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Thesis Abstract: 

Irish dairy production is built around a very successful and sustainable spring-calving, 

pasture-based system. A key element of this system is aligning peak herd energy requirements 

for lactation with peak pasture growth in the grazing season, and efficient reproductive 

performance is essential to achieve this objective. Fertility of dairy cows in Ireland has 

improved since the nadir of the 1990’s, due to a combination of strong emphasis on 

reproductive traits in the Economic Breeding Indexes and better reproductive management. 

Globally reproduction management varies greatly, in the USA fresh cow checks are commonly 

carried out in the days immediately post calving however pre-breeding checks are not routine, 

and many dairies now rely on rumination monitoring systems instead of physical checks to 

identify sick cows. In Ireland post-partum and pre-breeding monitoring can be inconsistent, or 

carried out too close to the mating start date to allow treatment. As a result reproductive issues 

such as metritis and endometritis can largely go unnoticed and untreated. Such diseases are 

known to reduce fertility and increase the number of services required for conception, the days 

from mating start date to conception and the number of non-pregnant cows at the end of a 

breeding season. Prior to the breeding season vaginal discharge scoring (VDS) can be used to 

diagnose uterine diseases such as metritis or endometritis. This can help identify problem cows 

that would not be suitable for sexed semen, cows that may benefit from antibiotic treatment or 

increased time before AI or, in extreme cases, cows for culling. 

In Chapter 2, we investigated the incidence of endometritis and risk factors in five farms 

across Munster. Cows 21 days in milk (DIM) or more were examined for VDS; those with a 

score of ≥2 were randomly assigned to one of four treatments; Intrauterine Antibiotic (MET), 

Intrauterine Antibiotic plus anti-inflammatory (MET+AIN), synthetic Prostaglandin F2α (PG) 

or control with no treatment (CTL). An incidence rate of 28% was recorded across the five 

farms (n = 482/1695). Any level of endometritis infection resulted in a reduced submission rate 

in the first 21 days of the breeding season and reduced risk of pregnancy by the end of the 12 

week breeding season. Resolution of endometritis did not differ between the treatments, nor 

did treated animals exhibit a significant improvement in reproductive performance, suggesting 

the effect of endometritis lasts beyond clinical disease resolution. Overall, there were 

significant effects of herd and DIM when examining risks factors for endometritis. 

Chapter 3 examined the effect of a novel nutritional supplement extracted from marine 

seaweeds on measures of reproductive function in lactating dairy cows. Ascophyllum nodosum 
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has been reported to improve immune function in monogastrics and it was hypothesised that 

the same could be true in cows. If immune function can be favourably affected in dairy cows 

during the stressful transition period, it could reduce persistent inflammation and reduce 

incidence of diseases such as endometritis. The supplement was fed at 4 inclusion rates to 

identify any potential dose response (0, 35, 70 or 105 g/day). Blood samples were collected on 

days -14, 0, 7, 14 and 28 relative to parturition to analyse energy metabolites and indicators of 

health and inflammation, and VDS was recorded fortnightly form week 2 to 8 post calving. 

Supplementation was found to reduce temporal blood IL-1β concentration at the highest 

inclusion rate. Vaginal discharge scores were also reduced across the trial period in primiparous 

cows that received high levels of supplementation, and were significantly lower at 8 weeks in 

milk which would coincide with the beginning of the breeding season. 

In conclusion, endometritis is a disease of concern for Irish dairy farmers and needs to 

be carefully managed to mitigate subsequent fertility losses. In the absence of reliable treatment 

options further research into preventative measures is warranted. Our research suggests marine 

seaweed extracts could be incorporated into transition cow diets to reduce endometritis 

incidence in primiparous cows, and to moderate the immune response in all cows. Future 

research should test these finding in larger populations of cows, and also examine effects of 

marine seaweed extracts on other markers of immune function. 
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Chapter 1: Literature Review 
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1.1. Importance of Fertility to Irish Dairy Production 

Pasture-based dairy production predominates in Ireland and the seasonality of such a 

system necessitates excellent reproductive performance. The development of Ireland’s pasture-

based seasonal calving system is a reflection of its mild climate and ability to produce large 

quantities of grass, due to abundant rainfall and absence of extreme temperatures. To capitalise 

on pasture growth patterns, the calving season begins in late winter/early spring, matching 

cows’ peak lactation output and intake demand to the spring pasture growth flush (Finneran et 

al., 2012, Kelly et al., 2020b). This is a vastly different system to year-round production 

systems commonly used in other countries, and a compact calving period is required to 

maximise efficiency (Shalloo et al., 2014).  

A short compact breeding season is needed to facilitate the desired 6-week calving rate 

of 90%, and key breeding targets must be achieved throughout the season to attain this goal. 

Recommended breeding season targets are as follows: a) 90% 21-day submission rate for AI  - 

that is 90% of eligible cows bred in the first 21 days after mating start date (MSD); b) 60% 

conception rate to first service; c) 6-week pregnancy rate of ≥70% and d) a non-pregnant rate 

< 10% at the culmination of the 12-week breeding period (Butler, 2014), however it should be 

noted that few farms in Ireland currently reach these targets. Reproductive inefficiency results 

in a decrease in herd survivability, increased calving interval (days), increased AI usage and 

increased labour costs. Knock-on effects on the mismatch of pasture feed supply and feed 

demand result in an estimated average increased cost of €8.22/cow per annum with every 1% 

change in 6-week calving rate (Shalloo et al., 2014).    

1.2. Global Fertility Trends 

Since the 1960’s concerns have been raised over the costs and production inefficiencies 

associated with the low fertility of dairy herds (Lucy, 2001, Norman et al., 2009). Reproductive 

efficiency decline is linked to intensive single-trait selection for milk production up to the early 

2000’s and incorrect management of high milk-producing genetics in pasture-based systems 

(Crowe et al., 2018, Leblanc, 2010a, Walsh et al., 2011). Royal (2000) outlined changes to 

endocrine parameters which were associated with reduced fertility during this period also. 

While reproductive efficiency is important in all systems, it is especially important in seasonal 

calving systems such as that operated in Ireland, as limited time is available between calving 

and submission for breeding, in order to maintain a 365-day calving interval in synchrony with 

the grass growth cycle (Dillon et al., 2006, Veerkamp et al., 2002).  
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Dillon et al. (2006) reported declining fertility across the United States, New Zealand 

and Ireland, despite these countries having diverse production systems, climatic conditions and 

genetic selection focus. What was common across these populations during this time was an 

increase in North American Holstein-Friesian genetics (Mee, 2004). In contrast, the Norwegian 

Red breed maintained steady non-return rates, infertility linked culling rates and calving 

interval during the same period (Refsdal, 2007). Scandinavian countries had incorporated 

fertility and health traits into their breeding index for many years, which may explain this 

sustained high reproductive performance and validates the inclusion of such traits in breeding 

indices. The US Net Merit index has incorporated productive life and daughter pregnancy rate 

traits since 1994 and 2003, respectively (VanRaden et al., 2018) and more recently expanded 

to include heifer and cow conception rates (Cole and VanRaden, 2018). A recent review of 21 

total merit indices from the United States and 16 other countries summarised the traits included 

across these indices, highlighting the variability throughout (Cole and VanRaden, 2018). It 

concludes that indices often beneficially reflect the specific needs of different producers in 

different countries however most will include yield, fertility, health and type traits.  

In the last 20 years, the decline in phenotypic fertility performance has largely been 

reversed, with improvements now being observed due to focus on genetic selections balanced 

for fertility and production (Crowe et al., 2018, Norman et al., 2009, O'Sullivan et al., 2020b, 

Weigel, 2006). In Ireland, the relative breeding index (RBI), which was entirely milk 

production based, focusing only on milk fat and protein yield and protein per cent, was used 

prior to 2001. During that period, genetic merit for milk yield increased by 46 kg per annum; 

however, calving rate to first service declined from 55% to 44% (Dillon et al., 2006). Holstein 

genetics were being used that were more suited to confinement systems where cows were fed 

energy-dense Total Mixed Ration (TMR) diets, and the breeding index needed to be updated 

to place greater emphasis on traits that would confer superior performance on cows maintained 

on pasture. Thus, the Economic Breeding Index (EBI) was launched in 2001 which, for the 

first time in Ireland, included non-production traits to ameliorate fertility performance and 

identify animals with superior genetic merit for generating farm profit. The fertility sub-index 

is one of seven sub-indexes that makes up the EBI alongside milk production, calving 

performance, beef carcase, maintenance, management and health with relative emphasis of 

35%, 33%, 10%, 9%, 6%, 4% and 3%, respectively. Calving interval (24%) and survival (11%) 

are the two traits contributing to the fertility sub-index (Dillon et al., 2018). High EBI cows 

have repeatedly shown greater survivability, milk production and reproductive efficiencies 
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across different levels of concentrate supplementation in seasonal pasture based systems 

(O'Sullivan et al., 2020a, O'Sullivan et al., 2020b). This increase in performance over the 

national average herd provides an economic benefit of €2 net margin per cow per litre for every 

€1 increase in EBI (Ramsbottom et al., 2012). Outside of selection indices fertility 

improvements have been associated with the advent of crossbreeding in the USA, New Zealand 

and Ireland (Auldist et al., 2007, Buckley et al., 2014), in most cases this has involved crossing 

a pure Holstein-Friesian population with Jersey or Norwegian red genetics. It has been argued 

that the improvement in fertility seen in US dairy herds has been largely driven by improved 

management including the use of fertility programs, rather than genetic improvement (Fricke 

and Wiltbank, 2022). This has similarly been a factor in Irish dairy herds as more careful 

management of nutrition in the peri-partum period has evolved to reduce metabolic stress, and 

it is thought reproductive management will become increasingly important with the advent of 

new technologies and data availability (Crowe et al., 2018). 

Reports suggest that the historical decline in phenotypic fertility has been halted and is 

beginning to recover across all dairy populations. Improvements in cow longevity and 

reductions in calving interval during the last 15 years have been reported (Brownlie et al., 2014, 

Kelly et al., 2020b, Norman et al., 2009), although further studies are required to confirm the 

trend and identify the underlying factors. In  Ireland,  fertility improvements have been made 

in recent years; for example, in the period 2008-2017, mean calving interval reduced from 391 

days to 381, pregnancy rate to first service increased from 46% to 54%, 6-week calving rate 

increased from 61% to 72%, while mean calving date moved 8 days earlier from the 11 to the 

3rd of March (Dillon et al., 2018, Kelly et al., 2020b). Similarly the downward genetic trend in 

fertility seen in the Holstein breed has ceased and days open are decreased in US herds (Garcia-

Ruiz et al., 2016).  

1.3. Fertility in the dairy cow 

Post-partum fertility in dairy cows can be defined as the ability of the animal to conceive, 

and to maintain a pregnancy, when served at an appropriate time in relation to ovulation 

(Darwash et al., 1997). This assumes all insemination risks have been mitigated, AI was 

correctly performed by a skilled technician, semen was undamaged and from fertile bulls and 

a sufficient interval since parturition was allowed for uterine involution (Darwash et al., 1997). 

The chronology of events that result in successful reproduction in a dairy cow’s gestation-

lactation cycle is outlined in Figure 1.1. 
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Figure 1.1. Reproductive events in the dairy cow cycle beginning on the day of calving (Day 

0)  (Garnsworthy et al., 2008). EBal = energy balance. P4 = progesterone. PGF2α = 

Prostaglandin F2 alpha.  

Failure at any stage delays the entire process, increasing calving interval, breeding costs 

and replacement rate. Delayed postpartum resumption of oestrous cycles, incomplete uterine 

involution, weak or silent behavioural oestrus display, uterine disease and insufficient 

progesterone (P4) secretion from the corpus luteum (CL) to support uterine receptivity, embryo 

development and maintenance of pregnancy are all factors which can significantly impact 

fertility (Darwash et al., 1997, LeBlanc et al., 2002a, Sheldon and Dobson, 2004). 

1.4. The oestrous cycle 

Ovarian function is controlled by a complex interaction of endocrine hormones and 

feedback mechanisms from the cell to animal level.  These regulatory mechanisms must 

operate in harmony with the animal’s metabolic state to facilitate successful ovulation 

(Garnsworthy et al., 2008). Dairy cows are polyoestrus breeders, displaying oestrus behaviour 

approximately every 21 days, with oestrous cycles between 18-24 days considered normal. 

Each cycle consists of a luteal phase (14-18 days in length) followed by a follicular phase (4-6 

days), which is governed by the hypothalamic-pituitary-ovarian-uterine axis (Forde et al., 

2011). The primary hormones involved are summarised in Table 1.1. The luteal phase is the 

period post ovulation, when the CL is formed and P4 is the primary hormone (Roche, 1996), 

and can be sub-divided into early-, mid- and late-luteal phases. The follicular phase follows the 

regression of the CL (luteolysis) until ovulation; at this time, follicle growth occurs and 
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oestradiol (E2) secreted by the follicles is the dominant hormone (Ireland et al., 2000, Mihm et 

al., 1999).  

Table 1.1. Hormones comprising of the hypothalamic-pituitary-ovarian-uterine axis  

Organ Hormone 

Hypothalamus Gonadotrophin releasing hormone (GnRH) 

Anterior Pituitary Follicle Stimulating Hormone (FSH) and 

Luteinising Hormone (LH) 

Ovaries 

 

Uterus 

Progesterone (P4), Oestradiol (E2), Inhibin 

 

Prostaglandin (PGF2α) 

 

Figure 1.2. Hormonal control of the bovine oestrous cycle with Follicle Stimulating Hormone 

(FSH) stimulating follicular waves every 7-10 days. Luteinising hormone (LH) pulses 

stimulates the dominant follicle, influencing oestradiol (E2) secretion. Positive feedback of E2 

inducing oestrus and increasing LH pulse frequency and amplitude resulting in a LH surge 

inducing ovulation. Progesterone (P4) is produced by the corpus luteum (CL) during the luteal 

phase. Prostaglandin F2α (PGF2α) is released from the uterus in the absence of pregnancy. 

Garnsworthy et al. (2008). 
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1.5. Follicular Phase and Ovulation 

As luteolysis causes the CL to regress and P4 secretion declines, the negative feedback 

on the hypothalamus is removed, and hypothalamic release of pulses of gonadotropin releasing 

hormone (GnRH) is increased (Adams et al., 2008, Ireland et al., 2000). Gonadotropin releasing 

hormone elicits a response in the anterior pituitary gland to produce and release the 

gonadotropins, follicle-stimulating hormone (FSH) and luteinizing hormone (LH). This LH 

peak signals the follicular phase as it promotes waves of follicular growth (Garnsworthy et al., 

2008, Roche et al., 1999). Each wave consists of three stages: selection of 5-7 follicles, 

dominance and either atresia or ovulation of a single follicle from that cohort (Sunderland et 

al., 1994). A transient increase in FSH concentrations precedes each follicular wave, which 

subsides within four days of wave emergence (Pryce et al., 2004, Roche, 1996). Pregnancy 

rates have been reported to be greater in cows that experience three versus two follicular waves 

(Butler, 2003).  

Dominance of a single follicle usually prevents the growth of any other follicles. When 

dominance is lost, that follicle undergoes atresia, and a new wave of follicular growth is 

initiated (Adams et al., 2008). Follicle-stimulating hormone declines as follicles proceed 

toward dominance and they begin secreting increasing amounts of E2 and inhibin (Sunderland 

et al., 1994). Oestradiol production is a defining characteristic of the dominant follicle (DF) 

and follicular fluid concentrations of oestradiol allows identification of the DF among the 

follicles in its cohort before any visible differences in size (Forde et al., 2011). E2 initiates the 

preovulatory GnRH surge which in turn triggers an LH surge from the anterior pituitary, 

enabling the resumption of meiosis and final maturation in the oocyte, ultimately causing 

ovulation of the DF. The DF will only ovulate when serum P4 concentrations are basal, and 

LH pulses occur every 40-70 minutes for 2-3 consecutive days (Forde et al., 2011, Roche, 

1996).   Inhibin reduces the production and release of FSH from the anterior pituitary, which 

coincides with the dominant follicle switching from FSH dependency to LH dependency 

(Forde et al., 2011, Roche, 1996).  
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1.6. Luteal Phase and CL function 

The preovulatory surge of LH that governs a cascade of events leading to ovulation also 

signals the beginning of lutenization (Niswender et al., 1994). Lutenization is characterised by 

the formation of a CL from the ruptured ovulated follicle (corpus haemorragicum) (Forde et 

al., 2011, Senger, 2004). The CL is responsible for the synthesis and secretion of P4 throughout 

the luteal phase, which is crucial for uterine receptivity, competent embryo development and 

pregnancy maintenance (Forde et al., 2011, Lonergan et al., 2015, Pate, 1988). The CL grows 

in size from day 3-5 until the middle of the oestrous cycle. Initially, CL weight is positively 

related to P4 concentration, but after day 8 there is no correlation between CL weight and P4 

secretion and it is more likely dependent on the composition of cells in the CL tissue and their 

vascularity (Mann, 2009, Niswender et al., 2000).  

