estrus from 61.0 to 54.3 hours in the heifers ovulating after GnRH treatment(Colazo et 721 

al., 2023). Therefore, it is possible that in the current study, the additional day available for follicle 722 

development increased the percentage of heifers expressing estrus too early and in an 723 

asynchronous manner, relative to the insemination time when receiving a higher dose of GnRH, 724 

which might have offset the benefits from the increased ovulatory response in heifers receiving 725 

200 μg of GnRH. Another difference was that the increase in ovulatory response in the previous 726 

study was larger (From 27.9% to 51.8%) than in the current study, potentially contributing to the 727 

effects of pregnancy observed in their study. 728 

Therefore, it is reasonable to surmise that the lack of improved reproductive outcomes in 729 

heifers receiving 200 μg of GnRH in the current study might be a result of the increased percentage 730 

of heifer expressing estrus sooner after P4 removal (e.g., < 48 hours) that led to an asynchronous 731 
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ovulation relative to semen availability, ultimately offsetting benefits of the improved ovulation 732 

induced by higher dose of GnRH. Even though the results support the importance of ovulation in 733 

influencing the outcomes of the timed AI program, it is important to acknowledge that pregnancy 734 

rates are influenced by broader and more complex factors such as length of follicle dominance and 735 

synchrony between estrus expression, ovulation, and semen availability to support successful 736 

fertilization.  737 

 738 

CONCLUSION 739 

Overall, the findings of this study indicate that increasing the dose of GnRH from 100 μg 740 

to 200 μg at Day 0 of the 6-d CIDR synchronization program enhances the ovulatory response in 741 

Holstein heifers. However, despite this improvement in ovulation, no effects were observed on 742 

pregnancy outcomes. These results have practical implications for reproductive management 743 

strategies in dairy heifers, suggesting that increasing the GnRH dose alone may not be sufficient 744 

to improve overall pregnancy. Ultimately, comprehending the complexity of factors influencing 745 

pregnancy outcomes in heifers is needed, highlighting the necessity to consider multiple variables 746 

when evaluating and predicting pregnancy rates.  747 

 748 

ACKNOWLEDGMENTS 749 

The funding for this research was provided by the U.S. Department of Agriculture Project number 750 

CA-V-PHR-4140-RR. The authors also would like to thank Smith Valley Cattle Feeder ownership 751 

and personnel, in Smith Valley, NV, for allowing us to conduct the study. The authors also would 752 



36 
 

like to thank Zoetis Inc. for donating the hormones used in the current study. The authors do not 753 

have any conflicts of interest.  754 

 755 

 756 

 757 

 758 

 759 

  760 



37 
 

CHAPTER 4: Impact of genomic prediction of daughter pregnancy rate and cow 761 

conception rate in two reproductive programs combining estrus detection and timed AI in 762 

dairy cows. 763 

Genomic prediction of daughter pregnancy rate (GDPR) and cow conception rate (GCCR) are 764 

fertility traits developed to help improve selection for reproductive performance. Although these 765 

traits might share similar numerators in the U.S. national population and overlap considerably, the 766 

denominator varies, and programs with different strategies combining estrus detection and timed 767 

AI might experience different associations with these traits. The objectives were to assess the 768 

reproductive responses: 1) days from calving to first service (TP1), 2) AI at estrus detection (AIE), 769 

3) pregnancy at the first service (P1), 4) pregnancy loss for the first service (PL), and 5) number 770 

of services to conception (NSFC) in two reproductive programs (RepP) combining variable estrus 771 

detection (ED) length and timed AI (TAI) and their relationship of GDPR and GCCR. Holstein 772 

dairy cows from a single dairy farm were randomly allocated to RepP Short (n = 982) or Long (n 773 

= 942). In the Short RepP, cows were enrolled in a Presynch-OvSynch (PGF2α at 36 ± 3 and 50 ± 774 

3 DIM followed by ED and AI from 50 ± 3 to 62 ± 3; or for cows not showing estrus, GnRH at 62 775 

± 3, PGF2α at 69 ± 3, GnRH at 71 ± 3 and TAI at 72 ± 3 DIM). In the Long RepP, cows received 776 

a PGF2α at 50 ± 3 followed by AI at ED at 82 ± 3, and cows not detected in estrus by this date were 777 

enrolled in the OvSynch program (GnRH at 82 ± 3, PGF2α at 89 ± 3, GnRH at 91 ± 3 and TAI at 778 

92 ± 3 DIM). Data for GDPR and GCCR were categorized into quartiles (Q1 to Q4). Statistical 779 

analyses included logistic regression used for AIE, P1, and P1; Poisson regression for the NSFC; 780 

and linear regression for TP1. Pregnancy outcomes were modeled with average days to first 781 

service, number of cows bred after estrus detection, and P/AI variances at days 32 and 88 post-AI 782 

as dependent variables, and RepP, GDPR quartiles (qGDPR), GCCR quartiles (qGCCR), and 783 
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parity as independent variables. Genomic evaluations included AIE, P1, PL, NSFC, and TP1 as 784 

dependent variables, with RepP and qGDPR for GDPR and RepP and qGCCR for GCCR as 785 

independent variables. Time to pregnancy was analyzed using Cox's proportional hazard model, 786 

adjusting for parity. The Short RepP had a shorter TP1 (Short = 64.3 vs. Long = 72.1) and fewer 787 

NSFC than the Long RepP (Short = 2.9 vs. Long = 3.1). The Long RepP had a higher AIE (Short 788 

= 45.2% vs. Long = 73.2%). The P1 tended (P = 0.09) to be greater in the Short than the Long 789 

RepP (Short = 33.7% vs. Long = 30.0%). There was a positive relationship between the GDPR 790 

and GCCR highest quartile (Q4) for TP1, AIE, P1, and NSFC compared to the lowest quartile 791 

(Q1). Interactions between RepP and GDPR were present for TP1, AIE, and P1, but no interactions 792 

were observed between RepP and GCCR. Cows in the Short program had a shorter median interval 793 

from calving to pregnancy of 113 days, while those in the Long program had a median interval 794 

from calving to pregnancy of 124 days. Cows in the highest quartiles for GDPR and GCCR showed 795 

a reduced interval of pregnancy and a higher pregnancy hazard ratio of up to 300 DIM compared 796 

to those in the lowest quartiles for both GDPR and GCCR. In summary, the current study revealed 797 

that cows enrolled in Long RepP that relied on longer ED interval had lower reproductive 798 

outcomes than Short RepP, and cows ranked in the highest GDPR and GCCR quartile had better 799 

reproductive outcomes independent of the RepP program used.  800 

 801 

INTRODUCTION 802 

In recent years, the dairy community has increasingly used genomic traits for fertility to 803 

enhance breeding strategies and improve herd performance (Council on Dairy Cattle Breeding, 804 