During CL formation, the basement membrane separating theca interna and membrana 

granulosa cells breaks down and an extensive vascular network develops as blood vessels 

invade the antral space. Large luteal cells (formerly granulosa cells) and small luteal cells 

(formally thecal cells) are formed during the process of lutenization, which is governed by LH 

(Wiltbank, 1994). These cells are steroidogenic and responsible for the production of P4 (Forde 

et al., 2011, Niswender et al., 1994).  Large luteal cells produce more than 80% of the P4 

secreted by the CL during the mid-luteal phase (Niswender et al., 1994). During the mid-luteal 

phase, sustained high concentrations of P4 alter the time or duration of gene expression patterns 

in the epithelium of the endometrium (Forde et al., 2009). This alteration of genes in the 

endometrium is regulated by nuclear P4 receptors in the epithelium, and is required to initiate 

uterine receptivity to the conceptus (Forde et al., 2011). Synchronisation protocols can cause 

the ovulation of smaller follicles, potentially leading to insufficient P4 production after AI 

without P4 supplementation (Nascimento et al., 2013). However other fertility programs such 

as double-oysynch have been associated with improved fertility as they stabilised P4 levels and 

the follicle size tended to be optimised for ovulation (Ayres et al., 2013, Herlihy et al., 2012). 

It is hypothesised that conceptus development is compromised in early pregnancy by sub-

optimal P4 concentration (López-Gatius et al., 2004), while elevated P4 post conception 

enhanced conceptus elongation, increased interferon-τ (IFNτ) and increased pregnancy rates in 

cattle (Lonergan and Sánchez, 2020, López-Gatius et al., 2004); however, supplementation of  

P4 using a variety of strategies led to inconsistent results to date (Lonergan and Sánchez, 2020). 

The timing of P4 stimulation is critical; high P4 during the preovulatory follicular wave is 

linked to increased pregnancy per AI (P/AI) and reduced the incidence of double ovulation, 
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limiting twinning rate (Wiltbank et al., 2014). Conversely low P4 at the time of AI results in 

better conception rates, so long as a transient rise in P4 follows insemination (Wiltbank et al., 

2011). This is reflected in an ovsynch study which found medium P4 at the first GnRH 

treatment, high P4 at the PGF2α and low P4 concentrations at the final GnRH injection were 

associated with the greatest P/AI (Carvalho et al., 2018). hCG supplementation 5 days after 

fixed time AI increased P4 and P/AI, surprisingly this effect was more significant in 

primiparous animals than older cows (Nascimento et al., 2013). Efforts to increase P4 

concentrations and reduce fetal losses by inducing accessory CL with GnRH or hCG at 

pregnancy diagnosis were unsuccessful (Stevenson et al., 2008). However, blood P4 

concentrations at early pregnancy diagnosis <42 days were predictive of subsequent pregnancy 

loss (Martins et al., 2018, Stevenson et al., 2008). In summary, the large body of research 

available on mechanisms regulating circulating P4 concentrations can help guide future 

research on improving reproductive performance through P4 manipulation (Wiltbank et al., 

2014) 

1.7. Maternal recognition and maintenance of pregnancy 

Following fertilisation of the oocyte in the oviduct, the embryo enters the uterus around 

day 4 at about the 16-cell stage and progresses through the early embryo development stages 

of morula development, hatching of the blastocyst and trophoblast elongation (Lonergan and 

Forde, 2015). A series of events must take place if maternal recognition of pregnancy is to 

occur at day 16 post-ovulation, involving a complex communication interaction between the 

elongating embryo, CL and endometrium (McDougall et al., 2013, Spencer and Hansen, 2015). 

The trophoblast cells of the developing conceptus produce IFNτ which is the signal responsible 

for maternal recognition of pregnancy (Bazer and Thatcher, 2017). Interferon-τ blocks the 

endometrial expression of oestrogen and oxytocin receptors, preventing oxytocin-induced 

pulsatile PGF2α synthesis and release from the endometrium which would initiate luteolysis 

(Forde and Lonergan, 2017) . By preventing luteolysis, the CL is maintained and P4 production 

continues, a crucial process for the establishment and maintenance of pregnancy in the presence 

of a conceptus, and necessary to decrease gonadotrophin secretion and prevent behavioural 

oestrus occurring during pregnancy (Forde et al., 2011, Lonergan and Forde, 2015).  Lower 

blood P4 concentration around day 4-5 after ovulation has been associated with decreased 

conceptus length on day 16 (Forde et al., 2009, Forde et al., 2012).While questions remain 

regarding the threshold levels of IFNτ required to guarantee successful pregnancy (Forde and 

Lonergan, 2017), if at this time the embryo is inadequately developed, IFNτ production may 
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be insufficient to inhibit PGF2α release and to inhibit the uterine luteolytic mechanism (Butler, 

2003). The resulting reduction in P4 production will lead to embryo mortality, termination of 

pregnancy and reduced fertility during the pre-implantation period (Garnsworthy et al., 2008, 

Niswender et al., 1994). 

In cattle, the embryo/fetus is reliant on luteal P4 until approximately day 200 of gestation 

and regression of the CL before this will lead to termination of pregnancy. A viable fetus can 

be maintained in the absence of a CL after this time by relying on placental P4, but the risk of 

short gestation, difficult parturition and retained membranes increase exponentially (López-

Gatius et al., 2004, Niswender et al., 2000).  

1.8. Postpartum Uterine Health and Involution  

Parturition is a traumatic event for the uterus, and a number of events must take place 

postpartum before a cow is likely to conceive again including: uterine involution, endometrium 

regeneration, tolerance of bacterial contamination of the uterus and resumption of ovarian 

cyclical activity (Sheldon et al., 2008, Sheldon et al., 2020). This bacterial challenge is 

ubiquitous in the uterus following parturition, at a time when the cow’s innate immune function 

is known to be reduced (LeBlanc, 2020). While the mechanism of reduced immunity are not 

fully understood, it is linked to diminished or dysregulated neutrophil function in the peri-

parturient period (LeBlanc, 2020), increased metabolic demands of calving and lactation 

(Walsh et al., 2011), negative energy balance (Goff and Horst, 1997),  hypocalcaemia 

(Martinez et al., 2012) and a cow’s ability to tolerate and resist bacteria (Sheldon et al., 2019, 

Sheldon et al., 2020). A certain level of uterine inflammation is a normal and necessary function 

to facilitate correct involution. When pathogenic bacteria overwhelm the immune system, 

however, and the animal cannot resolve the inflammation or bacterial contamination in a timely 

matter, uterine disease occurs such as metritis or endometritis and fertility is adversely affected 

(LeBlanc, 2014, Mateus et al., 2002). Complete uterine involution is integral to postpartum 

reproductive success, and time to full uterine and cervical involution can range from 25 to 47 

days (LeBlanc, 2008, Smith and Wallace, 1998). Uterine involution involves necrosis and 

sloughing off of the caruncles for up to 12 days postpartum, with all remaining lochia dispelled 

by 14-23 days in milk (DIM) in a healthy uterus. A fetid odour, pus or continued lochia 

expulsion beyond this period can signal puerperal infection (Mateus et al., 2002). With 

sloughing of the caruncles, the uterus shrinks in size and weight significantly, decreasing from 

13 kg in weight at parturition to just 1 kg in the space of 21 days (LeBlanc, 2008, Sheldon et 
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al., 2008). Regeneration of the endometrium begins with repair of the epithelium by roughly 

25 DIM, but the deeper layers (stratum compactum and stratum basalis) (Bonnett et al., 1991) 

of tissue take up to 8 weeks to repair (Sheldon et al., 2008).  

1.9. Resumption of ovarian function  

Following parturition and initiation of lactation, the cow enters a period known as the 

puerperium. The major events of this period are myometrial contractions and expulsion of 

lochia, endometrial repair, resumption of ovarian function and elimination of bacterial 

contamination of the reproductive tract (Senger, 2004). Resumption of cyclicity is vital for the 

longevity of the animal in the herd and is an early indicator of overall fertility. While ovulation 

of a dominant follicle ceases after recognition of pregnancy, waves of follicular growth 

continue during the first two trimesters of pregnancy at regular 7-10 day intervals. Only in the 

final 20-25 days of gestation is follicular growth perturbed because of the strong negative 

feedback of progestagens and oestogens to diminish FSH release (Crowe, 2008, Ginther et al., 

1996). Within 2-5 days of parturition, blood P4 and oestradiol concentrations decrease to basal 

levels and a transient increase in circulating FSH occurs, priming the ovaries to resume normal 

function. Follicle stimulating hormone stimulates the first wave of antral follicle development, 

with a DF forming by 7-10 days postpartum. The fate of the first dominant follicle (ovulation 

or atresia) is dependent on its ability to secrete sufficient oestradiol to induce a gonadotropin 

surge, and this in turn is reliant on the prevailing LH pulse frequency (Crowe, 2008). Large 

variation has been reported in the percentage of the first post-partum DF that undergo ovulation 

(30-80%), atresia (15-60%) or become cystic (1-5%) (Crowe, 2008, Sartori et al., 2004, Sartori 

and Barros, 2011, Savio et al., 1990). Some of the variation between studies can be attributed 

to parity (primiparous vs. multiparous cows), differing production systems (grazing and 

confinement) and differences between Bos taurus and Bos indicus cows (Sartori et al., 2016). 

1.10. Timely resumption of oestrous cyclicity 

The benefit of timely resumption of oestrous cycles postpartum is widely recognised. 

Cows returning to oestrus rapidly postpartum were found to have a better chance of conceiving 

earlier than those with prolonged anovulatory or anoestrus periods postpartum (Bittar et al., 

2014, Darwash et al., 1997, Darwash et al., 2001). For every day increase to the resumption of 

luteal activity, there was a correlated increase in interval to first insemination, and interval to 

conception (Bittar et al., 2014, Darwash et al., 2001). In research and in commercial settings, 

early postpartum treatment of anoestrous cows with P4 (CIDR or PRID) alone or combined 
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with GnRH has been used to induce oestrus and ovulation with success (Darwash et al., 2001). 

Treatments have been shown to shorten the interval to postpartum oestrus, increase the 

percentage of animals in oestrus and ovulating by 30 days postpartum, decrease the number of 

silent heats and increase the percentage of animals inseminated in the first 3 week post mating 

start date. Cows with good genetic merit for fertility traits (Fert+) had earlier resumption of 

cyclicity than their counterparts with poor genetic merit for fertility traits (Fert-), suggesting 

that shorter postpartum anoestrus interval is a favourable fertility phenotype (Moore et al., 

2014). This supports  previous research whereby cows cycling by day 21 post- partum had 

increased hazard of pregnancy, shorter calving to conception interval and had a lower risk for 

subclinical endometritis (Galvão et al., 2010).  

Conversely, some studies reported that early resumption of oestrous cyclicity had an 

adverse effect (Smith and Wallace, 1998) or no effect (Sakaguchi et al., 2004) on subsequent 

fertility. Early resumption is defined as a rise in P4 in the first 30 days postpartum ((Smith and 

Wallace, 1998). Rojas Canadas et al. (2020b) observed that cows that exhibited early 

resumption of ovulatory ovarian activity (CL positive at week 3 postpartum) had greater hazard 

of pregnancy by day 21 of the breeding season, but this was not associated with any other 

reproductive performance outcomes. Suppression of ovulation until 42 days postpartum in one 

study by transvaginal follicular puncture improved uterine involution and reduced purulent 

vaginal discharge, but there was no effect on reproductive performance (Heppelmann et al., 

2013). Multiparous cows that had an early return to ovulatory ovarian activity (less than 21 

days postpartum) had poorer reproductive performance than their later ovulating counterparts 

(Smith and Wallace, 1998). In that study, the CL became persistent, which may explain the 

adverse effects observed, and highlights the importance of allowing sufficient time postpartum 

for uterine involution and natural resumption of cyclicity (Rojas Canadas et al., 2020b). 

Similarly, timely uterine immune response is important for the return of ovarian cyclic activity, 

as elevated blood P4 concentrations can suppress the immune response leaving the uterus more 

susceptible to bacterial disease. Early ovulation postpartum before elimination of uterine 

bacterial contamination increases the risk of pyometra, which decreases fertility (Sheldon and 

Dobson, 2004). The first postpartum ovulation is generally silent and followed by a short cycle 

as the reproductive system rebalances post parturition (Crowe, 2008, Savio et al., 1990). During 

this period, FSH levels begin to rise in line with resumption of follicular growth and  LH pulse 

frequency must increase to induce ovulation (Crowe, 2008, Roche, 1996). Overall, timely 

resumption of cyclicity (ovulation of a dominant follicle by 30 days postpartum) favourably 
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impacts fertility in cows except when P4 levels increase beyond basal levels “prematurely” 

(less than 21 days postpartum) which increases the risk of uterine disease.  

Despite best management practices to ensure cows return to cyclicity as soon as possible 

postpartum there are a large number of animals that remain anovular up to 60 or 80 days in 

milk for a myriad of reasons. In beef cows calf presence perturbs resumption of ovulation by a 

number of pathways, which is well summarised by Crowe (2008). Similarly in dairy cows low 

LH pulsatility can delay a return to ovulation, or silent heats can occur due to insufficient 

progesterone levels (Forde et al., 2011). This makes detecting estrus difficult and results in 

lower service rates. Anovulation is also closely linked to metabolic status and energy balance 

postpartum; cows with greater body condition score (BCS) loss and prolonged negative energy 

balance (NEBAL) post-partum see delayed resumption of cyclicity (Butler, 2003, Garnsworthy 

et al., 2008). Parity and season of parturition were correlated to the interval length postpartum 

to first service (Darwash et al., 1997), high milk production is often cited as a factor in delayed 

ovulation (Dillon et al., 2006, Pryce et al., 2004) and a greater proportion of high genetic merit 

animals for fertility returned to cyclicity postpartum than their low genetic merit counterparts 

(Moore et al., 2014). Overall there are numerous factors which can delay resumption of 

cyclicity which proves a huge barrier for getting cows back in calf and is an important area of 

research to improve cow fertility. 

 

1.11. Defining Postpartum Uterine Disease in Cattle 

Definitions of uterine disease have evolved considerably since the 1980’s, which has 

resulted in variable incidence of uterine diseases being reported (LeBlanc et al., 2002a, 

McDougall, 2006, Sheldon and Dobson, 2004). Bondurant (1999) defined uterine disease 

according to the extent and severity of inflammation. Endometritis was described as “a 

superficial inflammation of the endometrium only, extending no deeper that the stratum 

spongiosum”. Histological examination may reveal disruption of the surface epithelium and 

infiltration and accumulation of inflammatory and immune cells. Pyometra was described as a 

“purulent inflammation of the endometrium associated with significant fluid accumulation in 

the uterine lumen”, and was commonly observed in cows with an active CL. Finally, metritis 

was described as a “severe inflammatory reaction and involves all layers of the uterus 

(endometrial mucosa and submucosa, muscularis and serosa)”, and is typically encountered 

shortly after dystocia, trauma to the uterus and/or gross bacterial contamination. The main 
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limitation of these definitions is that they do not outline the gross clinical presentation observed 

in animals as a consequence of the infection. As the tissue pathology of these diseases is not 

widely utilised in commercial settings and the systemic/clinical signs are often more telling of 

disease and associated adverse effects, clinical definitions are more important to identify 

animals at risk of impaired reproductive performance (LeBlanc et al., 2002a).  

1.12. Clinical Definitions 

The need for practical case definitions for uterine diseases was identified in the early 

2000’s and clinical definitions were proposed in 2006 (Sheldon et al., 2006). The definitions 

are clear and concise, specify distinct timelines postpartum when each disease occurs, provide 

definitions that are easily identifiable at cow level and identify cows at risk of reduced 

reproductive performance. The diseases were defined as follows: 

1. Puerperal Metritis: an animal with an abnormally enlarged uterus and a fetid watery 

red-brown uterine discharge, associated with signs of systemic illness and fever >39°C, within 

21 days postpartum 

2. Clinical metritis: animals that are not ill but have an abnormally enlarged uterus and a 

purulent uterine discharge detectable in the vagina within 21 days postpartum. 

3. Clinical endometritis: purulent (>50% pus) uterine discharge detectable in the vagina 

21 days or more post-partum, or mucopurulent (approximately 50% pus, 50% mucus) 

discharge detectable in the vagina after 26 days postpartum, not accompanied by systemic signs 

of illness. Or a cervical diameter of >7.5cm 21 days or more post-partum 

4. Subclinical endometritis: >18% neutrophils in uterine cytology samples collected 21-

33 days post-partum or >10% neutrophils at 34-47 days postpartum, in the absence of clinical 

endometritis. 

5. Pyometra: the accumulation of purulent material within the uterine lumen, in the 

presence of a persistent corpus luteum and a closed cervix. 

These working definitions have been widely adopted in dairy uterine disease research 

(Butler et al., 2019, LeBlanc, 2008, McDougall et al., 2020, Williams, 2013) and allow for 

uniform diagnosis across diverse systems of production, thus making results more comparable 

between studies and ultimately identifying more accurate incidence rates for each disease. It 

has been suggested that clinical endometritis may not be an appropriate term, as not all cows 

diagnosed with clinical endometritis, according to Sheldon’s definition using purulent vaginal 

discharge (PVD) scores, had endometrial inflammation when examined in recent studies 
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(Dubuc et al., 2010a). In addition, the term PVD has recently been used as an all-encompassing 

term for endometritis, vaginitis and cervicitis (Kelly et al., 2020a).  

1.13. Effect of endometritis on reproduction 

1.13.1. Postpartum ovarian cyclicity 

Not only does endometritis affect fertility by delaying complete uterine involution and 

suppressing uterine immune function, it is also associated with the disruption of ovarian 

function (Opsomer et al., 2000, Sheldon and Dobson, 2004, Williams et al., 2007). It is 

hypothesised that the uterine damage caused by endometritis disrupts the luteolytic mechanism 

resulting in abnormal ovarian hormone profiles with prolonged postpartum luteal phases 

(Mohammed et al., 2019). Furthermore the presence of pathogenic bacteria in the uterus was 

associate with smaller dominant follicle diameter and lower plasma oestradiol concentrations 

post-partum (Williams et al., 2007). Although the precise mechanism by which endometritis 

increases the risk of prolonged luteal periods is unknown, it is thought to be, in part, due to 

endometritis perturbing prostaglandin production (Mohammed et al., 2019, Sheldon et al., 

2008, Williams et al., 2008). Premature resumption of cyclicity, parity, metritis and retained 

placenta are other major risk factors for prolonged luteal cycles (Opsomer et al., 2000). Cows 

with endometritis required 3 days longer for onset of luteal activity postpartum compared with 

healthy cows (Mohammed et al., 2019). This may not be biologically significant in 

confinement settings where voluntary waiting periods are employed, but could have a greater 

effect on late calvers in seasonal spring-calving herds. 

Research by Sheldon et al. (2002) supported the hypothesis that uterine bacterial 

contamination adversely affected ovarian function. The authors reported slower growth rates 

in the first postpartum DF and lesser plasma oestradiol concentrations, and only 8% of cows 

with endometritis ovulated the first DF compared to 40% of healthy cows (Sheldon et al., 

2002). Endotoxins found in the cell walls of gram-negative bacteria like Escherichia coli, 

which are associated with endometritis, have been found to disrupt the hypothalamic and 

pituitary regulation of the reproductive system. Endometrial infusions of endotoxins disrupt 

GnRH and LH secretion, which reduces the likelihood of ovulation and may increase the risk 

of follicular cyst formation (Sheldon and Dobson, 2004, Sheldon et al., 2002). There appears 

to be direct effects of uterine infection on the ovary, as fewer follicles developed to ≥8 mm on 

the ovary ipsilateral to the previously gravid uterine horn than the contralateral ovary. This 

suggests that uterine infection in the uterine horn adversely affects growth and function of a 
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DF on the ipsilateral ovary. This effect diminished with increasing time post parturition in 

conjunction with uterine involution and complete regression of the CL of pregnancy (Sheldon 

et al., 2000, Sheldon et al., 2002). It is possible that this localised effect on the ipsilateral ovary 

is due to the bacterial load and immune response imbalance between each horn. Alternatively, 

pro-inflammatory molecules, including cytokines released by the immune cells in response to 

endotoxins, may be greater in the ipsilateral uterine horn due to greater vasculature and blood 

flow. The cytokine Tumor Necrosis Factor alpha (TNFα) suppresses granulosa and theca cell 

oestradiol secretion in vitro, which compromises development and viability of the dominant 

follicle (Sheldon and Dobson, 2004, Spicer, 1998). While this is not a comprehensive 

explanation for the observed localised effect on the ipsilateral ovary and further study is needed 

to identify the full mechanisms involved, it is clear that endometritis has a multi-faceted 

adverse effect on postpartum ovarian cyclicity and subsequent fertility in dairy cows 

1.13.2. Uterine inflammation 

The uterus relies on a rapid and robust innate immune response to combat bacterial 

infection that involves Toll-like receptors, antimicrobial peptides and acute phase proteins 

(Bromfield et al., 2015, Sheldon and Dobson, 2004). A marked and persistent inflammatory 

response is invoked by the presence of bacteria in the endometrium; this stimulates cytokine 

and chemokine production, which directs an influx of neutrophils and macrophages, to combat 

infection and aid in resolution of the disease (Bromfield et al., 2015). After parturition, the 

functionality of neutrophils to protect the animal is reduced, and so cows are predisposed to 

uterine disease. Cytokines also potentially impair follicle steroidogenesis and oocyte meiotic 

competence (Ribeiro et al., 2016). While this immune response is necessary to fight the 

infection, it is hypothesised that this very response contributes to infertility following the 

resolution of infection (Bromfield et al., 2015). Clinical or subclinical endometritis can elicit a 

strong immune response in the endometrial tissue, and the inflammation that this brings 

perturbs endocrine function (Sheldon et al., 2009) and delays postpartum resumption of 

ovulation. 

1.13.3.  Pregnancy establishment 

Uterine inflammation causes damage to the endometrium and the uterine glands which 

compromises the ability of the endometrium to support embryonic development and 

implantation (Bromfield et al., 2015, Ribeiro et al., 2013). While the biological mechanisms 
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by which postpartum diseases reduce fertility are not fully understood, there is a clear 

association between early lactation and uterine disease and reduced pregnancy to AI (Ribeiro 

et al., 2016). The effect of endometritis on conception is two-fold; anovulation caused by 

infection prevents the animal from presenting for breeding and therefore conception is not 

possible, and disease has been shown to disrupt endocrine signalling, which significantly 

impacts on ovarian function (Bromfield et al., 2015). Disease reduces successful maintenance 

of pregnancy by causing inflammation-like changes in the transcriptome of the conceptus, 

impairing elongation thereby increasing the risk of pregnancy loss (Ribeiro et al., 2016). The 

risk of pregnancy loss increases because the developmentally retarded conceptus secretes lesser 

IFNτ during the period of maternal pregnancy recognition. Conceptus length on a given day in 

the period around pregnancy recognition is thought to be indicative of its quality and the 

likelihood of establishing and maintaining a pregnancy, although this has yet to be definitively 

established. Significant differences in the transcriptomes of long and short day 15 conceptuses 

have been reported (Barnwell et al., 2016).  Furthermore, Sánchez et al. (2019)  described 

differences in the ability of age-matched long and short conceptuses to elicit an appropriate 

response from the endometrium, suggesting bovine endometrium responds differently in terms 

of its gene expression signature to conceptuses of differing quality, in both an interferon-

dependent and independent manner, which may be reflective of the likelihood of successful 

pregnancy establishment. This is consistent with the notion that the endometrium can act as a 

biological sensor of embryo quality (Bauersachs et al., 2009, Macklon and Brosens, 2014, 

Mansouri-Attia et al., 2009, Sandra et al., 2015). Uterine disease also affects the response of 

blood immune cells to IFNτ. Pregnancy increased expression of interferon-stimulated genes 

(ISG) in peripheral blood leukocytes (PBL) on d 19 after AI in healthy cows but not in cows 

previously diagnosed with disease.  Reduced expression of ISG in PBL at the onset of 

implantation (circa day 19) appears to be a predictor of early pregnancy loss, as diseased cows 

diagnosed pregnant at day 19 had lesser ISG concentrations than their healthy counterparts and 

had greater pregnancy loss by day 64 (Ribeiro et al., 2016). Similar conception and pregnancy 

establishment risks can be caused by non-uterine inflammatory diseases such as mastitis, 

lameness and digestive or respiratory problems (Ribeiro et al., 2016). An additive effect of 

decreasing fertility was observed when cows were diagnosed with multiple periparturient 

diseases, especially metritis and clinical endometritis (Ribeiro et al., 2013, 2016). This was 

largely attributed to clinical endometritis increasing the risk of pregnancy loss between days 

30 and 65 of gestation (Ribeiro et al., 2016). 
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1.14. Diagnosis of Uterine Disease 

The challenge with uterine disease diagnostic techniques is identifying those animals that 

are truly at risk of impaired fertility and will benefit from treatment. Only  diseases that are 

known to reduce fertility or are of economic cost due to reduced production, and that will not 

resolve without intervention, are of concern (LeBlanc et al., 2002a). One of the consequences 

of the lack of a gold standard test for clinical endometritis or other uterine diseases is that 

sensitivity, specificity, incidence rates and success of treatments varies between studies.  

A systematic review of diagnostic tests for reproductive tract infections identified 11 well 

described diagnostic methods and attempted to compare their accuracy and efficiency. Very 

poor agreement between methods was found, suggesting the different methods evaluate 

different aspects of reproductive health, highlighting the importance of correlating diagnostic 

criteria with objective measures of reproductive performance (de Boer et al., 2014). Cow-side 

or commercial farm diagnostic methods include vaginoscopy (vaginal examination with a 

speculum), transrectal ultrasound, transrectal palpation, vaginal examination using a gloved 

hand and use of the Metricheck device to examine uterine discharge. These methods are usually 

combined with objective scoring systems such as PVD scoring or ultrasound reproductive tract 

scoring (URTS) (Mee et al., 2009, Williams et al., 2005, McDougall et al., 2007). The vaginal 

discharge score (VDS) system from McDougall (2007) is defined as follows; 0=no discharge, 

1=clear mucus, 2=flecks of purulent material within otherwise clear mucus, 3=mucopurulent 

but <50% purulent material, 4= mucopurulent with >50% purulent material and 5= 

mucopurulent with >50% purulent material and with an odour. Examples of the vaginal 

discharge scores are shown in Figure 1.3. 

 

 

Figure 1. 3. Vaginal Discharge Scoring system, (McDougall et al., 2007) 0=no discharge, 

1=clear mucus, 2=flecks of purulent material within otherwise clear mucus, 3=mucopurulent 
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but <50% purulent material, 4= mucopurulent with >50% purulent material and 5= 

mucopurulent with >50% purulent material and with an odour. 

 

Uterine biopsy, cytobrush swabbing and uterine lavage are commonly utilised to collect 

uterine cytology samples, but primarily in research settings rather than a commercial farm 

setting because these diagnostic methods are more costly, laborious and require laboratory 

analysis. Uterine cytology is the recommended method for diagnosing subclinical endometritis, 

as it is characterised by the absence of purulent materiel in the vagina and must be diagnosed 

based on the proportion of examined cells that are polymorphonuclear neutrophils (PMN%) 

(Cheong et al., 2011, de Boer et al., 2014, Sheldon et al., 2006). When used for subclinical 

endometritis diagnosis, optimal cut off points range from ≥2 to ≥18% PMN’s depending on 

DIM. As DIM increases, the PMN% cut-off decreases (Denis-Robichaud and Dubuc, 2015, 

Dubuc et al., 2010b, McDougall et al., 2020). Likewise, in trials using URTS, PVD and VDS, 

the timing of examination is an important influencing factor, and the criteria that confirm 

endometritis can change depending on DIM. Rojas Canadas et al. (2020b) defined a URTS 

score of G1 (a typical spoke wheel-shaped lumen) or G2 (a spoke wheel shaped lumen with an 

enlarged centre filled with a small volume of fluid of mixed echogenicity) as normal at week 

3 but refined the criteria for a normal score to G1 only at week 7. This reflects the expected 

resolution of infection as animals approach mating start date, and it was observed that incidence 

of URTS indicating more severe uterine disease decreased with increasing DIM (Mee et al., 

2009, Rojas Canadas et al., 2020b). 

In the absence of a gold standard in commercial farm settings, the Metricheck device has 

become a commonly used clinical endometritis diagnostic method. It is faster and easier to use 

than speculum vaginoscopy or the gloved hand, and does not require cytology analysis. The 

Metricheck is a long metal rod with a silicone cup that collects vaginal discharge when 

extended into the reproductive tract. Visual appraisal of the discharge collected allows a PVD 

score to be assigned. Across different studies, prevalence of clinical endometritis has ranged 

from 24 to 60%, (McDougall et al., 2020, McDougall et al., 2007, Pleticha et al., 2009); this 

variation can be attributed to different diagnosis techniques, DIM at examination and 

production systems. Treatment of cows diagnosed with clinical endometritis did not always 

cause an improvement in reproductive performance. It is possible that PVD that is collected by 

the Metricheck has come from a location in the reproductive tract other than the uterus and 

could be signalling cervicitis or vaginitis instead of endometritis (LeBlanc, 2014). There is 
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little research on cervicitis, however, and hence no consensus on whether these should be 

treated differently or if the same treatment plans can be used. 

1.15. Risk Factors for Uterine Disease 

Up to 75% of disease in dairy cows occurs in the first month post calving  (Sheldon et 

al., 2006). While most risk factors for uterine disease have been well defined, it is prudent to 

examine some in greater depth here, as the mechanisms through which they influence uterine 

disease and their frequency is pertinent to how disease can be addressed.  Numerous risk factors 

are linked to management and production system, hence risk factors for uterine disease 

identified in a specific country or a specific production system, may not be risk factors for Irish 

dairy herds. Uterine disease has been investigated and identified as prevalent in many dairy 

populations.  It also can cause long term subfertility even after successful resolution/treatment 

of the disease (LeBlanc et al., 2002a, Potter et al., 2010). Metritis may be considered a more 

serious disease than endometritis as it invades the cavity, lining and deeper layers of the uterus, 

compared to endometritis infection localising to the lining of the uterus (Sheldon et al., 2008). 

Particular emphasis has been put on investigating and treating endometritis over metritis or 

pyometra in recent years, as researchers aim to better understand its effect on reproduction, 

especially in seasonal calving herds where endometritis incidence can occur close to the 

breeding period and thus infer a significant influence on subsequent reproductive performance 

for the infected animal (McDougall et al., 2020, Ryan et al., 2020b). Many risk factors for 

uterine disease have been established over the years, and can be consolidated into three broad 

categories (LeBlanc et al., 2002a, Peeler et al., 1994, Sheldon and Dobson, 2004). 

1.15.1. Uterine Damage/Physical Risks - Retained Placenta (RP), Dystocia, Twins 

or Delayed Uterine Involution  

Retained placenta (failure to pass the placenta within 24 h postpartum) occurs due to 

delayed degradation of the caruncle-cotyledon attachment, which prevents timely involution 

of the uterus, and provides an ideal environment for bacterial growth (LeBlanc, 2008). It has 

been repeatedly associated with metritis and endometritis (Dubuc et al., 2010b, LeBlanc, 2008, 

Potter et al., 2010). Dystocia typically involves human assistance for successful calving which 

potentially increases contamination and trauma of the reproductive tract; this is also true for 

twins and males calves as they tend to be larger in size increasing the risk of difficult calving 

(Kelly et al., 2020a, Potter et al., 2010). Twins increase the risk of lesser body condition score 
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(BCS) and more severe negative energy balance in the cow, due to increased energy being 

partitioned towards foetal development at the end of pregnancy, which is linked to the risk of 

metabolic disorders after parturition (Dubuc et al., 2010b). Twinning is further associated with 

increased incidence of retained placenta and dystocia (Echternkamp and Gregory, 1999) 

1.15.2. Metabolic Conditions – Negative Energy Balance, Hypocalcaemia, Ketosis, 

Displaced Abomasum 

Metabolic stress during the period immediately before and after parturition is responsible 

for the many health problems in dairy cows. Milk fever, ketosis and left displaced abomasum 

(LDA) are some of the periparturient metabolic conditions frequently observed in conjunction 

with or preceding uterine disease (McDougall, 2001b). Hypocalcaemia is linked to increased 

incidence of RP, which was originally thought to be a consequence of reduced or weaker 

contractions of the uterus and subsequent expulsion of membranes. However, it has more 

recently been deduced that lack of uterine motility plays little to no role in expelling the 

placenta and incidence of RP. Indeed, cows with RP have normal to increased uterine 

contractions post calving and it is instead failure of the immune system to successfully break 

down the cotyledon-caruncle attachment at parturition that causes the foetal membranes to be 

retained (Goff and Horst, 1997, LeBlanc, 2008). Hypocalcaemia is known to be a precursor for 

metritis and subclinical and clinical endometritis (Martinez et al., 2012, Ribeiro et al., 2013).  

Hypocalcaemic cows also experience decreased feed intake, which further exacerbates NEB, 

predisposing her to ketosis, fatty liver and LDA (Chapinal et al., 2011, Goff and Horst, 1997). 

NEB in cows causes body fat stores to be utilised for energy, which are mobilised as non-

esterified fatty acids (NEFA). Elevated blood NEFA concentrations are known to be a risk 

factor for RP, metritis and LDA (Chapinal et al., 2011). It is important that nutritional 

management focusses on reducing the incidence of these risk factors to stabilise the metabolic 

state of the animal.  