2018). The hazard of pregnancy in lactating cows encompasses a multifaceted matter, influenced 805 

by various factors, including health status (Ribeiro et al., 2016), the resumption of ovarian cycles 806 
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postpartum (Chebel and Santos, 2010), the accuracy and efficiency of estrus detection (Chebel et 807 

al., 2006), and the probability of achieving pregnancy following insemination. 808 

The inception of genetic and genomic selection for reproductive traits, including daughter 809 

pregnancy rate (GDPR) in 2003, marked a shift in breeding program strategies, recognizing the 810 

importance of simultaneously selecting for both productive and reproductive traits (VanRaden et 811 

al., 2003; Council on Dairy Cattle Breeding, 2018). While GDPR quantifies the likelihood of a 812 

bull's daughter becoming pregnant after calving, cow conception rate (GCCR) evaluates the 813 

probability of pregnancy following artificial insemination (AI) in a bull's daughter. Although these 814 

fertility traits share similar numerators in the US national population and overlap considerably, the 815 

denominator varies, and programs with different strategies combining estrus detection and timed 816 

AI might experience different associations with these traits. For instance, a study assessing the 817 

relationship of GDPR and GHCR in dairy heifers indicated that positive associations with the 818 

hazard of estrus only occurred in the former leading the authors to suggest that those two traits 819 

might impact pregnancy through different mechanisms (Veronese et al., 2019a).  820 

Advancements in genomic tools have furthered the potential of using GDPR as a selection 821 

criterion, significantly improving the reliability of fertility trait predictions (Wiggans et al., 2011). 822 

Such genomic advancements have not only doubled the annual rates of genetic gain for production 823 

traits but have also seen a 3- to 4-fold increase for fitness traits, including female fertility (García-824 

Ruiz et al., 2016). Heifers with lower GDPR rankings were less likely to enter estrus within 7 days 825 

post-PGF2α treatment and experienced shorter durations of PGF2α-induced estrus than those in the 826 

higher GDPR quartile (Veronese et al., 2019a). Additionally, a positive correlation was found 827 

between GDPR and the success rate of 1st service pregnancies (Veronese et al., 2019a). Another 828 

study indicated that primiparous and multiparous cows in the highest quartile for GDPR had 829 
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reduced time from calving to first AI and pregnancy, reduced number of services per conception, 830 

and increased P/AI for the 1st service and throughout lactation when compared to the lowest GDPR 831 

quartiles in cows bred using Presynch-OvSynch program for the first service (Lima et al., 2020). 832 

Madureira et al. (2022) showed that cows with higher GDPR scores exhibit increased odds of 833 

estrous expression at the time of insemination and lower odds of pregnancy loss, suggesting a 834 

broader influence of genomic traits on underlying physiological mechanisms linked estrus and 835 

pregnancy maintenance. A recent study indicated that cows with greater GDPR had greater 836 

intensity and duration of estrus independent of parity (Borchardt et al., 2024). 837 

Although GDPR and GCCR show a strong correlation, the body of evidence from the 838 

literature indicates that GDPR may substantially affect estrus characteristics and potentially favors 839 

breeding programs relying more on estrus detection, while GCCR might be highly correlated with 840 

pregnancy outcomes in programs relying on timed AI. Thus, it was hypothesized that cows within 841 

the highest quartile for GDPR are more likely to be successfully inseminated during the estrus 842 

detection period, thereby favoring programs that rely on longer opportunities for ED. For cows in 843 

the highest quartile for GCCR, the positive pregnancy outcomes would be evident only in 844 

programs that rely on a shorter ED period followed by TAI. The objectives were to assess the 845 

reproductive responses in two reproductive programs (RepP) combining variable lengths for ED 846 

and TAI and their relationship with GDPR and GCCR.  847 

 848 

MATERIALS AND METHODS 849 

All animal procedures followed the recommendations of the Guide for the Care and Use of 850 

Agricultural Animals in Research and Teaching (FASS, 2010). 851 
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Cows, Diets, and Housing  852 

The study was conducted between March and December 2017 on a commercial dairy farm 853 

in Merced, California. A total of 1,924 Holstein cows were housed in a free-stall barn and had 854 

unrestricted access to a TMR ration formulated to meet or exceed the nutrient requirements for a 855 

lactating Holstein cow producing 35 to 45 kg of milk/d with 3.5% fat and 3.2% true protein when 856 

DMI is 21 to 23 kg/d (NRC, 2001). Diets were fed to cows located in a group pen and adjusted 857 

according to refusals in each group.  858 

Experimental Design and Treatments  859 

Cows used in the current study were enrolled in two different reproductive management 860 

that included using the AIE followed by the OvSynch program. In the first RepP, with a shorter 861 

period of estrus observation (Short) cows were enrolled at 36 ± 3 DIM, receiving an i.m. injection 862 

of 5 mL of PGF2α (25 mg of dinoprost tromethamine, Lutalyse® Zoetis Inc., Kalamazoo, MI) 863 

followed by the second PGF2α treatment administered 14 d later at 50 ± 3 DIM. At the second 864 

injection of PGF2α, cows’ tailheads were painted daily with chalk to aid ED. Cows identified in 865 

estrus received AI on the same morning. Cows not observed in estrus after 12 d of the second 866 

PGF2α treatment were enrolled in the OvSynch program. The protocol included an intramuscular 867 

injection of 2 mL of GnRH (50 μg of gonadorelin hydrochloride per mL; Factrel®; Zoetis Inc. 868 

Madison, NJ) followed by an intramuscular injection of PGF2α 7 d later. A second intramuscular 869 

injection of GnRH was administered at 56 after the PGF2α, and TAI was performed 16 h later at 870 

72 ± 3 DIM. If cows were detected in estrus after the PGF2α treatment of the OvSynch protocol, 871 

then AI was performed the same day (Figure 7).  872 
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In the second program, with a longer period of estrus detection (Long), cows were enrolled 873 

at 50 ± 3 DIM, receiving an intramuscular injection of PGF2α, and the cows' tails were painted 874 

daily with chalk, and those identified in estrus received AI on the same morning until 82 ± 3 DIM. 875 

Cows not observed in estrus by 82 ± 3 DIM were enrolled in the OvSynch. The protocol was the 876 

same for Short, and AI was performed at 92 ± 3 DIM (Figure 7). Cows were inseminated with 877 

conventional or sexed semen from a bull compatible with the farm's genetic management program 878 

(Figure 7).  879 

Eligible cows were enrolled in one of the RepP based on odd or even ear tags that, in this 880 

particular farm, were placed in ascending order according to the date of birth. Thereafter, cows (n 881 

= 1924) were enrolled for each treatment with an odd ID number for treatment Short and an even 882 