1.15.3. Disruption to Hormone & Immune Function – Neutrophil Function, 

Bacteria Contamination, Progesterone Contractions and Early Corpus 

Luteum Formation 

The introduction of bacteria into the uterine lumen at parturition is ubiquitous and affects 

80 - 100% of dairy cows in the first two weeks postpartum (Sheldon et al., 2008). Composition 

of the uterine bacterial flora has been described as a “dynamic” situation during the immediate 
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postpartum period, as contamination, clearance of bacteria and spontaneous re-contamination 

is frequent during this postpartum phase (Sheldon and Dobson, 2004). Most cows self-clear 

any contaminants through a range of uterine defence mechanisms. While the bacterial 

contamination is non-specific and involves a wide range of bacterial species, some are 

specifically associated with uterine disease; Trueperella pyogenes, Arcanobacterium pyogenes, 

Escherichia coli, Fusobacterium necrophorum and Prevotella melaninogenicus (Galvão et al., 

2019, Williams et al., 2007). Indeed, these specific bacteria act synergistically to increase the 

likelihood and severity of uterine disease. E.coli has a detrimental effect on the CL; it reduces 

luteal size and represses luteal P4 production as it upregulates PGF2α and prostaglandin 

oestradiol (E2) secretion (Herath et al., 2006, Sheldon et al., 2008, Williams et al., 2007).  E.coli 

lipopolysaccharide (LPS) binds to toll like receptor 4 (TLR4) in the epithelial and stromal cells, 

which is the mechanism that elicits an endocrine response (Williams et al., 2008). Furthermore 

E.coli infections tend to precede and prime the environment for A.pyogenes infection (Williams 

et al., 2007, Williams et al., 2005) .  A.pyogenes produces a growth factor for F. necrophorum, 

F. necrophorum produces a leukotoxin and P.melaninogenicus produces a substance that 

inhibits phagocytosis. Quantitatively, E.coli and A.pyogenes are the most prevalent pathogens 

accounting for 37% and 49% of pathogenic bacteria isolated, respectively (Sheldon and 

Dobson, 2004, Williams et al., 2008). The uterine microbiome has been an area of interest in 

recent years, with extensive studies carried out to better understand the interactions between 

the microbiota and immune function and fertility. It is suggested that the uterine microbiome 

is well established by the time animals reach reproductive maturity and are maintained 

throughout ovarian cycles and pregnancy (Moore et al., 2017). Specifically, the interactions 

between bacteria and the immune response have been targeted using next generation 

sequencing of the microbiome (Gomez et al., 2019, Moore et al., 2017). While dysbiosis (a 

reduction in microbial diversity) in the uterus is associated with uterine infection, certain strains 

of bacteria can and do abound throughout the reproductive tract in healthy animals and virgin 

uteri without causing infection (Moore et al., 2019, Moore et al., 2017). Streptococcus spp., 

Staphylococcus spp., Bacillus spp and Gammaproteobacteria and members of the phylum 

Tenericutes are all bacterial species associated with the microbiota of healthy animals (Galvão 

et al., 2019, Santos et al., 2011). Surprisingly, pathogenic bacteria species such as T. pyogenes, 

Fusobacteria species and Prevotella have been identified in the uteri of healthy cattle in the 

absence of uterine disease (Sheldon et al., 2020). Indeed the presence of such bacteria is linked 

to barrier enhancement, immune response modulation and stimulation of the innate immune 

system development, as long as the bacterial microbiota is diverse (Gomez et al., 2019). 
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Sequencing has shown that induced or natural uterine infection can cause changes in the 

transcriptome of the endometrium, oviduct and granulosa cells up to three months after 

infection, which could contribute to extended infertility in animals cured of disease and can 

impair the developmental capacity of the oocyte (Dickson et al., 2020, Horlock et al., 2020, 

Moore et al., 2019, Piersanti et al., 2019). Conclusions from the myriad of studies in this field 

would suggest that the presence of a diverse microbiota indicates a healthy animal and 

precludes infection and fertility loss; however, excessive quantities of individual pathogenic 

bacteria and resultant reduced microbiome diversity is associated with endometritis (Ault et 

al., 2019, Miranda-CasoLuengo et al., 2019, Wang et al., 2018). Certainly the diversity of the 

uterine microbiota was previously underestimated and further research is needed to understand 

the interactions of both harmful and commensal bacteria and their co-existence in the uterus 

(Santos et al., 2011, Sheldon et al., 2020) 

1.16. Endometritis Risk Factors 

The risk factors discussed above are associated with more than one form of uterine 

disease – metritis, pyometra and endometritis (clinical and subclinical). However, certain 

hazards are more closely associated with clinical endometritis. Endometritis can be caused by 

excessive inflammation that is prolonged or sufficiently severe to impair reproductive 

performance, or an inadequate innate immune response to successfully clear uterine pathogens 

(LeBlanc, 2014). In particular, conditions that exert physical trauma on the uterus such as RP, 

twins, dystocia and bacterial contamination predispose the animal to clinical endometritis 

(Potter et al., 2010, Sheldon et al., 2008, Williams, 2013). Giving birth to male calves is linked 

to greater incidence of endometritis (Potter et al., 2010). This could be partly due to their larger 

size at birth and the associated risk of a harder calving (Dubuc et al., 2010b) and further 

investigation is warranted into the effect of sire breed and calf sex on size at birth and dystocia 

as a risk factor. The use of sexed semen and careful sire selection to pick easier calving bulls 

could markedly reduce the incidence of endometritis. Conversely, risk factors associated with 

immune suppression or metabolic disorders are more likely to result in subclinical endometritis, 

where there is endometrial inflammation but no PVD (Williams, 2013) 

Differing diagnostic methods and definitions of disease can further complicate 

identification of risk factors. A recent study (Kelly et al., 2020a) diverged from the uterine 

disease definitions described by Sheldon et al. (2006) by diagnosing PVD and endometritis as 

two separate conditions. Purulent vaginal discharge was diagnosed using the Metricheck and 



24 
 

the PVD scoring scale described by Williams et al. (2005), whereas endometritis was diagnosed 

based on the use of transrectal ultrasound to assign a uterine score (Mee et al., 2009). The study 

then attributed primiparity as a risk factor for PVD but multiparty as a risk factor for 

endometritis, which is in contrast to findings elsewhere that primiparity was associated with 

clinical endometritis (Potter et al., 2010). Uterine disease research has shown that there is no 

single risk factor that will result in a specific disease like endometritis. Many risk factors are 

intricately interlinked, which makes it difficult to examine their true individual effects 

(Williams, 2013).  

1.17. Treating Uterine Disease 

There are few commercially available treatments for endometritis, and studies have 

reported varying success of these treatments in resolving infection and improving fertility. 

While clinical signs can be resolved in up to 77% of cases (LeBlanc et al., 2002b), an 

improvement in reproductive performance is not guaranteed. Just as DIM is important for 

diagnosis of uterine disease, timely treatment of infection is vital to achieve disease resolution 

and to afford animals the best chance of establishing a concurrent pregnancy (Sheldon and 

Dobson, 2004). Sufficient time for uterine involution and spontaneous clearing of infection 

must be allowed, meaning that approximately three weeks postpartum is the earliest time 

possible to diagnose and treat endometritis. Any cows with less DIM than this should be 

excluded from trials or included with a caveat that the diagnosis was not definitive, and the 

chance of successful treatment is less. These animals in early lactation should be given longer 

periods to self-cure before treatment (McDougall et al., 2020, Rojas Canadas et al., 2020b).  

1.18. Endometritis Therapies 

While the intramuscular administration of PGF2α and systemic and intrauterine (I.U.) 

antibiotic treatment have been routinely used to treat endometritis, studies have been difficult 

to compare due to many lacking control treatments, varying DIM at time of treatment and 

differing definitions of successful treatment (i.e. resolution of clinical infection vs. an 

improvement to reproductive performance) (Dubuc et al., 2011, Haimerl et al., 2013, LeBlanc 

et al., 2002b, Pleticha et al., 2009). Large scale, well-designed endometritis clinical trials with 

economically important outcomes and comprehensive treatment comparisons are lacking. In 

fact a recent meta-analysis of PGF2α treatment in cases of bovine endometritis identified only 

9 appropriate trials involving 5,563 cows to examine effects on calving to conception interval 

(Haimerl et al., 2018). This analysis showed no positive effect on reproductive performance 
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and did not recommend PGF2α as a reliable treatment. In other studies, PGF2α has been shown 

to be as effective as antibiotic application in improving pregnancy rate when a CL was present 

(LeBlanc et al., 2002b). It is hypothesised that PGF2α use to induce oestrus should lead to 

evacuation of uterine contents and improvement of uterine health when a CL is present. 

LeBlanc (2008) also found PGF2α improved pregnancy rate under specific conditions, and 

concluded the benefit in identifying and treating cases is herd-specific. This does not make 

PGF2α a viable treatment for all animals and requires veterinary intervention to identify those 

cows with a CL (McDougall et al., 2013). 

Intrauterine antibiotics can be used on all animals irrespective of CL status and are 

preferred over IU washes such as Lugol’s iodine and oxytetracycline as these can cause 

irritation and possible coagulation necrosis of the endometrium tissue (Gilbert and Schwark, 

1992). Metricure (500 g Cephapirin) is the only I.U. antibiotic licensed for use in Ireland and 

with zero milk withdrawal. Ceftiofur crystalline free acid (CCFA) is a sub cutaneous antibiotic 

used effectively for the treatment of metritis that has also being trialled as an endometritis 

treatment (Brick et al., 2012). Metricure has been shown to reduce time to pregnancy by 29% 

relative to untreated cows, and to be significantly better overall than PGF2α treatment (LeBlanc 

et al., 2002b). In that same study, Metricure was not effective at reducing time to pregnancy in 

cows without a CL, but did not tend to prolong days open, which was observed in PGF2α treated 

cows without a CL. There is further disagreement surrounding the use of I.U. antibiotics as 

other studies have not reported a reproductive performance response even when clinical 

endometritis/PVD was resolved (Dubuc et al., 2011) which supports the hypothesis that 

endometritis can cause persistent subfertility even when clinical signs have cleared (LeBlanc 

et al., 2002a, Potter et al., 2010, Ribeiro et al., 2016). A second treatment of Metricure 14 days 

post initial diagnosis and treatment of endometritis was found to increase conception risk to 

first artificial insemination (AI) by 8.9% (Dubuc et al., 2021), which may warrant changes to 

treatment plans going forward using cephapirin. Antibiotic treatment can also be costly (the 

current price for a single dose of Metricure in Ireland is €8.55 incl. VAT), so blanket treatment 

is certainly not recommended and the economic cost of the treatment must be weighed against 

the potential increase in fertility to see if it is warranted. 

A relatively new treatment has emerged in the form of intrauterine dextrose infusion, and 

has the potential to be combined with antibiotic treatment. Research to date is limited, but has 

shown some promising results; pregnancy/AI was 29.2% compared with 22.5% in control 

cows, clinical cure of PVD was increased and incidence of regular ovarian cyclicity was 
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increased 14 d post-treatment (Brick et al., 2012, Maquivar et al., 2015). The dextrose infusion 

inhibits adhesion to bacterial cells, and growth of bacteria associated with endometritis such as 

E.coli. Another recent study examined intrauterine infusion of E.coli lipopolysaccharide (LPS) 

as treatment to improve reproductive performance (Moraes et al., 2017b). At 35± 6 d post AI 

untreated cows were less likely to be pregnant than LPS-treated cows, It is hypothesised that 

treatment with LPS would elicit a transient inflammation in the uterus, with a concurrent influx 

of PMN to clear the uterine infection resulting in improved uterine health. Indeed, LPS 

treatment lead to a 50% increase in PMN count within 24 h compared to a 5% increase in 

control cows (Moraes et al., 2017b). Similar studies saw 75% clearance of uterine bacterial 

infection following LPS induced infiltration of PMN (Singh et al., 2000). Subsequent studies 

examining the use of LPS to alter uterine mRNA expression of genes related to inflammatory 

responses and peripheral PMN function were not conclusive (Moraes et al., 2017a) and warrant 

further clinical assessment. Other novel treatments expected to improve reproductive 

performance in cows suffering from metritis or endometritis returned poor results. 

Administration of Pegbovigrastim (Imrestor; Elanco Animal Health), a modified form of 

bovine granulocyte colony stimulating factor, to periparturient cows did not cause a reduction 

of endometritis incidence (Zinicola et al., 2018) and resulted in increased incidence of metritis 

(Ruiz et al., 2017, Zinicola et al., 2018). It was unclear if this finding truly reflected an increase 

in metritis, or an exaggerated postpartum immune response due to increased availability of 

PMN cells. 

A potential preventative treatment for endometritis is a metritis vaccine. Metritis can be 

a risk factor for endometritis, so it is hypothesised a vaccine that can protect against metritis 

incidence should reduce the risk of further uterine disease such as endometritis (Machado and 

Silva, 2020). Vaccines containing various proteins (FimH, leukotoxin and pyolsin) and 

inactivated whole cells (E. coli, F. necrophorum, and T. pyogenes) were administered to 

primiparous heifers at 240 ± 3 and 270 ± 3 d gestation. These treatments significantly reduced 

the incidence of metritis and improved conception rates, but there was no difference observed 

in PVD/endometritis prevalence between the control and treatment groups (Machado et al., 

2014, 2020, Meira et al., 2020). It would have been expected that endometritis incidence would 

decrease as the vaginal total bacteria load  was greatly reduced, in particular reducing 

populations of F.necrophorum (Meira et al., 2020), which is a bacteria specifically associated 

with endometritis (Sheldon and Dobson, 2004). 
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In conclusion further assessment of clinical treatments for endometritis is warranted to 

identify what treatments will infer a benefit in terms of clinical resolution, reproductive 

performance and economic reward. 
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Chapter 2: Incidence and treatment of endometritis in spring-calving dairy 

cows 
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2.1. Abstract 

To maximise productivity in a spring-calving pasture based system a tight 12-week 

breeding and calving window must be maintained, necessitating excellent reproductive 

performance in the herd. Endometritis is known to negatively affect reproductive performance. 

This study aimed to quantify the incidence of endometritis in the Irish dairy herd and examined 

risk factors along with potential treatments. Lactating dairy cows (n = 1695 at minimum 21 

days in milk (DIM, range 21 – 66) were assigned a vaginal discharge score (VDS) of 0 (no 

pus) to 5 (>50% pus and fetid odour). Animals were then classified as healthy (Score 0 – 1), 

mild endometritis (Score 2) or clinical endometritis (Score 3 – 5) for analysis. Cows with VDS 

≥2 were randomly allocated to one of four treatments: 1) intrauterine antibiotic (MET); 2) 

intrauterine antibiotic plus intramuscular injection of an anti-inflammatory (MET+AIN); 3) 

intramuscular injection of synthetic prostaglandin F2α (PG) and 4) Control – no treatment 

administered (CTL). Risk factors examined included DIM, parity, calving ease, twin calves, 

breed, Economic Breeding Index value (EBI) and EBI fertility sub-index value. Animals were 

stratified into 3 DIM categories (late: ≤36, intermediate: 37 - 45 and early: >45 DIM), 4 EBI 

quartiles (1: ≤€150, 2: €151 – 175, 3: €176 – 200 and 4: >€200) and 3 fertility sub-index 

categories (low: ≤€54, intermediate: €55 – 80, and high: >€80). Reproductive performance 

parameters examined were 21 day submission rate (SR-21), pregnancy rate to first AI (P/AI1) 

and pregnancy rate at 21, 42 and 84 days after mating start date (P21 / P42 / P84). Treatments 

were administered to animals with a VDS score of 2-5 on the day of initial VDS assessment 

and infected animals were scored again 14 days after treatment to examine cure rates. Overall, 

an endometritis prevalence of 28% was recorded at 21 DIM, with 17% of animals diagnosed 

with mild endometritis and 11% with clinical endometritis. Late calving cows were 1.8 (1.3 – 

2.4, 95% CI) times more likely to develop endometritis than early calving cows. Herd incidence 

ranged from 23 – 32%. Cows with clinical endometritis were 4.2% less likely to be submitted 

for breeding in the first 21 days of the breeding season than healthy cows. Odds ratios 

determined animals with clinical or mild endometritis were three and two times less like likely 

to be pregnant at day 84 of the breeding season as healthy animals, respectively. Low fertility 

animals had reduced odds ratios for P21, P42 and P/AI1 than high fertility animals.  

In summary endometritis significantly reduced a cow’s likelihood to become pregnant 

by the end of a 12-week breeding season. Incidence was influenced significantly by herd and 

DIM. Regardless of uterine disease status animals of greater fertility sub-index value had 

superior reproductive performance. No difference was observed between treatments in terms 
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of resolving endometritis over the 2-week trial period, nor did any treatment increase the hazard 

of pregnancy in the subsequent breeding season. 
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2.2. Introduction 

The economic viability of seasonal-calving dairy herds is intrinsically linked to 

reproductive efficiency because of the reliance on grazed grass as the main source of feed in 

this system of production (Shalloo et al., 2014). Since the early 2000’s, through a modified 

breeding index including significant weighting for fertility, there have been considerable 

improvements in herd reproductive performance on Irish dairy farms, including a 10-day 

reduction in mean calving interval to 381 days, and a greater proportion of the herd calving 

during the first half of the calving period (Dillon et al., 2018). These improvements in herd 

fertility improve grass utilisation by matching seasonal changes in grass supply with peak herd 

nutritional requirements’ (Butler, 2014, Shalloo et al., 2007). Hence, herd reproductive 

performance is more important in seasonal dairy production systems compared with non-

seasonal systems (Veerkamp et al., 2002).  

Parturition presents several reproductive and metabolic challenges for the dairy cow 

(Goff and Horst, 1997), which can contribute to reproductive failure (Sheldon et al., 2009, 

Walsh et al., 2011). Microbial contamination of the uterus is common during parturition and in 

the immediate aftermath, affecting 80-100% of animals in the first two weeks post calving 

(Sheldon et al., 2002, Williams et al., 2005). The cow’s immune response is successful in 

clearing the majority of bacterial infections, but contamination of the uterus remains in up to 

40% of animals three weeks after calving (Pascottini and LeBlanc, 2020, Sheldon et al., 2008) 

and can compromise uterine function leaving animals susceptible to disease (Sheldon et al., 

2020, Potter et al., 2010). This is partially a consequence of suppressed immune function during 

the periparturient period (1 to 2 weeks prepartum up to 2-3 weeks postpartum) (Trevisi and 

Minuti, 2018, Williams, 2013). Several events that occur during the transition from gestation 

to lactation contribute to impaired immune function; these include changes in circulating 

concentrations of oestrogens and progesterone in late gestation, reduced nutrient intake 

(energy, protein, vitamins and minerals), elevation of stress hormones at the time of parturition, 

and negative energy balance and mobilisation of body fat and protein reserves during the weeks 

immediately after parturition (Goff and Horst, 1997, Kehrli et al., 1989b, Kehrli et al., 1989a). 

Various uterine diseases occur during the early postpartum period, and are often poorly 

diagnosed, depending on the method used and the interval postpartum. As both the definition 

of endometritis and the methods used in its diagnosis are variable in published studies (Dubuc 

et al., 2010a, Pleticha et al., 2009), the prevalence of endometritis reported is also variable. 

Previous studies have used vaginoscopy, vaginal discharge scoring (VDS), collected using a 



32 
 

gloved hand or with a specialised device (e.g., Metricheck), endometrial cytology, and 

endometrial biopsy (Dubuc et al., 2010a, Pleticha et al., 2009, McDougall et al., 2020, Sheldon, 

2020). Each of these different methods detects a different symptom or phenotype, leading to 

highly variable reported rates of incidence of endometritis. A practical and reliable “gold 

standard” for diagnosing endometritis is yet to be identified (de Boer et al., 2014, McDougall 

et al., 2007, Pleticha et al., 2009). Nevertheless, relationships between the various measures 

and reproductive outcomes have been reported, including vaginal discharge scoring (Denis-

Robichaud and Dubuc, 2015, McDougall et al., 2007, Ryan et al., 2020a) and this has the 

advantages of being fast, inexpensive and easy to measure. Discrepancies between studies in 

the reported prevalence of endometritis can be explained by a large variation in days in milk 

(DIM) at examination date, vague definitions of endometritis, different scales for VDS or lack 

of consideration for risk factors such as herd, parity, history of peripartum disease and calving 

difficulty (LeBlanc, 2008).  

Sheldon (2006) defined clinical endometritis as “purulent (>50% pus) uterine discharge 

detectable in the vagina 21 days or more post-partum, or mucopurulent (approximately 50% 

pus, 50% mucus) discharge detectable in the vagina after 26 days postpartum, not accompanied 

by systemic signs of illness”. The goal of treating endometritis is to reduce the pathogenic 

bacteria load, improve uterine defence and involution mechanisms, and to reduce the 

inflammatory response that can diminish fertility (LeBlanc, 2008). Therapies for endometritis 

include systemic or intrauterine (IU) antibiotics, intramuscular prostaglandin F2α (PGF2α) and 

intrauterine infusion of non-antibiotic IU washes. Use of IU antibiotics has been favoured over 

non-antibiotic IU washes (e.g., Lugol’s iodine), as these can cause irritation and possible 

coagulation necrosis of the endometrium tissue (Gilbert and Schwark, 1992). In dairy 

production, it is desirable for therapeutic interventions to have zero day’s milk withdrawal to 

avoid losses of milk sales, but presently only one such IU antibiotic (Cephapirin; Metricure) is 

approved for commercial use. The use of a single intramuscular injection of PGF2α is less 

costly, but beneficial effects are only seen when there is an active corpus luteum (CL) on the 

ovary, and may require additional costs to diagnose CL presence (McDougall, 2001a, Sheldon 

and Noakes, 1998). 

The first objective of this study was to determine the prevalence of endometritis in 

seasonal-calving pasture-based dairy herds identified by VDS and identify associated risk 

factors. A secondary objective was to test the hypothesis that therapeutic intervention would 
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increase clinical cure rate and improve subsequent reproductive performance compared with 

no intervention.  

2.3. Materials & Methods: 

2.3.1. Study Design 

This study was carried out on five commercial herds located in Munster, Ireland, in 

March 2020; the herds ranged in size from 179 to 592 lactating cows. The predominant cow 

breed in the herds was Holstein-Friesian (HF), with some Jersey (JE) and HF x JE crossbreds. 

Cows were categorised as HF if they were ≥68.8% of either Holstein or Friesian breeds, and 

all other cows were categorised as crossbred (XB). Animals were spring calving on a pasture-

based system of production with limited concentrate supplementation, and were milked twice 

daily using rotary milking parlours. All experimental procedures involving cows were 

approved by the Teagasc Animal Ethics Committee. A power analysis was conducted to 

determine how many cows would be required to detect a 20 percentage point improvement in 

P/AI1 in response to an experimental treatment. Assuming control treatment cows achieved 

40% P/AI1, significance level (α) = 0.05, and power (1 – β) = 0.8, the minimum number of 

animals required per treatment was 95 cows. 

2.3.2. Vaginal Discharge Scoring 

The Metricheck device (Simcro, Hamilton, New Zealand), a stainless steel rod with an 

attached 4 cm diameter silicon cup, was used to collect samples of vaginal discharge. Herds 

were visited 3 to 5 weeks before the planned mating start date during the morning milking, and 

all cows that were ≥21 days in milk (DIM) on the day of the visit were selected for examination 

(mean DIM = 41.2; range in DIM = 21 to 66). The vulva and perineum were cleaned using an 

antiseptic solution and cotton wool. While the tail was held up, a Metricheck device was 

inserted into the vagina, advanced cranially until the cervix was reached and then carefully 

retracted. The vaginal discharge collected in the silicon cup was examined, and a VDS was 

assigned based on a modification of criteria previously described by McDougall et al. (2007): 

0 = no discharge; 1 = clear mucus; 2 = flecks of purulent material within otherwise clear mucus; 

3 = mucopurulent but <50% purulent material; 4 = mucopurulent with >50% purulent material; 

5 = mucopurulent with >50% purulent material and with an odour; and 6 = samples containing 

blood with no visible purulent material and no odour. After collection of a sample from each 

cow, the Metricheck device was cleaned first with water and then with antiseptic solution 
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before sampling another cow. Cows with a score of 6 (n = 4) were removed from further 

analysis as the presence of blood precluded an accurate definition of endometritis. To minimise 

inter-observer variation, all team members collecting vaginal discharge were trained using the 

same sampling protocol. Across all herds, 1699 cows were presented for VDS exams at the 

first farm visit (VDS wk 0).  

Cows with VDS between 2 and 5 (n = 482) were enrolled on a trial to evaluate different 

therapies.  Within each farm, cows were blocked based on parity, DIM and fertility sub-index 

and randomly allocated to one of four treatments: 1) intrauterine antibiotic (MET; 500 mg 

Cephapirin; Metricure, Intervet International B.V., Boxmeer, The Netherlands); 2) intrauterine 

antibiotic (500 mg Cephapirin) plus intramuscular injection of an anti-inflammatory 

(MET+AIN; 1650 mg Ketaprofen, Kelaprofen 10%; Kela N.V, Antwerp, Belgium); 3) 

intramuscular injection of synthetic prostaglandin F2α (PG; 25 mg Dinoprost, Enzaprost; Ceva 

Sante Animale, Libourne, France ); or 4) Control – no treatment administered (CTL). Cows 

assigned to the PG treatment were also scanned by transrectal ultrasound (8.5 MHz transrectal 

transducer; Ibex Pro, E.I. Medical Imaging, Loveland, CO) to determine presence or absence 

of a CL. For the animals assigned to the MET and MET+AIN treatments, the vulva and 

perineum were cleaned with cotton wool and disinfectant, a stainless steel cannula was passed 

through the cervix and the Metricure was deposited in the uterine body. The stainless steel 

cannula was used in favour of the plastic cannulas provided with Metricure as they are easier 

to pass through the cervix. Cannulas were cleaned and disinfected between each use. For the 

MET+AIN and PG treatments, i.m injections were administered through an area of clean skin 

on the rump using a 1.5 inch 18 gauge needle. During administration of Metricure, for any 

cows where passage of the cannula through the cervix was not possible due to anatomical 

abnormalities these cows were recorded as not treated and were removed from the study (n = 

9). Due to drafting unit failure, some cows that had VDS ≥2 were not presented for their 

intended treatment, and were also removed from the study (n = 9).  

Two weeks after the initial examination, each herd was visited again and VDS was 

recorded for all cows that had been administered treatments at the first visit (VDS wk 2) using 

the same method as outlined previously. On the second visit, eight cows were not presented for 

VDS due to drafting unit failure. Clinical cure was diagnosed if VDS reduced from ≥2 at VDS 

wk 0 to ≤1 at VDS wk 2. Partial cure was diagnosed if VDS wk 2 was less than VDS wk 0 but still 

≥2. Deteriorating VDS was diagnosed if VDS wk 2 was greater than VDS wk 0 and no change 

was diagnosed if VDS was the same for VDS wk 0 and VDS wk 2. 
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2.3.3. Reproductive Performance 

At the end of the breeding season, reproductive records including mating start date 

(MSD), service dates, mating end date and pregnancy diagnosis results were obtained from the 

Irish Cattle Breeding Federation (www.icbf.com) for each herd.  The following reproductive 

performance variables were calculated for each cow: 21-d submission rate (SR21) was coded 

as 1 if cows had a service event within the first 21 d after MSD, and coded as 0 if cows had no 

service event within the first 21 d after MSD. Pregnancy to first insemination (P/AI1) was 

coded as 1 if a cow had only 1 service event and was diagnosed as pregnant at the end of the 

breeding season, and coded as 0 if a cow had more than 1 service event or  was diagnosed as 

nonpregnant.  Pregnant within the first 21 d of the breeding season (P21) was coded as 1 if a 

cow had at least 1 service during the first 21 d of the breeding period that resulted in successful 

pregnancy establishment, and coded as 0 if no service was delivered within 21 d of MSD or if 

the animal was diagnosed as non-pregnant to service events within the first 21 days of the 

breeding season. Similar approaches were used to calculate pregnant within 42 d (P42) and 84 

d (P84) after MSD. The MSD to conception interval (MSD-CI) was calculated as the interval 

in days from MSD until the service event that resulted in pregnancy establishment. In total, 60 

cows were not submitted for breeding:  n = 6 died between VDS assessment and MSD; n = 2 

were culled due to age; n = 1 was culled due to lameness; n = 1 culled due to positive 

Tuberculosis test; n = 40 were not bred despite being available for breeding. 

2.3.4. Statistical Analyses 

All statistical analyses were carried out using SAS version 9.4 (SAS Institute Inc., Cary, 

NC). The distribution of VDS recorded at VDS wk 0 was examined using PROC FREQ.  Due 

to the small number of cows with VDS ≥2, and particularly low incidence of scores 3 to 5, 

cows were recategorised into VDS categories as follows: VDS 0-1 = Healthy; VDS 2 = mild 

infection; VDS 3-5 = clinical endometritis. Generalised linear mixed models (PROC 

GLIMMIX) were used to examine risk factors for VDS category; herd, parity, breed, DIM, 

twins, calving difficulty Economic Breeding Index (EBI) and fertility sub-index were included 

as fixed effects, with a multinomial distribution specified.  For determination of the odds ratios 

(OR), the final alphanumerical treatment group was designated as the reference group by 

default for each investigated variable. An OR of >1 implies increased likelihood and an OR of 

<1 implies decreased likelihood of a particular outcome relative to the reference group. EBI, 

fertility sub-index and DIM were first analysed as continuous variables, and subsequently 

http://www.icbf.com/
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reclassified as discrete variables based on quartiles or tertiles (EBI quartiles: ≤€150, €151 – 

175, €176 – 200, >€200; fertility sub-index tertiles: ≤€54, €55 – 80, and >€80; DIM tertiles 

≤36, 37 - 45 and >45). Where EBI was not significant, it was removed from the final model. 

Calving ease at the previous parturition event had been recorded on 4 of the 5 farms visited, 

and was categorised as unassisted calving (0) or assisted calving (1).  

The dependent binary reproduction variables investigated were SR21, P/AI1, P21, P42 

and P84 for all cows submitted for breeding in 2020 (n = 1,629). Fixed effects included herd, 

VDS category, parity, breed, DIM and EBI fertility sub-index, and cow was included as a 

random effect. Contrast statements were constructed to allow comparisons between VDS 

categories: healthy vs. mild infection; healthy vs. clinical endometritis; mild infection vs. 

clinical infection; and healthy vs. any infection (mild and clinical combined). PROC 

LIFETEST was used to compute the Kaplan-Meier survival distribution function for the time 

variable MSD-CI, and the log-rank test was used to compare the hazards of pregnancy for the 

VDS categories by the end of the breeding period (non-pregnant cows that were available for 

breeding were right censored at 84 days). PROC PHREG was used to fit the Cox proportional 

hazards model to MSD-CI (non-pregnant cows also right-censored at 84 days). 

For the subset of cows that were diagnosed with a VDS score of ≥2 at VDS wk 0, PROC 

GLIMMIX was used to examine endometritis cure rates between VDS wk 0 and VDS wk 2.  The 

fixed effects included treatment, parity, DIM, fertility sub-index category, herd and breed, and 

cow was included as a random effect. Contrast statements were constructed to compare the 

following treatments: control vs. MET; control vs. MET+AIN; control vs. PG; and control vs. 

“All treatments” (MET, MET+AIN and PG). Treatment effects on reproductive performance 

was analysed using PROC GLIMMIX. The reproductive performance variables SR21, PAI1, 

P21, P42 and P84 were specified as binary dependent variables. Treatment, herd, parity, breed, 

fertility sub-index and DIM were included as fixed effects and cow included as a random effect. 

The same contrast statements for treatments were constructed. Of the 464 cows diagnosed with 

VDS ≥2 that received a treatment, 8 were not submitted for breeding in 2020 (n = 1 died; n = 

1 culled due to Tuberculosis; n = 1 lame; n = 1 old age; n = 4 no reason given for culling).  
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2.4. Results 

2.4.1. Vaginal Discharge Scores 

The percentage of cows diagnosed at 21+ DIM with the different VDS is summarised in 

Figure 2.1.  Overall the prevalence of endometritis, defined by VDS of ≥2 at 3 to 5 weeks 

before MSD, was 28% (n=482); 72% of animals (n=1213) were diagnosed as not having 

endometritis (VDS ≤1) when screened 3 to 5 weeks before MSD. The prevalence of 

endometritis ranged from 23% to 32% across the 5 farms involved in the study. 

 

 

Figure 2. 1. Vaginal discharge scores (VDS) for 1695 dairy cows at 21+ DIM (Range 21 – 66) 

and percentage of cows with each VDS. VDS was assigned based on a modification of criteria 

previously described by McDougall et al. (2007): 0 = no discharge; 1 = clear mucus; 2 = flecks 

of purulent material within otherwise clear mucus; 3 = mucopurulent but <50% purulent 

material; 4 = mucopurulent with >50% purulent material; 5 = mucopurulent with >50% 

purulent material and with an odour. Scores 0 and 1 were combined to represent cows with no 

infection. 
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2.4.2. Risk factors for endometritis: 

The VDS data were categorised as healthy (n=1213) for a score ≤1, mild infection 

(n=294) for a score 2 or clinical endometritis (n=188) for a score 3 - 5. Herd and DIM were 

associated with VDS category (P = 0.009 and P < 0.001 respectively). Late calving cows (i.e., 

≤36 DIM on the day of examination) were 1.8 (1.3 – 2.4, 95% CI) times more likely to have a 

greater VDS than the earliest calving cows (>45 DIM). Calving ease tended towards 

significance (P=0.076), whereby cows that required assistance at calving were more likely to 

present with endometritis than cows that calved unassisted. There was also a tendency for an 

association between VDS and parity (P = 0.15), with the greatest differences detected between 

parity 3 cows compared with parity 1 cows (P = 0.09), whereby parity 3 cows were less likely 

to have mild or clinical endometritis infection compared with parity 1 cows. There were no 

associations between breed, twins, EBI or EBI fertility sub-index and endometritis (P > 0.05), 

though the incidence of twins was too low (n = 30 pairs) for meaningful analysis.  

2.4.3. Reproductive performance: 

Reproductive performance is summarised in Table 2.1. Uterine disease was associated 

with SR21 (P = 0.12), with the poorest SR21 (-4.2%) observed for cows with clinical 

endometritis (P = 0.04), compared with cows diagnosed with no infection. Uterine disease was 

not associated (P = 0.19) with P/AI1, but P/AI1 tended to be greater (P = 0.07) for cows with 

no endometritis compared with cows diagnosed with any level of infection (mild or clinical). 

There was no overall association between uterine disease and P42 (P = 0.17); however, cows 

diagnosed as healthy had 4.8% units greater (P = 0.13) P42 compared with cows diagnosed 

with clinical endometritis, and 4.1% units greater (P = 0.06) P42 compared with cows 

diagnosed with any level of infection. At the end of the breeding period, there was a significant 

association between endometritis and pregnancy status (P < 0.001); P84 was 7.3% units greater 

(P < 0.001) and 3.7% units greater (P = 0.021) for cows diagnosed as healthy compared with 

cows diagnosed with clinical endometritis or with mild infection, respectively. Hence, the OR 

(and 95% CI) for P84 were 0.374 (0.218, 0.641) and 0.556 (0.338, 0.915) for cows diagnosed 

with clinical endometritis or mild endometritis compared with healthy cows, respectively.  

Tables 2.2 and 2.3 summarise the associations between breed, parity, DIM and fertility 

sub-index with reproductive performance variables. Breed was not associated with SR21, PAI1 

or P21, but was associated with P42 (P = 0.025). Holstein Friesian (HF) cows were 0.69 (95% 

CI: 0.50-0.96) times less likely establish a pregnancy by d 42 of the breeding season compared 
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with crossbred cows (XB), but breed differences in pregnancy establishment were not detected 

by at the end of the breeding period (i.e., P84). 