ID number for the Long treatment group. Parity Short (primiparous = 378 and multiparous = 585), 883 

and Long (primiparous = 390 and multiparous = 569), GDPR and GCCR categories (Q1 = Lowest 884 

quartile and Q4 = Highest quartile), and semen type were analyzed after enrolment. 885 

Pregnancy Diagnoses and Reproductive Outcomes  886 

Pregnancy was diagnosed via transrectal palpation through transrectal ultrasonography of 887 

the uterus using a portable ultrasound device with a 7.5-MHz transrectal probe (Easi-Scan; BCF 888 

Technologies USA Ltd. LLC, Rochester, MN) at d 32 ± 3 after AI. Pregnancy was determined by 889 

the presence of an amniotic vesicle with a visible embryo heartbeat. Pregnant cows on d 32 ± 3 890 

were re-examined for pregnancy via transrectal ultrasonography 5 weeks later (88 ± 3 d of 891 

pregnancy) to reconfirm pregnancy status.  892 
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For all evaluated pregnancy outcomes, traits were binary variables, coded as 1 if the cow 893 

became pregnant and 0 if not pregnant. Data on reproductive outcomes were collected from the 894 

on-farm software DairyComp 305 (Valley Agriculture Software, Tulare, CA). 895 

Statistical Analyses  896 

Statistical analyses were performed using JMP from SAS (JMP®, Version 17 Pro, SAS 897 

Institute Inc., Cary, NC). Data for GDPR and GCCR were categorized according to quartiles across 898 

all cows, with values grouped in ascending order from the lowest (Q1) to the highest (Q4) 899 

quartiles. 900 

The evaluated variables included: 1) days from calving to first service (TP1), 2) AI at estrus 901 

detection (AIE), 3) pregnancy at the first service (P1), 4) pregnancy loss for the first service (PL), 902 

and 5) number of services per conception (NSFC). Binary outcomes such as AIE, P1, and PL were 903 

analyzed using logistic regression. NSFC was analyzed using Poisson regression, and TP1 was 904 

analyzed using linear regression. 905 

The final model for overall pregnancy outcomes included the dependent variables of 906 

average days to first service, the number of cows bred after the estrus detection period in each 907 

group, and all variances for P/AI on day 32 and day 88 after AI. The independent variables in the 908 

model were reproductive programs (RepP), quartile of GDPR (qGDPR), quartile of GCCR 909 

(qGCCR), and Parity. 910 

For genomic evaluations of GDPR and GCCR, the final model included dependent 911 

variables (AIE, P1, PL, NSFC, TP1) and the effects of independent variables RepP and qGDPR 912 

for GDPR and RepP and qGCCR for GCCR and their respective interactions. 913 
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Time to pregnancy was analyzed by survival analysis using Cox’s proportional hazard 914 

model with the PHREG procedure of SAS, incorporating parity. For time from calving to 915 

pregnancy, cows that did not become pregnant were censored at study exit or 300 DIM, whichever 916 

occurred first. The adjusted hazard ratio (HR) and respective 95% CI were calculated. The 917 

proportionality of hazards was assessed using ASSESS, PH, and RESAMPLE in the PHREG 918 

procedure. The LIFETEST procedure of SAS generated survival curves, least squares mean 919 

(LSM) ± standard error of the mean (SEM), and median days to the event. 920 

For all analyses, backward elimination of explanatory variables with P > 0.10 was used to 921 

select final models. All variables and their relevant interactions were considered significant if P ≤ 922 

0.05, while 0.05 < P ≤ 0.10 were considered tendencies. 923 

RESULTS 924 

Descriptive Statistics 925 

Table 5 presents the results from the analysis of the reproductive programs (Short and 926 

Long) standardization, and includes variables evaluated that are related to reproductive 927 

performance, such as the number of lactations, parity percent, the 305-day mature equivalent 928 

(305ME), daily milk average, dairy wellness index (DWP$), genomic net merit (GNM$), genomic 929 

predicted transmitting abilities for milk (GPTAM), genomic predicted transmitting abilities for 930 

fat (GPTAF), genomic predicted transmitting abilities for protein (GPTAP), genomic daughter 931 

pregnancy rate (GDPR), genomic cow conception rate (GCCR), genomic breeding value for 932 

protein (GBPI), genomic predicted lifespan (GPL), genomic somatic cell score (GSCS), genomic 933 

mastitis (GMAST), and genomic lameness (GLAME) were assessed. Table 5 also provides 934 

information on the type of semen used (conventional and sexed). None of the parameters evaluated 935 
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were significantly (P < 0.05) between the RepP (Table 5). The Spearman correlation coefficient 936 

between GGDPR and GCCR indicated a strong positive linear relationship between the two 937 

fertility traits of interest for the study (Figure 8).  938 

Pregnancy outcomes  939 

The TP1 for cows in the Short RepP was lower (P < 0.01) than in the Long RepP. 940 

Multiparous cows had lower TP1 (P < 0.01) than primiparous cows, but no interactions (P = 0.21) 941 

between RepP and parity were detected (Table 6). The NSFC was lower (P = 0.02) for the Short 942 

than the Long RepP, but no difference (P = 0.12) between parity and interactions between parity 943 

and RepP (P = 0.20) was observed (Table 6). The AIE was greater (P < 0.01) for cows in the Long 944 

than in the Short RepP. A tendency was detected for parity (P = 0.09), but no interactions (P = 945 

0.81) between the RepP and parity were observed.  946 

Cows in the Short RepP tended (P = 0.09) to have greater P/AI at day 32 post-AI than cows 947 

in the Long RepP, but no differences for RepP at day 88 post-AI (P = 0.24). There were no effects 948 

of parity on P1 at days 32 (P = 0.59) and 88 (P = 0.48) post-AI, and no interactions were detected 949 

between RepP and parity for P1 at days 32 and 88 post-AI (Table 6). There was no difference (P 950 

= 0.31) for PL between RepP, and no effect of parity (P = 0.53) or their interactions (P = 0.86) 951 

were observed.  952 

Pregnancy outcomes based on GDPR quartiles analysis 953 

Cows in both RepP groups that were in Q4 for GDPR had lower TP1 (P < 0.01) than cows 954 

in Q1 (Table 7), and an interaction between GDPR and the RepP (P < 0.03) was detected with the 955 

Long RepP having a linear decrease in days to the first breeding from Q1 to Q4, while the same 956 

trend was not observed for the Short RepP. In both programs, the NSFC was lower for cows in the 957 
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highest Q4 for GDPR (P = 0.02) than in Q1, but no interactions (P = 0.67) between RepP and 958 

GDPR were observed (Table 7). Cows in Q4 for GDPR for both RepP had a higher AIE when 959 

compared to cows in Q1 (P < 0.01), and an interaction between GDPR and RepP was observed (P 960 