Parity was associated with PAI1 (P = 0.076), with parity 2 cows 1.35 (95% CI: 1.04 – 

1.77) times more likely to establish a pregnancy to first AI compared with parity 3+ cows 

(61.2% vs. 53.8% P/AI1, respectively); there was no difference in PAI1 between parity 1 and 

parity 3+ cows (54.8% vs. 53.8% P/AI1, respectively; OR 1.04 (95% CI: 0.80 – 1.36). Parity 

was not associated with SR21, P21, P42 or P84 

SR21 was associated with DIM (P = 0.04). Cows in the late- and mid-calving categories 

were 0.55 (95% CI: 0.34-0.89) and 0.61 (95% CI: 0.37-0.98) times less likely to be submitted 

for breeding within the first 21 days of the breeding season compared with early calving cows. 

SR21 was 4.5 percentage points less for the late-calving cows compared with the early calving 

cows. There was no overall association (P = 0.16) between DIM and P/AI1; however, contrast 

statements detected a tendency for differences between late-calving cows compared with early-

calving and intermediate-calving cows (P = 0.07). DIM was associated with P21 and P42 (P = 

0.0053 and P = 0.0152, respectively), with early calving cows displaying greater pregnancy 

rates than intermediate- (+4.5 and +0.4 percentage points, respectively) and late calving cows 

(+10.5 and 6.7 percentage points, respectively). There was no effect of DIM on P84 (P = 0.68) 

An association was detected between fertility sub-index and P/AI1 (P = 0.024), whereby 

cows with the least fertility sub-index had lesser P/AI1 compared with cows with mid- and 

high fertility sub index (-7.3 and -7.7 percentage points, respectively). Fertility sub-index was 

associated with P21 (P = 0.0176). Animals with low-fertility sub index were 0.69 (95% CI: 

0.53 – 0.89) times less likely to establish a pregnancy in the first 21 days of the breeding season 

compared with cows that had the greatest fertility sub-index. Fertility sub-index was also 

associated with P42 (P = 0.05), whereby cows with the least fertility sub-index were 0.69 (95% 

CI; 0.50 - 0.94) times less likely to establish a pregnancy by d 42 of the breeding season 

compared with cows with the greatest fertility sub-index. 

Herd was associated with SR21, P/AI1, P21, and P42 (all P < 0.05) and tended towards 

significance for P84 (P = 0.11). 
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Table 2.1. Least Square Means ± SEM for reproductive performance across all animals submitted for breeding in the subsequent breeding 

season (2020), by endometritis health status group1
 

  Healthy OR Mild 
OR 

(95% CI) 
Clinical 

OR 

(95% CI) 
P-Value 

SR-21 92.7 ± 0.09 Referent 92.2 ± 1.6 
0.93  

(0.58-1.50) 
88.1 ± 2.5 

0.59  

(0.35-0.98) 
0.12 

n 1069 / 1161  263 / 288  163 / 186   

P/AI 1 60.0 ± 1.7 Referent 56.2 ± 3.1 
0.85  

(0.65 - 1.12) 
53.6 ± 3.9 

0.77  

(0.56 - 1.06) 
0.19 

n 698 / 1161  161 / 288  99 / 186   

P21 55.0 ± 1.8 Referent 53.1 ± 3.1 
0.93  

(0.71 - 1.21) 
49.0± 3.9 

0.78  

(0.57 - 1.08) 
0.32 

n 651 / 1161  154 / 288  91 / 186   

P42 81.3 ± 1.3 Referent 77.6 ± 2.6 
1.18  

(0.85 - 1.64) 
76.5 ± 3.3 

1.14  

(0.81 - 1.61) 
0.17 

n 939 / 1161  221 / 288  142 / 186   

P84 95.0a ± 0.7 Referent 91.4b ± 1.8 
0.56  

(0.34 - 0.92) 
87.7b ± 2.7 

0.37  

(0.22 - 0.64) 
<0.01 

n 1102 / 1161   263 / 288   164 / 186     
1Endometritis health status groups as follows VDS 0-1: Healthy; VDS 2: mild endometritis; VDS 3-5: clinical endometritis.  

SR-21 = 21 day submission rate; P/AI1 = pregnancy rate to first AI; P21 = pregnancy rate at 21 days after mating start date; P42 

= pregnancy rate at 42 days after mating start date; P84 = pregnancy rate at 84 days after mating start date. 
a-b Different superscripts within a row indicate significant difference (P < 0.05). 
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Table 2.2. Phenotypic associations between breed, parity, fertility sub-index and days in milk (DIM) and 21 day submission rate (SR21) and 

pregnancy rate to first AI (P/AI1). 

 SR21 P/AI1 

Variable Served % (No.) P-Value OR (95% CI) Pregnant % (no.)  P-Value OR (95% CI) 

Breed       

HF 91.1 (830/910) 0.95 
0.98  

(0.60 - 1.60) 

54.7  

(535/910) 
0.23 

0.86  

(0.66 - 1.11) 

XB 91.28 (659/719)  Referent 
58.5  

(418/719) 
 Referent 

Parity       

1 90.8 (374/401) 0.54 
1.07  

(0.65 - 1.77) 

54.8  

(245/401) 
0.08 

1.04  

(0.80 - 1.36) 

2 92.5 (320/343)  1.33  

(0.81 - 2.18) 

61.2a  

(220/343) 
 1.35  

(1.04 - 1.77) 

3+ 90.23 (801/891)  Referent 
53.8b  

(493/891) 
 Referent 

Fert SI       

≤€54 90.6 (493/545) 0.82 
0.87  

(0.55 - 1.37 

51.6a  

(297/545) 
0.02 

0.73  

(0.57 - 0.95) 

€55 - 80 91.2 (500/547)  0.94  

(0.59 - 1.48) 

58.9b  

(334/547) 
 0.98  

(0.76 - 1.27) 

>€80 91.7 (592/543)  Referent 
59.3b  

(327/543) 
 Referent 

DIM       

≤34 89.2a (488/546) 0.04 
0.55  

(0.34 - 0.89) 

53.3  

(295/546) 
0.16 

0.78  

(0.61 - 1.01) 

35 - 44 90.1 (471/520)  0.61 

 (0.37 - 0.98) 

57.2  

(310/520) 
 0.91  

(0.71- 1.19) 

>44 93.7b (536/569)  Referent 
59.3  

(353/569) 
 Referent 

SR-21a = 21 day submission rate; P/AI-1b = pregnancy rate to first AI   

 a-b Different superscripts within a row indicate significant difference (P<0.05). 
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Table 2.3. Phenotypic associations between breed, parity, fertility sub-index and days in milk (DIM) and pregnancy rate 21, 42 and 84 days 

after mating start date (MSD) 

  P21 P42 P84 

Variable Pregnant % 

(no.)  P-Value OR (95% CI) Pregnant % (no.)  P-Value OR (95% CI) 

Pregnant % 

(no.)  P-Value OR (95% CI) 

Breed          

HF 
50.3  

(511/910) 
0.20 

0.85  

(0.65 - 1.10) 

75.3  

(719/910) 
0.02 

0.69  

(0.50 - 0.96) 

92.7  

(852/910) 
0.39 

1.25  

(0.75 - 2.09) 

XB 
54.5  

(380/719) 
 Referent 

81.5  

(577/719) 
 Referent 

91.0  

(671/719) 
 Referent 

Parity          

1 
50.19  

(233/401) 
0.25 

0.97  

(0.71 - 1.21) 

79.1  

(337/401) 
0.55 

1.14  

(0.81 - 1.6) 

93.5  

(383/401) 
0.40 

1.51  

(0.84 - 2.72) 

2 
56.0  

(203/343) 
 1.23  

(0.94 - 1.59) 

79.6  

(281/343) 
 1.18  

(0.85 - 1.64) 

91.4  

(321/343) 
 1.11  

(0.66 - 1.88) 

3+ 
51.0  

(460/891) 
 Referent 

76.8  

(684/891) 
 Referent 

90.5  

(825/891) 
 Referent 

Fert SI          

≤€54 
47.6a  

(278/545) 
0.02 

0.69  

(0.53 - 0.89) 

74.9a  

(416/545) 
0.05 

0.69  

(0.50 - 0.94) 

89.8  

(499/545) 
0.22 

0.64  

(0.38 - 1.08) 

€55 - 80 
52.7  

(300/547) 
 0.85  

(0.66 - 1.09) 

79.1  

(438/547) 
 0.87  

(0.63 - 1.20) 

92.2  

(515/547) 
 0.87  

(0.50 - 1.49) 

>€80 
56.8b  

(318/543) 
  81.3b  

(448/543) 
 Referent 

93.2  

(515/543) 
 Referent 

DIM          

≤34 
46.9a  

(263/546) 
0.01 

0.66  

(0.51 - 0.85) 

73.9a  

(405/546) 
0.02 

0.67  

(0.49 - 0.92) 

90.9  

(502/546 
0.68 

0.83  

(0.50 - 1.38) 

35 - 44 
52.9  

(290/520) 
 0.84  

(0.65 - 1.08) 

80.4b  

(424/520) 
 0.97  

(0.70 - 1.36) 

92.3  

(489/520) 
 1.0  

(0.58 - 1.71) 

>44 
57.3b  

(343/569) 
 Referent 

80.8b  

(473/569) 
 Referent 

92.3  

(538/569) 
 Referent 

P21 = pregnancy rate 21 days after mating start date (MSD); P42 = pregnancy rate 42 days after MSD; P84 = pregnancy rate 84 days after MSD 
  a-b Different superscripts within a row indicate significant difference (P<0.05).
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2.4.4. Calving to conception Interval: 

The intervals from MSD to conception for each VDS category are illustrated in Figure 

2.2. Survival analysis indicated that cows with no signs of uterine disease (Healthy) became 

pregnant at a faster rate than cows with any signs of uterine disease (Mild or Clinical). Relative 

to healthy cows, the hazard ratios for risk of pregnancy in cows with clinical endometritis and 

mild endometritis were 0.816 (P = 0.015) and 0.891 (P = 0.091), respectively. Relative to parity 

3+ cows, the hazard ratio for risk of pregnancy was 1.178 (P = 0.008) and 1.144 (P=0.041) in 

parity 1 and parity 2 cows, respectively. There was also no effect of treatment on MSD to 

conception interval for the different treatment groups (Figure 3). 

 

Figure 2.2. Survival estimates for mating start date (MSD) to conception interval (CI) for each 

vaginal discharge score (VDS) category; 0, 20, 40, 60, 80 days. Healthy = VDS 0 or 1, Mild = 

VDS 2, Clinical = VDS 3, 4 and 5. VDS Category had an effect on hazard of pregnancy (P = 

0.02) where healthy animals were at a greater risk of pregnancy at less days in milk than 

animals with any level of infection. Mean mating start date to conception interval (± SEM) for 

the VDS categories was 25.2 ± 0.65, 27.7 ± 1.51 and 29.3 ± 1.84 for cows categorised as 

healthy, mild endometritis and clinical endometritis, respectively. 
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2.4.5. Endometritis Therapies 

The changes in VDS between VDS wk 0 and VDS wk 2, and the associated calculations for 

clinical cure rate are summarised in Table 2.4. There was no significant effect of treatment (P 

= 0.98) on VDS cure between VDS wk 0 and the follow-up exam at VDS wk 2. Herd was 

associated with resolution of endometritis (P = 0.016). No significant effects were identified 

for cows with no change in VDS.  

Table 2.4. Breakdown of vaginal discharge score (VDS) at first visit per treatment group 

and VDS change between first and second farm visits, 14 days apart. 

  CTL Met Met+AIN PG  

VDSwk 0 n % n % n % n %   

2 73 59 76 66 64 57 65 62  

3 33 27 31 27 33 29 32 30  

4 17 14 7 6 14 12 8 8  

5 0 0 1 1 2 2 0 0   

Total 123   115   113   105     

          

  CTL Met Met+AIN PG P-value 

VDS change n % n % n % n %   

Cure 86 70 80 70 77 68 71 68 0.97 

Partial Cure 14 11 10 9 21 19 11 10 . 

Deteriorating 

VDS 
3 3 1 1 3 3 5 5 . 

No change 20 16 24 21 12 11 18 17 0.27 

Total 123   115  113  105    

Cure = VDSwk 2 ≤1; Partial Cure = VDSwk 2 < VDSwk 0 but remains ≥2; Deteriorating VDS = 

VDSwk 2 > VDSwk 0 1; No change = VDSwk 2 = VDSwk 0. CTL = Control; MET = I. U. antibiotic; 

MET+AIN = I. U. antibiotic plus intramuscular anti-inflammatory; PG = Intramuscular 

injection of prostaglandin F2α. 
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2.4.6. Treatment effects on reproductive performance 

Reproductive performance for all treatments is summarised in Table 2.5. There was an 

overall effect of treatment (P = 0.008) on SR21; the control treatment had lesser SR21 

compared with each of the other individual treatments (all P <0.05) and the mean of all other 

treatments (P < 0.001). Contrast statements indicated a difference between treatment with 

metricure compared to any other treatment (P = 0.078) for SR21. There was no overall effect 

of treatment on P/AI1 (P = 0.3), but P/AI1 was greater in control treatment cows compared 

with PG treatment cows (P = 0.089) and in control treatment cows compared with the mean of 

all other treatments (P = 0.0807). Treatment did not affect P21, P42 or P84 (P > 0.85 for all), 

and no differences were observed between any of the treatments.  

  

Figure 2. 3. Survival estimates for mating start date (MSD) to conception interval (CI) for each 

experimental treatment. CTL = Control; MET = I. U. antibiotic; MET+AIN = I. U. antibiotic 

plus intramuscular anti-inflammatory; PG = Intramuscular injection of prostaglandin F2α. 

Treatment did not affect hazard of pregnancy (P = 0.67).Mean MSD_CI (± SEM) for the 

treatment categories were: CTL: 26.2 ± 2.13, MET: 30.2 ± 2.45, MET-AIN: 29.8 ± 2.55 and 

PG: 28.0 ± 2.42. 
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2.4.7. Factors associated with reproductive performance in cows treated for 

endometritis.  

Several factors were associated with reproductive performance in cows that were treated 

for endometritis. Breed had an overall effect (P < 0.05) on PAI1, whereby Holstein-Friesian 

cows were 0.5 (95% CI; 0.32–0.86) times less likely to conceive at first service compared with 

crossbred cows. In addition, Holstein-Friesian cows were 0.51 (95% CI; 0.30 - 0.87; P = 0.009) 

times less likely to establish a pregnancy by d 21 of the breeding season compared with 

crossbred cows. 

Treated cows in the category with the greatest fertility sub-index value achieved 15.9 and 

7.7 percentage points greater PA11 than animals in the least and intermediate fertility sub index 

categories (P = 0.051). Similarly, fertility sub-index was associated with pregnancy at d 21 of 

the breeding season (P = 0.035); accordingly, the odds of establishing a pregnancy by d 21 of 

the breeding season were less for the cows in the least (0.51; 95% CI: 0.30 – 0 .87; P = 0.013) 

fertility sub-index category compared with cows in the high fertility sub-index category. P42 

was reduced for low- and mid-fertility animals compared to high fertility sub index animals (-

12.7 and -1.4 percentage points, respectively, P = 0.038). 

There were also associations between DIM and reproductive performance variables 

within the cohort of cows treated for endometritis. Lower PAI1 was observed in the late-calving 

cows compared with the cows in the early- and mid-calving groups (-14 and -13 percentage 

points, respectively, P=0.031). Animals in the late-calving group had lesser conception by d 84 

of the breeding season compared with their earlier calving counterparts (-7.6 and -6.5 % 

respectively, P=0.071). 
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Table 2. 5. Least Square Means ± SEM for reproductive performance of animals that received treatment for Endometritis, plus frequency (n) 

of animals for each reproductive performance measure 

  
CTL OR (95% CI) Met OR (95% CI) Met+AIN OR (95% CI) PG 

OR (95% 

CI) 

P-

Value 

SR21 
83.6a ± 4.3  

(100 / 123) 

0.39  

(0.15 - 1.02) 

96.4b ± 1.9  

(110 / 115) 

2.07  

(0.58 - 7.42) 

94.2b ±2.4  

(107 / 116) 

1.2  

(0.40 - 3.83) 

92.9b ± 3.0  

(94 / 102) 
Referent 0.008 

          

PAI/1 
62.6 ± 4.9  

(76 / 123) 

1.63  

(0.93 - 2.87) 

52.8 ± 5.4  

(59 / 115) 

1.10  

(0.62 - 1.93) 

55.0 ± 5.2  

(62 / 116) 

1.20  

(0.68 - 2.11) 

50.6 ± 5.6  

(51 / 102) 
Referent 0.337 

          

P21 
53.2 ± 5.1  

(65 / 123) 

1.10  

(0.63 - 1.92) 

51.5 ± 5.4  

(57 / 115) 

1.03  

(0.58 - 1.82) 

53.8 ±5.2  

(61 / 116) 

1.13  

(0.64 - 2.01) 

50.8 ± 5.7  

(51 / 102) 
Referent 0.972 

          

P42 
78.9 ±  4.2  

(97 / 123) 

1.20  

(0.61 - 2.36) 

77.3 ± 4.4  

(87 / 115) 

1.09  

(0.56 - 2.13) 

74.8 ± 4.6  

(86 / 116) 

0.95  

(0.48 - 1.87) 

75.7 ± 4.9  

(78 / 102) 
Referent 0.910 

          

P84 
92.1 ± 2.7  

(112 / 123) 

1.18  

(0.44 - 3.12) 

89.5 ± 3.2  

(102 /115) 

0.86  

(0.34 - 2.22) 

89.1 ± 3.3  

(102 / 116) 

0.83  

(0.32 - 2.12) 

90.8 ± 3.2  

(93 / 102) 
Referent 0.862 

1SR-21 = 21 day submission rate; 2PregAI-1 = pregnancy rate to first AI; 3PR-21 = pregnancy rate at 21days after mating start date (MSD); 
4PR-42 = pregnancy rate at 42 days after MSD; 5PR-84 = pregnancy rate at 84 days after MSD 

Treatments are defined as follows; CTL = Control; MET = I. U. antibiotic; MET+AIN = I. U. antibiotic plus intramuscular anti-inflammatory; 

PG = Intramuscular injection of prostaglandin F2α 
a-b Different superscripts within a row indicate significant difference (P<0.05). 
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2.5. Discussion: 

Bacterial contamination is ubiquitous in dairy cows during the weeks immediately post-

parturition. The animal’s ability to clear this bacterial contamination, resistance to infection 

and a number of other factors influence the likelihood of the animal being subsequently 

diagnosed with uterine disease (Sheldon et al., 2020). The current study examined the incidence 

of endometritis, assessed using VDS, in Irish spring-calving dairy herds. This study was carried 

out on spring calving herds to capture larger groups of animals and to reflect the calving 

patterns of the vast majority of herds in Ireland. Spring calving systems are favoured due to the 

economic advantages of optimising milk production from grazing however good reproductive 

performance is necessary to maximise such economic benefits (Kelly et al., 2020b, Shalloo et 

al., 2014).  

The prevalence of endometritis   (i.e., VDS ≥ 2) was 29%, which was broadly consistent 

with previous studies (Denis-Robichaud and Dubuc, 2015, McDougall et al., 2007), although 

a recent study completed in Ireland reported a prevalence of 60% (Ryan et al., 2020a). This 

likely reflects the difference between studies in the DIM cut-off values for cows to be eligible 

for enrolment; all cows were ≥21 DIM on the day of VDS exams in the current study, whereas 

Ryan et al (2020a) included cows that were as early as 13 DIM. Many studies have reported 

that VDS and DIM are negatively correlated (Kelly et al., 2020a, LeBlanc et al., 2002a, 

McDougall et al., 2007), and hence allowing sufficient time for uterine involution before 

disease diagnosis is critical. It raises a question on the correct timing for endometritis screening 

in seasonal-calving pasture-based systems to balance the time required for uterine involution 

and recovery after parturition, and adequate time for treatment and resolution of infection 

before breeding begins.  Examining the late-calving cows in the herd too early after parturition 

will result in diagnosis of a greater proportion of cows with endometritis and hence a greater 

proportion of cows receiving treatment. Previous studies reported that there was no benefit of 

treating animals for uterine disease earlier than 4 weeks postpartum (LeBlanc et al., 2002b, 

LeBlanc, 2008). Thus, allowing a minimum of 21 DIM before cows are eligible for VDS exams 

as used in the current study theoretically identifies cows that would most benefit from 

intervention and reduces antibiotic use on early postpartum cows that may self-cure if given 

adequate time.  

Herd and DIM were identified as risk factors for endometritis in the current study, 

consistent with previous reports that prevalence varies greatly between herds (Cheong et al., 
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2011, McDougall et al., 2020). Dystocia has been associated with increased VDS (Edelhoff et 

al., 2020, Kelly et al., 2020a), and similar associations were observed in the current study. The 

risk of calving difficulty is an important factor in selecting bulls for breeding programs, and 

our results underline the importance of using easy calving bulls to reduce the herd prevalence 

of endometritis in the weeks before the breeding season. The use of X-sorted dairy semen on 

the dams with the best genetic merit to generate female replacement dairy stock typically 

results in lighter birthweight calves that are generally easier to calve (Holden and Butler, 2018, 

Norman et al., 2010, Potter et al., 2010, Seidel and Schenk, 2008). As targeted usage of sexed 

semen to generate heifer replacements increases, the cows in the herd that are deemed 

unsuitable for generating replacement heifers are assigned to be inseminated with beef semen, 

which improves the beef merit of the non-replacement calf crop(Berry, 2021, Crowe et al., 

2021). The use of beef sires on dairy cows needs to be carefully managed due to the likelihood 

of larger calves and increased risk of dystocia (Kelly et al., 2020a), and hence it is important 

to carefully match dams with increased risk of calving difficulty (heifers, primiparous cows, 

small stature cows etc.) with bulls that have low risk of causing dystocia. Analysis of EBI, EBI 

fertility sub-index, twinning and breed found no correlations between these factors and 

increased risk of endometritis. The relationship between fertility sub-index and endometritis 

warrants further investigation as previous studies reported improved uterine health in cows 

with good genetic merit for fertility traits compared with cows with poor genetic merit for 

fertility traits (Moore et al., 2014). The fertility sub-index has also been reported to identify 

animals with superior reproductive efficiency and survivability in the herd (O'Sullivan et al., 

2020a, Rojas Canadas et al., 2020b). The fertility sub-index is currently composed of calving 

interval and survival traits, neither of which directly assess postpartum uterine health status. It 

is likely, however, that better postpartum uterine health status is associated with shorter calving 

interval and greater longevity. It has been reported that uterine infection impairs developmental 

capacity of oocytes(Dickson et al., 2020) and induces changes to the transcriptome in both the 

endometrium and granulosa cells up to 3 months after resolution of infection (Dickson et al., 

2022, Horlock et al., 2020, Piersanti et al., 2019), and hence it is important that research 

continues to improve disease prevention and reduce reliance on treatments.  

It has been previously noted that some studies that evaluated endometritis treatments 

failed to include a control treatment (LeBlanc et al., 2002b), which is critical to allow 

comparison of self-cure rates. No significant difference was found in treatment cure rates 

between VDS wk 0 and VDS wk 2, which indicates that cows self-cleared endometritis infection 
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at a similar rate to those that receive pharmaceutical intervention treatments, in agreement with 

previous studies (LeBlanc et al., 2002b, McDougall, 2001a). We acknowledge that each 

treatment in this study had relatively low numbers of cows and it is possible that treatment 

differences in cure rates may have been observed in a larger study, or if more cows on this 

study were diagnosed with severe VDS (i.e., VDS 4 or 5). In the current study, 482 animals 

were diagnosed as endometritic, and only 50 animals were diagnosed as VDS 4 or 5.  

The most useful metric of treatment efficacy is the subsequent reproductive performance. 

In the current study, the control treatment had the least SR21 (83.6%) and the Metricure 

treatment had the greatest SR21 (96.4%). This is a key performance indicator in seasonal 

calving systems (target ≥90%), and is essential to ensure rapid pregnancy establishment in the 

herd at the start of the 12-week breeding period (Butler, 2014). In the current study, however, 

treatment did not affect pregnancy rates during the breeding season. A recent trial that 

administered a second dose of I.U. antibiotics (cephapirin) 14 days after the initial treatment 

reported that pregnancy rate to first service increased by 10.8 percentage points compared with 

animals that received a single treatment (Dubuc et al., 2021). Additional research is required 

to verify this finding, and an economic analysis is also necessary to examine the financial 

implications of requiring a second administration of I.U. antibiotic. 

The results of the current study indicated that endometritis reduced fertility in infected 

cows, as has been extensively reported in previous studies (McDougall et al., 2007, Ribeiro et 

al., 2013, Ryan et al., 2020a, Šavc et al., 2016). In the current study, cows with endometritis 

were less likely to be submitted for breeding in the first 21 days of the breeding season. This 

finding agrees with previous research that reported associations between poor uterine health 

with reduced likelihood of having a CL present at both week 3 and week 7 postpartum, 

highlighting that the presence of uterine infection was associated with delayed resumption of 

cyclicity (Rojas Canadas et al., 2020a). In addition, absence of a CL at week 7 was associated 

with reduced SR21 (Rojas Canadas et al., 2020b). Although cyclicity status data were not 

available for all cows in the current study, the lower SR21 observed in clinically infected cows 

may have been due, at least in part, to delayed postpartum resumption of cyclicity. In seasonal-

calving systems, establishment of pregnancy during the 12-week breeding period is essential 

for cows to remain in the herd and avoid being culled due to fertility failure. In the current 

study, diagnosis of endometritis was associated with reduced P84, indicating that infected cows 

were less likely to conceive by the end of the breeding season. The greater MSD-CI associated 
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with endometritis diagnosis was consistent with another recent Irish study (Ryan et al., 2020a) 

and an earlier study conducted in the USA (Gilbert et al., 2005).  

It is worthwhile noting that the relative reproductive performance of the trial farms 

involved compared to national averages. The targets for SR21, P/AI1, P21, P42 and P84 are 

≥90%, ≥60%, ≥54%, ≥78% and ≥90%, respectively, in herds of lactating dairy cows (Butler, 

2014). Overall, the herds that participated in the current study were close to, or exceeded, many 

of these targets. It is possible that herds with poorer fertility would display greater herd 

prevalence of endometritis and potentially have greater reproductive performance benefits 

from therapeutic intervention.  

In conclusion, the incidence of endometritis differed significantly depending on the time 

of diagnosis, with incidence negatively correlated with DIM. Endometritis was significantly 

associated with conception by the end of the 12-week breeding season and so should be a focus 

going forward in Irish dairy systems to improve conception rates and limit the calving window. 

Herd incidence differed greatly and awareness of risk factors and management techniques that 

can mitigate endometritis is important for farms that wish to improve their reproductive 

performance. Endometritis diagnosis in a herd must aim to identify those animals that are at 

risk of reduced fertility due to infection and thus identify those animals that will most benefit 

from treatment. Resolution of endometritis did not differ between the treatments, nor did 

treated animals exhibit a significant improvement in reproductive performance, suggesting the 

effect of endometritis lasts beyond clinical disease resolution, and further research is needed 

with larger numbers of animals to identify reliable treatment options. Any level of endometritis 

infection resulted in a reduced submission rate in the first 21 days of the breeding season and 

reduced risk of pregnancy by the end of the 12 week breeding season.  
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Chapter 3: Effect of seaweed supplementation on milk yield, milk 

components, reproductive health and metabolism in dairy cows 
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3.1. Abstract: 

This study examined the effects of supplementing dairy cow with a seaweed extract 

during the transition period on metabolism, reproductive health, and milk yield and milk 

composition. The Ascophyllum nodosum seaweed extract was fed at 4 different inclusion levels 

(0, 35, 70 or 105 g/day) to examine a dose response. Primiparous and multiparous spring 

calving cows (n = 66) were enrolled on the study and supplemented with Ascophyllum nodosum 

extract starting 14 days before expected calving date (actual mean = 13.6; range 1 – 44) and 

remained on treatment for 14 days post calving. Blood samples were collected on d -14, 0, 7 

14 and 28 relative to parturition and subsequently analysed for indicators of bioenergetics status 

(glucose, β-hydroxybutyrate (BHB), non-esterified fatty acids (NEFA), albumin, globulin, total 

protein), total antioxidant capacity (TAC) and interleukin 1- β (IL-1β). Uterine health was 

monitored by recording vaginal discharge scores (VDS) at weeks 2, 4, 6 and 8 postpartum 

using a 6 point scale (from 0 (no pus) to 5 (>50% and fetid odour)). Uterine cytology samples 

were collected at week 6, differentially stained and examined for percentage 

polymorphonuclear leukocytes (PMNL %). IL-1β concentrations were less in cows receiving 

105g/d of seaweed supplement compared with cows assigned to the control treatment. 

Primiparous cows assigned to both the 70g/day and 105 g/day of seaweed extract had better 

VDS during the trial period compared with cows assigned to both the control and 35g/day 

treatments. An effect of parity on VDS was detected, whereby parity 2+ cows had lower VDS 

compared with parity 1 animals. At week 8, primiparous cows assigned to the 70g/day and 

105g/day seaweed extract treatments had significantly better VDS than cows assigned to either 

the control or 35g/day treatments. Milk yield and concentration of both milk fat and milk 

protein were not affected by supplementation. An effect of treatment was detected for lactose 

concentration; cows assigned to the 70 g/day treatment had greater lactose concentration 

compared with cows assigned to the control treatment. Overall the results indicate that seaweed 

extract supplementation can help to moderate the proinfammatory cytokine cascade (reduction 

in plasma IL-1β) and aid postpartum uterine recovery in primiparous cows (reduced VDS). 

Further research is necessary with larger numbers of cows to assess effects on reproductive 

performance. 
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3.2. Introduction: 

Dairy cows experience profound physiological and metabolic challenges during the peri-

parturient period (Drackley, 1999, LeBlanc, 2010b). Negative energy balance occurs when the 

energy demands of lactation and maintenance exceed energy intake, and the corresponding 

mobilisation of fat reserves is associated with increased incidence of metabolic disorders and 

compromised fertility performance (Burke et al., 2010, Chapinal et al., 2011). The transition 

from pregnancy to lactation is also associated with compromised immune function, which is 

particularly relevant to the challenges of overcoming microbial contamination of the 

reproductive tract in the aftermath of parturition (Sheldon and Dobson, 2004). Various feed 

supplements have been posited to both reduce the metabolic stress faced by the cow and to 

bolster the immune system and response (Roche et al., 2015). Marine algae are currently being 

investigated as a novel supplement to favourably influence the immune response in dairy cows, 

as has been previously reported for gut health in pigs (Vigors et al., 2021). It is believed that 

marine algae influence the immune system and animal performance through their anti-oxidant, 

prebiotic, antibacterial and immunomodulatory properties (O'Doherty et al., 2021). 

There is growing pressure to reduce antibiotic usage in animal agriculture, and this 

requires new strategies to be developed that will enhance immune function and maintain animal 

health, especially during periods of stress when animals are more likely to succumb to disease 

(Callaway et al., 2021). In studies that supplemented seaweed extracts to sows, colostrum IgG 

and milk protein concentrations were increased, and piglets nursed by these sows had greater 

serum IgG and IgA concentrations compared with piglets nursed by sows that did not receive 

seaweed extract supplementation (Leonard et al., 2010, Leonard et al., 2012). Other studies 

reported improved piglet performance and weight gain (Leonard et al., 2011), and enhanced 

immune function against pathogens (Leonard et al., 2010). A study conducted on Sahiwal cattle 

(Bos indicus) reported effective substitution of seaweed extracts for minerals in diets without 

compromising milk yield or components (Singh et al., 2016). Water buffalo (Bubalus bubalis) 

that were fed combinations of red and brown seaweed extracts had improved antioxidant status, 

immunity and milk yield during early to mid-lactation (Maheswari et al., 2021). Holstein cows 

that were supplemented with algae rich in docosahexaenoic acid (DHA) had a shorter 

postpartum interval to resumption of cyclicity, greater pregnancy rates at first service, and a 

reduced interval from parturition to pregnancy by 22 days compared with unsupplemented 

control cows (Sinedino et al., 2017). Research on properties of seaweed other than fatty acid 

profile that may infer a benefit on reproductive health are scarce. Uterine infection post-calving 
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and associated diseases cause reduced reproductive performance (Dubuc et al., 2010b, 

LeBlanc, 2008), and the incidence of uterine diseases is intrinsically linked to metabolic state 

during the transition period (LeBlanc, 2014, LeBlanc, 2012, Rojas Canadas et al., 2020a).  

The objective of the current study was to examine the effects of a specific Ascophyllum 

nodosum seaweed extract on milk production, bioenergetics status and indicators of cow health 

during the transition period. Specifically, we tested the hypothesis that the milk production and 

health indicator responses to Ascophyllum nodosum seaweed extract would vary depending on 

the quantity administered.  
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3.3. Materials and Methods: 

3.3.1. Study Design 

All experimental procedures involving cows were approved by the Teagasc Animal 

Ethics Committee and authorized by the Health Products Regulatory Authority (authorisation 

number AE19132/P123), which is the competent authority in Ireland responsible for the 

implementation of European Union legislation (Directive 2010/63/EU) for the protection of 

animals used for scientific purposes. This experiment was conducted between January and May 

2021 at the Teagasc Moorepark Animal and Grassland Research and Innovation Centre. All 

cows were Holstein-Friesian and calved during the spring calving season; of the 70 animals 

initially recruited for the trial a small number were removed during the early treatment period 

due to farm culling decisions (n = 2) and due to persistent illness unrelated to the treatments 

that could have unduly effected results (n = 2); the remaining 66 animals were included in all 

analyses. A power analysis was conducted to determine how many cows would be required to 

detect a 2 kg/d difference in milk yield between treatments (difference to detect = 2 kg). 

Assuming a standard deviation of 2 kg/d for milk yield, significance level (α) = 0.05, and power 

(1 – β) = 0.8, the minimum number of animals required per treatment was 16 cows. 