= 0.03) with the Long RepP having a linear increase in the proportion of cows bred in estrus Q1 961 

to Q3, while the same trend was not observed for the Short RepP. The P1 was greater on days 32 962 

(P = 0.02) and 88 (P = 0.01) post-AI for cows in Q4 for GDPR than for cows in Q1 in both RepP. 963 

Interactions between RepP and GDPR for P1 at day 32 post-AI were observed (P = 0.02), with 964 

cows in the two highest quartiles for GDPR (Q3 and Q4) having a greater P1 than cows in the 965 

lowest quartiles (Q1 and Q2), but the same trend was not observed for the Long RepP. Interactions 966 

between RepP and GDPR for P1 at day 88 post-AI were also observed (P = 0.02), with cows in 967 

the two highest quartiles for GDPR (Q3 and Q4) having a greater P1 than cows in the lowest 968 

quartiles (Q1 and Q2), but the same trend was not observed for the Long RepP. There were no 969 

differences (P = 0.15) amongst the GDPR quartiles in PL, nor there were interactions (P = 0.71) 970 

between GDPR quartiles and RepP (Table 7).  971 

Pregnancy outcomes based on GCCR quartiles analysis 972 

Cows in the highest quartile (Q4) for GCCR had shorter TP1 (P < 0.01) than cows in Q1 973 

for GCCR. There were no interactions (P = 0.59) between RepP and GCCR for TP1. Cows in Q4 974 

for GCCR, for both RepP, had lower (P < 0.01) NSFC than herd mates in Q1, but no interactions 975 

(P = 0.56) were detected between RepP and GCCR. Additionally, the AIE was greater (P < 0.01) 976 

for Q4 for GCCR than in Q1, and no interactions (P = 0.95) between GCCR and RepP were 977 

observed. The P1 in Q4 for GCCR was greater than in Q1 at day 32 (P < 0.01) and 88 days (P < 978 

0.01) post-AI. There were no interactions between RepP and GCCR for P1 at 32 days (P = 0.64) 979 
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and 88 days (P = 0.89) post-AI. There was no difference (P = 0.26) in PL for GCCR quartiles, nor 980 

were there interactions (P = 0.81) between GCCR and RepP (Table 8). 981 

Time to pregnancy and proportion of pregnant cows by 300 days postpartum 982 

The median interval from calving to pregnancy for cows in the Short RepP was shorter at 983 

113 days [95% confidence interval (CI) = 106 to 117] than in the Long RepP, which was 124 days 984 

(95% CI = 118 to 132), as depicted in Figure 9. The hazard of pregnancy up to 300 DIM was 20% 985 

greater (HR = 1.20, 95% CI = 1.09 to 1.32, P > 0.01) for the Short than for the Long RepP (Figure 986 

9).  987 

Cows in the Q4 (Highest) for GDPR had a shorter median interval from calving to 988 

pregnancy of 101 days (95% CI = 95 to 113) than cows in the Q1 that had a median of 135 days 989 

(95% CI = 126 to 141), as depicted in Figure 10A. Similarly, for GCCR (Figure 10B), cows in Q4 990 

had a median interval to pregnancy of 100 days (95% CI = 95 to 113), contrasted with a longer 991 

interval of 132 days (95% CI = 122 to 138) for cows in Q1. The adjusted pregnancy hazard up to 992 

300 DIM was 39% greater for Q4 for GDPR than for Q1 (HR = 1.39, 95% CI = 1.22 to 1.59, P < 993 

0.01). The adjusted pregnancy hazard up to 300 DIM was 35% greater for Q4 for GCCR than for 994 

Q1 (HR = 1.35 95% CI = 1.18 to 1.54, P < 0.01).  995 

 996 

DISCUSSION 997 

The major goal of the current study was to assess if the two reproductive programs, either 998 

being a typical short ED period or a program with prolonged ED, would lead to different 999 

reproductive performances and to evaluate the potential association of GDPR and GCCR were 1000 

linked to these results. As stated in the hypothesis, we anticipated that cows within the highest 1001 
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quartile for GDPR are more likely to be successfully inseminated during the estrus detection 1002 

period, thereby favoring programs that rely on longer opportunities for ED, while the highest 1003 

quartile for GCCR the positive pregnancy outcomes would be only evident in programs that rely 1004 

on shorter ED period follow by TAI. The findings indicated that the Short RepP resulted in a 1005 

shorter time to pregnancy first service and pregnancy and a greater percentage of cows pregnant 1006 

cows after the first service compared to the Long RepP. Cows in the highest quartiles for GDPR 1007 

and GCCR had shorter intervals of time to pregnancy and higher pregnancy hazard ratios up to 1008 

300 DIM than those in the lowest quartiles. Nonetheless, the interaction between RepP and GDPR 1009 

suggests that adopting different lengths of ED leads to variable trends of improvements with 1010 

programs with longer ED intervals potentially benefiting more from genetic selection for this trait 1011 

than GCCR, which lacked any interaction with RepP. 1012 

For the most part, cows in the Short RepP achieved improved reproductive performance 1013 

compared to those in the Long RepP. For instance, reproductive responses such as time to first 1014 

service were by design anticipated to be different since a shorter period for ED followed by TAI 1015 

was applied in the Short RepP when compared to the Long RepP. While, due to the longer period 1016 

for ED, it was expected that the Long RepP would have a greater proportion of cows receiving 1017 

AIE than the Short RepP. These two responses aligned to experimental design premises and 1018 

allowed us to explore further if GDPR and GCCR interact with these responses differently. The 1019 

tendency for cows enrolled in the Short RepP to achieve higher P1 than cows in the Long RepP 1020 

might be explained by the fact that a high proportion of cows received a Presynch-OvSynch, a 1021 

fertility program that synchronizes follicle development, luteolysis, and ovulation events, and 1022 

when compared to cows receiving AI after estrus in controlled studies frequently resulted higher 1023 

pregnancy per AI (Strickland et al., 2010; Gumen et al., 2012; Fricke et al., 2014b). Another factor 1024 
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is that TAI for cows in the Long Rep were not presynchronized despite being later in lactation, 1025 

representing a random stage of the cycle that is less likely to result in ovulation and pregnancy 1026 

(Vasconcelos et al., 1999; Moreira et al., 2001). Another aspect that could be considered is the fact 1027 

that a higher proportion of cows receiving AI after ED in the Long RepP may result in higher odds 1028 

of false positive ED, which has been shown to decrease overall pregnancy outcomes (Gowan et 1029 

al., 1982).  1030 

Other reproductive responses assessed corroborated that cows in the Short RepP achieved 1031 

improved reproductive performance compared to those in the Long RepP, notably having a shorter 1032 

median interval from calving to pregnancy (113 vs. 124 days) and a 20% increase in the pregnancy 1033 

hazard. It is worth noting that anovular cows might not potentially benefit from an extended period 1034 

for estrus detection in the Long RepP. Anovulation negatively affects the reproductive efficiency 1035 

of dairy farms by extending the calving intervals (Darwash et al., 1997). Previous research has 1036 

observed that the prevalence of anovulation in dairy cows, measured around 60 DIM, spans from 1037 

15% to 50% (Moreira et al., 2001; Lopez et al., 2005a; Chebel et al., 2006). This condition can 1038 

lead to prolonged intervals between calving and conception, thereby reducing the number of calves 1039 

born per cow per year, impacting milk production, and ultimately decreasing farm profitability. 1040 

Cows returning to cyclicity early after calving exhibit improved reproductive performance (Chebel 1041 

et al., 2006; Santos et al., 2009; Galvão et al., 2010). In the current study, multiparous cows 1042 

received AI earlier and tended to be more frequently inseminated at estrus than their primiparous 1043 

counterparts, leading to shorter DIM at the first insemination. This finding is consistent with the 1044 

findings by Lima et al. (2020), who showed that more multiparous than primiparous cows were 1045 

bred after detecting estrus. Conversely, Madureira et al. (2015) found that when using an activity 1046 

monitoring system, multiparous cows displayed a lower peak activity and shorter estrus durations 1047 
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compared to primiparous cows. Likewise, another study using activity monitoring for ED found 1048 

more primiparous (75.3%) than multiparous cows (64.7%) receiving AI (Rial et al., 2022). The 1049 

discrepancy between the current study, the study by Lima et al. (2020), and the study by Rial et al. 1050 

(2022) may be because AIE was performed using an automatic detection in the latter study while 1051 

the first two relied on tail chalking and might be more susceptible to false positives ED. 1052 

A positive correlation between GDPR and GCCR of 0.87 suggests that these traits overlap 1053 

considerably, as anticipated, and need to be analyzed carefully before being used for targeted 1054 

reproductive management in dairy cattle. The results of the current study corroborate that there is 1055 

a positive relationship between the fertility traits GDPR and GCCR for pregnancy outcomes. For 1056 

instance, cows within the highest quartile of GDPR and GCCR exhibited reduced time from 1057 

calving to the first service, higher P/AI for the first service, and fewer services to pregnancy than 1058 

the lowest quartiles. However, no differences in pregnancy loss for GDPR nor GCCR were present. 1059 

Similarly, (Lima et al., 2020) also reported a consistent positive relationship between GDPR and 1060 

pregnancy outcomes, encompassing both first-time and cumulative AIs in both multiparous and 1061 

primiparous cows. Madureira et al. (2022) noted that elevated GDPR was linked to higher initial 1062 

pregnancy rates per AI, improved ongoing pregnancy rates across multiple AIs, and a reduced risk 1063 

of pregnancy loss. The main motives for analyzing the relationship of GCCR in the current study 1064 

were the previous variable responses and suggested mechanisms by which GDPR and GHCR 1065 

impact pregnancy (Veronese et al., 2019). Our study's additional focus on GCCR indicates that a 1066 

model including these two traits impacts P/AI differently for the first service than when compared 1067 

to only adding either of the traits. The finding that GCCR and GDPR are incorporated together in 1068 

the models shifts the significance of the first service for programs with variable lengths for ED, 1069 

which corroborates with the previous study's idea that the mechanisms by which these traits impact 1070 
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pregnancy might differ. Thus, the current findings suggest that the dual metric approach might 1071 

provide a wider comprehensive assessment of reproductive strategies, potentially guiding more 1072 

targeted interventions to optimize responses of interest. 1073 

Lima et al. (2020) demonstrated that the proportion of primiparous cows bred after estrus 1074 

detection increased linearly with the increase in GDPR. Similarly, Rial et al. (2022) reported that 1075 

using automated estrus alerts, cows in the highest tercile for GDPR experienced higher 1076 

insemination rates at estrus detection than those in the medium and low tercile groups. Veronese 1077 

et al. (2019)also contributed to understanding GDPR's impact by showing that heifers in the 1078 

highest GDPR quartile had a shorter interval to detect estrus induced by PGF2α and an increased 1079 

hazard of estrus 7 days post-administration compared with heifers in the lowest quartile. Notably, 1080 

while previous studies have predominantly focused on GDPR, our study also showed that GCCR 1081 

is positively associated with the odds for estrus expression, followed by AI, and pregnancy 1082 

outcomes in general, highlighting the need to investigate the role of GCCR further as a critical 1083 

factor in reproductive strategies that incorporate estrus and timed AI.  1084 

 1085 

CONCLUSION 1086 

The current study underscores that reproductive programs that have extended time for ED 1087 

might lead to a negative impact on reproductive responses, such as the time to pregnancy and 1088 

pregnancy per AI, and need to be carefully considered before its implementation. Furthermore, the 1089 

current study highlights that these programs with variable estrus detection length before timed AI 1090 

benefit from selection for fertility traits such as GDPR and GCCR with the former having 1091 

interactions with these reproductive programs. While GCCR lacked interactions with reproductive 1092 
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programs assessed, this trait positively impacts all reproductive responses measured in both 1093 

programs and as for GDPR, it needs further investigation to elucidate how it can impact pregnancy 1094 

outcomes.  1095 
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Table 1. Descriptive data representing the number of heifers (n), and the distribution within 1 

treatment groups. mean (±SE), and range for genomic prediction of daughter pregnancy rate 2 

(GDPR), average milk production in the first 2 tests (M1), and 305-d mature-milk equivalent 3 

(ME305) for the lowest (Q1), second (Q2), third (Q3), and highest (Q4) quartiles of primiparous 4 

and multiparous cows, and semen breed type. 5 

 Treatments P-value 
 2CC 4CC  
Item    
Age in month    

14, % (n/n) 5.5 (36/655) 6.1 (40/653) 

0.83 15, % (n/n)  71.3 (467/655)  72.3 (472/653) 
16, % (n/n) 21.4 (140/655  20.2 (132/653)  
17, % (n/n) 1.8 (12/655)  1.4 (9/653) 

Mean, months ± SEM 15.2 ± 0.5 15.2 ± 0.6 0.97 
BCS groups    

Low, % (n/n) 7.0 (46/655) 6.4 (42/653) 
0.91 Medium, % (n/n) 42.0 (275/655) 42.4 (277/653) 

High, % (n/n) 51.0 (334/655) 51.2 (334/653) 
Mean, BCS ± SEM 3.15 ± 0.1 3.15 ± 0.8 0.77 

GDPR groups*    
Q1, % (n/n) 25.2 (154/610) 26.6 (162/608) 

0.93 
Q2, % (n/n) 26.6 (162/610) 26.2 (159/608) 
Q3, % (n/n) 23.4 (143/610) 22.2 (135/608) 
Q4, % (n/n) 24.8 (151/610) 25.0 (152/608) 
Total, % (n/n) 93.1 (610/655) 93.1 (608/653) 

Mean, GDPR ± SEM 0.37 ± 5.4 0.33 ± 5.3 0.63 
Semen Breed Type    

Holstein, % (n/n) 75.1 (492/655) 77.7 (507/653)  
Jersey, % (n/n) 5.7 (37/655) 6.1 (40/653) 0.46 
Crossbred, % (n/n) 12.2 (80/655) 11.0 (72/653)  
Simental, % (n/n) 7.0 (46/655) 5.2 (34/653)  

* Not all the heifers in the study had a GDPR, and those without were excluded from the 6 
analysis. 7 

  8 
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Table 2. Ovarian responses and progesterone (P4) concentrations at Day 0 of a CIDR Synch 9 

program. 10 

 Treatment P-value 
 2CC 4CC  
Item    

Presence of follicle ≥ 10mm at Day 0, % (n/n) 96.9 (192/199) 93.9 (184/197) 0.14 
Presence of multiple follicles ≥ 10mm at Day 0, 

% (n/n) 
55.2 (106/192) 54.1 (100/185) 0.82 

Number of follicles ≥ 10mm at Day 0, mm ± 
SEM 

1.66 ± 0.05 1.70 ± 0.05 0.59 

Size of the largest follicle at Day 0, mm ± SEM 13.9 ± 0.21 13.6 ± 0.23 0.23 
Presence of CL at Day 0, % (n/n) 84.9 (168/199) 83.2 (163/197) 0.65 
Presence of multiple CL at Day 0, % (n/n) 6.0 (10/169) 5.5 (9/164) 0.86 
Number of CL at Day 0, mm ± SEM 1.06 ± 0.02 1.05 ± 0.02 0.87 
Size of the largest CL at Day 0, mm ± SEM 23.4 ± 0.44 22.8 ± 0.41 0.36 
P4 concentrations at Day 0, ng/mL ± SEM 4.80 ± 0.31 5.67 ± 0.36 0.06* 

P4 concentrations distribution by group    
High, % (n/n) 58.8 (117/199) 66.5 (131/197)  
Low, % (n/n) 41.2 (82/199) 33.5 (66/197) 0.11 

* CL presence and number are based on ultrasound. 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 
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Table 3. Follicular ovarian responses and progesterone (P4) concentrations at Day 6 of a CIDR 21 

Synch program. 22 

 Treatment P-value 
 2CC 4CC  
Item    

Presence of follicle ≥ 10mm at Day 6, % (n/n) 99.5 (198/199) 97.5 (192/197) 0.09* 
Presence of multiple follicles ≥ 10mm at Day 6, 

% (n/n) 56.6 (112/198) 55.2 (105/192) 0.79 

Number of follicles ≥ 10mm at Day 6, mm ± 
SEM 1.70 ± 0.07 1.75 ± 0.05 0.52 

Size of the largest follicle at Day 6, mm ± SEM 12.9 ± 0.18 13.0 ± 0.20 0.86 
Presence of CL at Day 6, % (n/n) 95.0 (189/199) 92.9 (183/197) 0.39 
Presence of multiple CL at Day 6, % (n/n) 29.6 (55/189) 38.3 (70/183) 0.07* 
Number of CL at Day 6, mm ± SEM 1.30 ± 0.03 1.39 ± 0.04 0.07* 
Size of the largest CL at Day 6, mm ± SEM 20.8 ± 0.42 19.9 ± 0.41 0.13 
P4 concentrations at Day 6, ng/mL ± SEM 4.00 ± 0.25 4.00 ± 0.26 0.93 
P4 concentrations distribution by group    

High, % (n/n) 53.3 (106/199) 47.2 (93/197)  
Low, % (n/n) 46.7 (93/199) 52.8 (104/197) 0.23 

* CL presence and number are based on ultrasound. 23 

 24 

 25 

 26 

 27 
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 30 
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 34 
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Table 4. Pregnancy outcomes for heifers in the 2CC and 4CC treatments.  36 

 Treatment P-value 
 2CC 4CC  
Item    
Pregnancy     

At 37 days, % (n/n) 60.6 (397/655) 58.8 (382/653) 0.58 
At 79 days, % (n/n) 58.4 (378/647) 57.1 (371/649) 0.68 
At 177 days, % (n/n) 58.1 (375/645) 56.5 (366/647) 0.61 

Pregnancy Loss    
From 37 to 79 days, % (n/n) 2.8 (11/383) 1.7 (6/381) 0.33 
From 79 to 177 days, % (n/n) 2.8 (11/383) 2.8 (11/381) 0.96 

 37 

 38 

 39 

 40 
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Table 5. Descriptive statistics for continuous data and their distribution between two reproductive 42 

programs (Short and Long timed AI programs). 43 

 Reproductive Program  P-value 
 Short Long   
Item     

Number of cow, % (n/n) 51.1 (982/1924) 48.9 (942/1924)  0.20 
Number of lactation, mean ± 

SEM 
2.26 ± 0.04 2.19 ± 0.04  0.20 

305ME1, mean ± SEM 28202.1 ± 122.7 28271.5 ± 117.7   0.68 
Primiparous enrolled, % (n/n) 49.8 (368/739) 50.2 (371/739)  0.39 
Multiparous enrolled, % (n/n) 51.8 (614/1185) 48.2 (571/1185)  0.39 
Milk daily average, mean ± SEM 82.5 ± 0.56 81.6 ± 0.56  0.25 
DWP$2, mean ± SEM 439.7 ± 6.48 445.3 ± 6.74  0.55 
GNM$3, mean ± SEM 352.4 ± 4.96 356.4 ± 5.03  0.57 
GPTAM4, mean ± SEM 318.1 ± 15.3 335.8 ± 15.9  0.42 
GPTAF5, mean ± SEM 23.2 ± 0.64 23.6 ± 0.65  0.69 
GPTAP6, mean ± SEM 16.4 ± 0.38 17.0 ± 0.41  0.23 
GDPR7, mean ± SEM 2.48 ± 0.05 2.54 ± 0.05  0.37 
GCCR8, mean ± SEM 2.92 ± 0.05 2.90 ± 0.05  0.79 
GBPI9, mean ± SEM 1987.8 ± 5.86 1992.3 ± 5.98  0.59 
GPL10, mean ± SEM 4.36 ± 0.64 4.41 ± 0.06  0.53 
GSCS11, mean ± SEM 2.85 ± 0.005 2.85 ± 0.005  0.79 
GMAST12, mean ± SEM 99.9 ± 0.16 99.9 ± 0.19  0.89 
GLAME13, mean ± SEM 100.6 ± 0.19 100.4 ± 0.16  0.53 

Semen Type     
Conventional, % (n/n) 50.5 (719/1425) 49.5 (706/1425)  0.45 
Sexed, % (n/n) 52.5 (82/199) 47.5 (66/197)  0.45 

1 305ME: 305-day mature equivalent 44 
2 DWP$: daily milk average, dairy wellness index  45 
3 GNM$: genomic net merit  46 
4 GPTAM: genomic predicted transmitting abilities for milk 47 
5 GPTAF: genomic predicted transmitting abilities for fat 48 
6 GPTAP: genomic predicted transmitting abilities for protein 49 
7 GDPR: genomic daughter pregnancy rate 50 
8 GCCR genomic cow conception rate  51 
9 GBPI: genomic breeding value for protein  52 
10 GPL: genomic predicted lifespan  53 
11 GSCS: genomic somatic cell score  54 
12 GMAST: genomic mastitis 55 
13 GLAME: genomic lameness   56 



 

 

 

Table 6. Reproductive parameters for Short and Long reproductive programs and Primiparous and Multiparous cows.  57 

 Short  Long   P-value  
 Primiparous Multiparous Primiparous Multiparous RepP Parity RepP x Parity 
TP11, n 64.6 ± 0.69 63.9 ± 0.53 73.5 ± 0.68 70.6 ± 0.55 < 0.01 < 0.01 0.21 
NSFC2, n 2.9 ± 0.1 2.9 ± 0.08 3.2 ± 0.1 2.9 ± 0.08 0.02 0.12 0.20 
AIE3, %  43.5 ± 2.5 46.8 ± 1.9 71.1 ± 2.5 75.4 ± 1.9 < 0.01 0.09 0.81 
P1 at 32d4, % 35.6 ± 2.5 31.8 ± 1.9 29.3 ± 24 30.8 ± 1.9 0.09 0.59 0.24 
P1 at 88d5, % 31.3 ± 2.4 27.6 ± 1.8 26.6 ± 2.3 27.2 ± 1.8 0.23 0.48 0.31 
PL6, % 9.5 ± 3.3 11.8 ± 2.5  9.5 ± 3.3  12.8 ± 2.5 0.31 0.53 0.86 

1 TP1 = Days from calving to first service. 58 
2 NSFC = Number of services per conception  59 
3 AIE = Cows artificially inseminated at estrus detection 60 
4 P1 at 32d = Pregnancy rate for the first service, 32 days after artificial insemination 61 
5 P1 at 88d = Pregnancy rate for the first service, 88 days after artificial insemination 62 
6 PL = Pregnancy loss for the first service 63 

 64 

 65 

59 



 

 

 

Table 7. Reproductive parameters for lowest (Q1), second (Q2), third (Q3), and highest (Q4) quartiles for genomic prediction for 66 

daughter pregnancy rate (GDPR).  67 

 Short  Long  P-value 
Item Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 RepP GDPR RepP x 

GDPR 
TP11, n 65.6 ± 0.8 63.9 ± 0.8 64.5 ± 0.9 62.9 ± 0.8 74.9 ± 0.8 73.2 ± 0.9 69.8 ± 0.8 69.3 ± 0.9 < 0.01 < 0.01 0.03 
NSFC2, n 3.1 ± 0.1 2.9 ± 0.1 2.7 ± 0.1 2.6 ± 0.1 3.3 ± 0.1 3.0 ± 0.1 3.0 ± 0.1 2.9 ± 0.1 0.02 0.02 0.67 
AIE3, %  39.4 ± 2.9 47.6 ± 2.8 42.1 ± 3.1 53.4 ± 3.1 61.9 ± 3.0 72.5 ± 3.1 80.9 ± 2.9 79.0 ± 3.1 < 0.01 < 0.01 0.03 
P1 at 32d4, % 28.7 ± 2.9 27.1 ± 2.8 40.7 ± 3.1 38.0 ± 3.0 27.7 ± 2.9 31.9 ± 3.1 27.1 ± 2.9 34.8 ± 3.1 0.12 0.02 0.02 
P1 at 88d5, % 23.6 ± 2.8 23.0 ± 2.7 36.7 ± 3.0 33.8 ± 2.9 23.1 ± 2.9 28.8 ± 2.9 24.7 ± 2.8 32.1 ± 2.9 0.31 < 0.01 0.02 
PL6, % 17.6 ± 3.7 15.1 ± 3.8 10.0 ± 3.4 11.3 ± 3.4 16.4 ± 3.9  9.6 ± 3.8 8.9 ± 3.9 7.7 ± 3.7  0.29 0.15 0.92 

            
1 TP1 = Days from calving to first service. 68 
2 NSFC = Number of services per conception  69 
3 AIE = Cows artificially inseminated at estrus detection 70 
4 P1 at 32d = Pregnancy rate for the first service, 32 days after artificial insemination 71 
5 P1 at 88d = Pregnancy rate for the first service, 88 days after artificial insemination 72 
6 PL = Pregnancy loss for the first service 73 
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Table 8. Reproductive parameters for lowest (Q1), second (Q2), third (Q3), and highest (Q4) quartiles for genomic prediction for cow 80 

conception rate (GCCR). 81 

 Short  Long  P-value 
Item Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 RepP GCCR RepP x 

GCCR 
TP11, n 65.5 ± 0.8 63.9 ± 0.8 64.2 ± 0.8 63.2 ± 0.9 73.4 ± 0.8 72.6 ± 0.9 70.7 ± 0.8 70.5 ± 0.9 < 0.01 < 0.01 0.59 
NSFC2, n 3.2 ± 0.1 2.9 ± 0.1 2.7 ± 0.1 2.6 ± 0.1 3.2 ± 0.1 3.2 ± 0.1 3.0 ± 0.1 2.9 ± 0.1 0.03 < 0.01 0.56 
AIE3, %  39.2 ± 3.0 46.4 ± 2.9 46.6 ± 2.9 50.0 ± 3.1 67.2 ± 3.0 73.8 ± 3.1 76.6 ± 3.1 76.9 ± 3.1 < 0.01 < 0.01 0.95 
P1 at 32d4, % 27.9 ± 2.9 28.2 ± 2.9 36.3 ± 2.9 40.5 ± 3.0 26.1 ± 2.9 29.2 ± 3.0 30.1 ± 3.0 35.8 ± 3.1 0.17 < 0.01 0.64 
P1 at 88d5, % 23.3 ± 2.9 25.4 ± 2.8 30.5 ± 2.8 36.2 ± 2.9 22.4 ± 2.9 25.8 ± 3.3 26.8 ± 2.9 33.6 ± 2.9 0.39 < 0.01 0.89 
PL6, % 16.4 ± 3.9 10.0 ± 3.9  15.8 ± 3.3 10.6 ± 4.8 14.3 ± 4.1 11.8 ± 3.9 11.1 ± 3.8 6.1 ± 3.4 0.37 0.26 0.81 

            
1 TP1 = Days from calving to first service. 82 
2 NSFC = Number of services per conception  83 
3 AIE = Cows artificially inseminated at estrus detection 84 
4 P1 at 32d = Pregnancy rate for the first service, 32 days after artificial insemination 85 
5 P1 at 88d = Pregnancy rate for the first service, 88 days after artificial insemination 86 
6 PL = Pregnancy loss for the first service 87 

 88 
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 1 

Figure 1. A schematic representation of the estrous cycle. Adapted from Moore and 2 

Thatcher, 2006.  3 

 4 
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 7 

 8 

Figure 2. Schematic representation of three different Timed Artificial Insemination 9 

(TAI) protocols: Ovsynch, PreSynch-Ovsynch, and Double Ovsynch. Ovsynch; begins with a 10 

GnRH injection followed seven days later by a PGF injection. Two days after the PGF, another 11 

GnRH is administered, with artificial insemination (AI) 16 hours later. PreSynch-Ovsynch; 12 

initiates with two PGF injections spaced 14 days apart. Seven days following the second PGF, a 13 

GnRH injection is administered. This is followed two days later by another PGF injection and 14 

then 24 hours later by the final GnRH injection before AI. Double Ovsynch, starting with a 15 

GnRH injection, followed seven days later by a PGF injection, and three days after that, another 16 

GnRH injection. This sequence is repeated seven days after the second GnRH, a PGF injection is 17 

given, and 56 hours later, a third GnRH injection. Finally, AI is performed 16 hours after this last 18 

GnRH injection. 19 

 20 

  21 
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 22 

Figure 3: Schematic representation of experimental procedures: 1,308 Holstein heifers were 23 

enrolled in the study. BCS were recorded, and the heifers were ranked based on their GDPR. On 24 

Day 0, the heifers were then randomly assigned to two treatments, either a 100 μg dose (2CC = 25 

655) or a 200 μg dose (4CC = 653) of GnRH (Day 0) as part of a CIDR Synch protocol. 26 

Additionally, on Day 0, the heifers were administered a CIDR and GnRH (Day 0). On Day 6, the 27 

CIDR was removed, and a shot of PGF was administered. On Day 7, a second shot of PGF was 28 

given. Finally, on Day 9, the heifers received 100 μg of GnRH and were artificially inseminated. 29 

A subset of 396 heifers underwent ovarian scanning, and blood samples were collected to measure 30 

the serum concentration of progesterone (P4) at GnRH (Day 0) and six days later. 31 

  32 
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 33 

Figure 4. Bar graph illustrating the adjusted ovulatory response (A) in heifers in the 2CC and 4CC 34 

(100 μg vs. 200 μg) of GnRH (50 μg gonadorelin hydrochloride per mL; Factrel®; Zoetis Inc. 35 

Madison, NJ) at the first GnRH of a 6-day CoSynch plus P4 device program) treatments, (B) 36 

evaluation of ovulatory response when groups were divided into High and Low progesterone 37 

concentrations (High > 3.0 ng/mL vs. Low ≤ 3.0 ng/mL) at Day 0 of the study; and (C) comparison 38 

between treatment (2CC and 4CC) within each progesterone concentration (Low and High) at Day 39 

0. Analyses were done from the subset group of heifers (n = 392), and the proportion is listed 40 

above the bar graph and standard, whereas the number of cows per treatment is within the bar at 41 

the bottom. Error bars represent the standard error of the mean. 42 

 43 
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 49 

Figure 5. Evaluation of progesterone concentration at Day 0 as a predictor of ovulation at the 50 

beginning of the program/first GnRH of CIDR Synch protocol. AUC = Area under curve. 51 

 52 
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 58 

Figure 6. Bar graphs illustrate the proportion of heifer pregnant at Day 37 post-AI in the subset 59 

group according to treatment (A), progesterone group, (B), treatment by progesterone (C) 60 

ovulation at Day 0 of study (D), and interaction ovulatory response or not at Day 0 within each 61 

treatment group. The proportion of pregnant cows is listed on the bar graph at the top, whereas the 62 

number of cows per group is at the bottom. Error bars represent the standard error of the mean. 63 

 64 

 65 
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 67 

Figure 7: Timeline of study reproductive programs. A total of 1,924 Holstein dairy cows at 36 ± 68 

3 days in milk (DIM), cows were allocated to one of two reproductive programs (RepP): 1) (Short  69 

RepP= 982 cows) PreSynch followed by 12 days of estrus detection and insemination and for cows 70 

not showing estrus 12 days later at 62 ± 3 an OvSynch (GnRH, followed by PGF2α after 7 days, 71 

a second GnRH dose 56 hours later, and timed AI (TAI)was started; or 2) (Long RepP = 942 cows) 72 

administration of PGF2α program at 50 ± 3 DIM, followed by an extended estrus detection period 73 

of 32 days followed by OvSynch program starting at 82 ± 3  DIM for those not showing estrus. 74 

 75 

 76 
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 77 

Figure 8. Correlation of genomic merit for daughter pregnancy rate (GDPR) and genomic merit 78 

for cow conception rate (GCCR) in Holsteins dairy cows. 79 
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 81 

Figure 9.  Survival curves for the proportion of nonpregnant cows by days postpartum for cows 82 

submitted in two different reproductive programs named Short or Long RepP in the first 300 days 83 

postpartum. The median interval to pregnancy for the Short and Long groups was 113 days (95% 84 

confidence interval [CI] = 106 to 117) and 124 days (95% CI = 118 to 132), respectively. The rate 85 

of pregnancy in the 300 days postpartum was greater (P > 0.01) for Short than Long (adjusted 86 

hazard ratio = 1.20; 95% CI = 1.09 to 1.32). 87 

 88 

 89 

 90 
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Figure 10. Survival curves for proportions of nonpregnant cows by days postpartum for cows in 

different quartiles for GDPR (Fig. A) and for GCCR (Fig. B) in the first 300 days postpartum. 

Median interval to pregnancy for GDPR for Q4 and Q1 was 101 days (95% confidence interval 

[CI] = 95 to 113) and 135 days (95% CI = 126 to 141), respectively. The rate of pregnancy in the 

300 days postpartum was greater (P = 0.05) for Q4 than Q1 (adjusted hazard ratio = 1.39; 95% 

CI = 1.22 to 1.59). Median interval to pregnancy for GCCR for Q4 and Q1 was 100 days (95% 

confidence interval [CI] = 95 to 113) and 132 days (95% CI = 122 to 138), respectively. The rate 

of pregnancy in the 300 days postpartum was greater (P = 0.05) for Q4 than Q1 (adjusted hazard 

ratio = 1.35; 95% CI = 1.18 to 1.54).  
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