Cows were blocked based on parity and expected calving date, and randomly assigned to 

one of four treatments based on feeding variable quantities of seaweed extract FI-102 

(BioAtlantis Ltd., Tralee, Co. Kerry, Ireland), which is derived from A. nodosum. The four 

treatments, and the number of cows assigned to each, were as follows: (1) 105 g seaweed 

extract, n = 17; (2) 70 g seaweed extract, n = 17; (3) 35 g seaweed extract, n = 17; and (4) a 

control treatment receiving 0 g seaweed extract, n = 15. These dosage levels were selected 

based off previous studies in pigs (Leonard et al., 2011, Leonard et al., 2010, Leonard et al., 

2012, Vigors et al., 2021) and corrected for cow bodyweight. The average days enrolled on 

treatment before calving was 13 ± 7.8 (range 1 to 44) across all treatments. The seaweed 

supplement was fed using an automatic feeding system in the milking parlour. Two 

experimental rations were formulated; one contained the seaweed extract supplement (FI-102 

BioAtlantis, Tralee, Co. Kerry, Ireland) at an inclusion rate of 7% and the other contained 

similar ingredients without the seaweed extract supplement. The experimental treatments were 

administered to the animals each morning by feeding 1.5 kg, 1 kg, 0.5 kg or 0 kg of the ration 

containing the seaweed extract supplement to the cows assigned to the 105 g, 70 g, 35 g and 0 

g treatments, respectively. To ensure that all cows received the same quantity of concentrate 

feed, the second ration that did not contain the seaweed extract supplement was administered 
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simultaneously to provide 0 kg, 0.5 kg, 1 kg and 1.5 kg to cows assigned to the 105 g, 70g, 35 

g and 0 g treatments, respectively. The ingredients and nutritional composition of the two 

experimental rations are outlined in Table 3.1. In addition, cows grazed swards containing 

perennial ryegrass (Lolium perenne L) and were fed a standard dairy concentrate supplement 

at the evening milking. Treatments were administered via automatic feeders in the milking 

parlour that identified each animal through unique ID ear tags. Every week the automatic 

feeders were tested to ensure the correct treatment was being delivered. In the pre-partum 

period, cows were run through the milking parlour after the morning milking had been 

completed for lactating cows to receive their allocation. There were no issues with palatability 

or refusal of feed at the inclusion levels used for this study. Cows were milked twice daily, and 

milk yield was measured at each milking using electronic milk meters (Dairymaster, 

Causeway, Ireland). Milk composition (fat, protein, lactose) was measured on a.m. and p.m. 

milk samples on one day per week.  

Table 3. 1. Nutritional profile of control and seaweed concentrates 

 
Control Seaweed 

 
Kg/t Kg/t 

Barley 595 525 

Corn gluten 150 150 

Distillers grains 120 120 

Rapeseed meal 65 65 

Molasses 70 70 

Seaweed extract 0 70 

 
  

UFL* 0.96 0.89 

Protein % 14.64 14.00 

* Unité Fourragère Lait (Forage Unit for lactation), 1 UFL is the net energy in milk produced 

by 1 kg of reference barley and is equivalent to 7.12 MJ of net energy (Fischer et al., 2020). 

 

3.3.2. Blood sampling and metabolite analyses: 

Rectal temperature was measured and blood samples were collected via coccygeal 

venepuncture using a 21-gauge vacutainer needle (Becton Dickinson, Plymouth, UK) on days 

-14, 0, 7, 14 and 28 relative to parturition. Immediately before blood sample collection, the 

region of the tail from which the sample was collected was sanitised using non-woven swabs 
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soaked in methylated spirits. Immediately after collection, blood was centrifuged at 1922 x g 

for 15 minutes at 4 ºC, the plasma was harvested and stored at -18 ºC until assayed.  Blood 

metabolite assays were performed using commercially available kits. Blood glucose (GLUC-

PAP, Randox, Donegal, Ireland), non-esterified fatty acids (NEFA; commercial NEFA-HR 2 

colorimetric method kit, FUJIFILM Wako, Neuss, Germany) and β-hydroxybutyrate (BHB; 

RANBUT, Randox) were assayed using colorimetric techniques and read using a microplate 

spectrophotometer at 20 ºC (Biotek Instruments, Winooski, VA, USA). Plasma IL-1β was 

analysed in undiluted plasma using commercially available bovine ELISA kits according to the 

manufacturer’s instructions (Fisher Scientific, Frederick, Maryland, USA). Haptoglobin 

concentrations were assayed in undiluted plasma samples by colorimetric method (Tridelta Ltd, 

Kildare, Ireland). Total Antioxidant Capacity (TAC) was analysed in diluted plasma (1:10) 

using the Cayman Antioxidant Assay (Cayman Chemical Company, Ann Arbour, Michigan, 

USA).  Horiba ABX SAS reagent kits (Montpellier, France) were used to assay albumin 

(bromocresol green) and total protein (Biuret reaction) with an ABX Pentra 400 analyser 

(Horiba Medical). Plasma globulin concentrations were calculated as the difference between 

total protein and albumin concentrations in each sample. The inter- and intraassay coefficients 

of variation (CV) were 6% or less for all assays except the IL-1β and IL-6 assay where the 

inter- and intraassay CV values were less than 12%. 

3.3.3. Vaginal Discharge Scoring and Cytology: 

At weeks 2, 4, 6 and 8 postpartum (weeks in milk, WIM) vaginal discharge score (VDS) 

was recorded for each cow. A stainless steel rod with an attached 4 cm diameter silicon cup 

was used to collect vaginal discharge samples (Metricheck device; Simcro, Hamilton, New 

Zealand). The device and the area around the vulva and perineum were cleaned using dilute 

disinfectant and cotton wool before each sample collection. The sample collected using the 

Metricheck device was assigned a VDS according to the criteria previously described by 

McDougall (2007). Briefly, 0 = no discharge; 1 = clear mucus; 2 = flecks of purulent material 

within otherwise clear mucus; 3 = mucopurulent with < 50% purulent material; 4 = 

mucopurulent with > 50% purulent material; and 5 = mucopurulent with > 50% purulent 

material and an odour. Samples containing primarily blood were assigned a score of 6 (n 

=33/264), and were not included in subsequent analyses.  

Endometrial cytology samples were collected from each cow at six weeks postpartum 

using a cytobrush and stainless steel catheter as previously described (Kasimanickam et al., 
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2005). Briefly, the catheter was enclosed in a disposable plastic sheath to prevent bacterial 

contamination and advanced through the cervix of the animal. Once the cervix was passed, the 

sheath was pulled back and the cytobrush was extended through the top of the catheter and 

rotated while in contact with the endometrium. The cytobrush was retracted into the catheter 

before withdrawing the catheter from the cow. The cytobrush was then removed from the 

catheter and smeared across microscope slides in duplicate, allowed to air-dry and stained in 

the laboratory 24 h later. Smears were fixed to the slides with methanol, and the slides were 

stained with separate eosin and thiazine reagents (Wescor Inc., South Logan, UT) using a slide 

stainer (Wescor Aerospray Automatic Slide Stainer, Wescor Inc.). The reagents were rinsed 

from the slide with an eosin rinse. Each slide was evaluated at 100× magnification by a single 

cytologist blind to the cow genotype. One hundred nucleated cells were counted, from which 

the percentage that were polymorphonuclear leukocytes (PMNL %) was calculated. Slides 

were also evaluated for several properties such as background eosinophilic material, red blood 

cell and epithelial cell count. Background material was recorded as follows: clear = 1, light = 

2, moderate = 3 or intense = 4. At 50 x magnification, red blood cell (RBC) numbers were 

estimated in one field of view in a representative area and assigned a score as follows: 1 = < 

50 RBC’s; 2 = 50 - 250 RBC’s ; 3 = 250 - 500 RBC’s; and 4 = > 500 RBC’s. The entire slide 

was scanned at 20 x magnification and assigned a score for estimated number of epithelial cells 

present as follows: 1 = < 100; 2 = 100-1000; and 3 = > 1000 epithelial cells. In total, 55 uterine 

cytology samples were successfully collected, dried and stained for analysis. Cytology samples 

were not collected from 5 animals due to inability to pass the catheter and cytobrush through 

the cervix. After differential staining, 6 slides had insufficient cell numbers to be analysed and 

were also not included in the final dataset.  

3.3.4. Statistical Analysis: 

All data analyses was conducted using SAS v 9.4 (SAS Institute Inc. Cary, NC). All 

continuous data variables were examined for normality, and where necessary a BOX-COX 

transformation was applied.   Continuous data variables were analysed using generalised linear 

mixed models (PROC GLIMMIX). The fixed effects in the model included treatment, lactation 

week, parity, treatment × lactation week and treatment × parity, and calving date was included 

as a covariate. Cow was included as a random effect.  

For all blood analytes, the pre-experimental values for the blood samples collected on 

day -14 were included as a covariate and retained in the final model if significant (P < 0.05). 
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For transformed data, the least square means and the lower and upper limits of the 95% 

confidence interval were back-transformed. Contrast statements were constructed to test for 

linear, quadratic and cubic effects of the dose of seaweed supplement. In addition, individual 

contrasts were constructed to compare the control treatment (0 g seaweed supplement) vs each 

of the other treatments (35g, 70g, 105 g seaweed supplement), and also to compare the control 

treatment vs. the average of all other treatments. The number of days that the supplement was 

provided to each cow pre-calving was classified as either <13 days or ≥13 days, and was also 

included as a covariate and retained in the final model if significant (P < 0.05).  

Vaginal discharge score data were analysed using PROC GLIMMIX, and a multinomial 

distribution was specified. The fixed effects in the model included treatment, lactation week, 

parity, treatment × lactation week and treatment × parity. PROC MEANS was subsequently 

used to calculate mean VDS scores and standard error across treatment groups for each week 

with VDS data. For PMNL % analysis, slide properties such as background eosinophilic 

material, RBC and epithelial cell counts were not found to be significant so were removed from 

the final modelling, and were instead analysed individually using PROC GLIMMIX to 

determine if there was any treatment effect on these slide properties. The final model for all 

slide properties included parity and treatment as fixed effects. 
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3.4. Results 

3.4.1. Milk Analysis 

Least square means for milk yield, milk component yields and milk composition are 

summarised in Table 3.2. The treatment with the highest level of seaweed extract supplement 

(105 g/d) had the greatest average yield, but there was no significant effect of treatment on 

milk yield (P = 0.29). Treatment by parity and treatment by week interactions were also not 

detected (both P > 0.5). Contrast statements did identify a tendency for a difference in milk 

yield between the control and 105 g/d treatments (P=0.12), and between the 70 g/day and 105 

g/day treatments (P = 0.08).  

A treatment effect was observed for lactose concentration (P = 0.03). There was evidence 

of both quadratic and cubic effects of treatment (P = 0.08 and P = 0.016), which arose because 

the 70 g/day treatment tended to have greater milk lactose concentration compared with the 

control treatment (P = 0.10) and was significantly greater than both the 35 g/day and 105 g/day 

treatments (P < 0.05 for both). There was no overall treatment effect on milk protein 

concentration (P = 0.2), although a linear effect of treatment was detected (P = 0.054), and a 

tendency for greater milk protein concentration in the control treatment compared with the 105 

g/day treatment (P = 0.10). A tendency for an effect of treatment on milk fat concentration was 

observed (P = 0.14), which was supported by a tendency for a quadratic effect of treatment 

dose (P = 0.08). The 70 g/day treatment had lesser milk fat concentration compared with the 

control treatment (P = 0.02), and the control treatment tended to have greater milk fat 

concentration compared with the mean of all seaweed extract treatments (P = 0.07).  

There was no overall effect of treatment on milk protein yield (P = 0.39); however, mean 

daily protein yield was greatest for the 105 g/day treatment and lowest for the 70 g/day 

treatment. Fat yield was not affected by treatment, although quadratic and cubic effects of 

treatment dose tended towards significance (P = 0.13 and P = 0.14). There was no effect of 

treatment on milk lactose yield (P = 0.40), nor were linear, quadratic or cubic effects of 

treatment dose. There was a tendency for a difference between the control treatment and the 

105 g/day treatment (P = 0.14), but not between other treatment groups.  
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Table 3.2. Mean milk yield, milk component yields, and milk composition (±SEM) during lactation weeks 2 to 6 

Treatment Control 35 g/day 70 g/day 105 g/day P Value   Linear Quadratic Cubic 

Milk yield 

(kg/day) 

22.2 ± 

1.33 

23.1 ± 

1.31 

21.9a ± 

1.33 

25.2b ± 

1.34 

0.29 
 

0.19 0.35 0.28 

Fat (kg/day) 1.32 ± 

0.08 

1.32 ± 

0.08 

1.19a ± 

0.08 

1.42b ± 

0.08 

0.20 
 

0.61 0.13 0.14 

Fat (%) 5.96a ± 

0.18 

5.67 ± 

0.18 

5.36b ± 

0.18 

5.69 ± 

0.18 

0.14 
 

0.17 0.08 0.42 

Protein (kg/day) 0.77 ± 

0.04 

0.80 ± 

0.04 

0.74a ± 

0.04 

0.85b  ± 

0.05 

0.39 
 

0.40 0.39 0.21 

Protein (%) 3.49 ± 

0.05 

3.47 ± 

0.05 

3.39 ± 

0.05 

3.38 ± 

0.05 

0.24 
 

0.05 0.90 0.54 

Lactose (kg/day) 1.08 ± 

0.07 

1.12 ± 

0.06 

1.08 ± 

0.07 

1.22 ± 

0.07 

0.40 
 

0.20 0.46 0.39 

Lactose (%) 4.87 ± 

0.03 

4.86a ± 

0.03 

4.94b ± 

0.03 

4.82a ± 

0.03 

0.03   0.59 0.08 0.02 

a-b Different superscripts within a row indicate significant difference (P<0.05). 
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3.4.2. Blood Analysis 

Pre-supplementation blood plasma concentration (d-14 sample) was included in analysis 

as a covariate and found to have a significant effect (P < 0.01) for all analytes and was therefore 

retained in the final model. There was no effect of treatment on plasma glucose, NEFA or BHB 

concentrations (all P > 0.05). A tendency for a quadratic effect of treatment dose on plasma 

NEFA was detected (P < 0.10). For plasma glucose concentrations, the 105 g/day treatment 

tended (P = 0.08) to have lesser plasma glucose concentration compared with the 35 g/day 

treatment (78.1 ± 1.81 vs 82.7 ± 1.83 mg/dl, respectively).  Treatment x time interaction effects 

were detected for plasma glucose and plasma BHB concentrations (P < 0.06 for both) and are 

illustrated in Figure 3.1.  

A significant effect of treatment was detected for IL-1β concentrations (P = 0.048), and 

contrast statements indicated a linear effect of treatment dose (P = 0.007; Figure 3.2 A). The 

70 g/d, 105 g/d and the mean of all seaweed extract treatments had lesser plasma IL-1β 

concentrations compared with the control treatment (all P < 0.05). A treatment x time 

interaction was also observed (P = 0.006), whereby the temporal profile of IL-1β increased 

from parturition to day 28 for the control and 35 g/day treatments, but declined during the same 

interval of time for both the 70 g/day and 105 g/day treatments (Figure 3.2 A).  

Treatment did not affect plasma concentrations of albumin, globulin, total protein or 

haptoglobin (all P > 0.7), nor was there evidence of linear, cubic or quadratic effects (all P > 

0.5). The number of days that the treatment supplements were provided pre-calving was 

associated with haptoglobin concentration (P <0.05), whereby concentration were less for cows 

that received the supplement for less than 13 days compared with cows that received the 

supplement for 13 days or more (0.50 ± 0.03 mg/ml vs. 0.58 ± 0.04 mg/ml, respectively). 

Plasma total antioxidant capacity was not affected by treatment, although contrast 

statements indicated a tendency for a difference between the control treatment and the mean of 

all seaweed extract treatments (P = 0.098). There was a tendency (P = 0.12) for a treatment x 

time interaction, whereby the cows assigned to the treatment with the greatest level of seaweed 

extract supplementation (105g/d) had decreased plasma TAC both at parturition and at 7 days 

postpartum, whereas the cows assigned to all the other treatments had increased TAC during 

this period (Figure 3.2 B). No linear, quadratic or cubic effects of treatment dose were observed, 

and no treatment x parity interactions were observed.  
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(A)  

(B)  

Figure 3.1. Blood plasma profiles of (A) Glucose and (B) β-hydroxybutyrate (BHB) from -14 

to 28 days in milk across treatment groups showing treatment x time interactions. For Glucose 

treatment 105 g/day resulted in greater depressed glucose levels between day 0 and day 14 

compared to any other treatment (P = 0.05). BHB levels for the 105 g/day treatment group was 

lowest for days -14 to 0 and then increased above blood BHB levels of all other treatments 

from day 7 to day 28 (P = 0.06). 
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(A)  

(B)  

Figure 3. 2. (A) The effect of seaweed extract supplementation (0, 35, 70 or 105 g/d) from day 

-14 to 28 relative to parturition on blood plasma concentrations of IL-1 β in transition dairy 

cows. The error bars represent 95% confidence intervals around the back-transformed least-

square mean. A treatment effect was observed for IL-1β concentrations (P = 0.048), and 

contrast statements indicated a linear effect of treatment (P = 0.007). (B) Temporal total 

antioxidant capacity (TAC) profile across transition period indicates a tendency for a time x 

treatment interaction (P = 0.12) shown in lower TAC levels in the highest supplementation 

group compared to other treatments.  
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3.4.3. Vaginal Discharge Scoring and Cytology 

Vaginal Discharge Score declined with increasing time after parturition in all treatments. 

There was a tendency for an overall effect of treatment (P = 0.12) on VDS, and contrast 

statements indicated a linear effect of treatment dose (P = 0.037). Across the period of VDS 

data collection, the mean (± SEM) VDS was greater (P = 0.48) for the control treatment 

compared with the 105 g/day treatment (2.14 ± 0.17 vs. 1.66 ± 0.13). In addition, VDS tended 

(P = 0.15) to be greater in the control treatment vs the mean of all treatments that received 

seaweed supplement. A highly significant parity effect (P < 0.001) and a tendency for treatment 

by parity interaction (P = 0.10) were detected for VDS. The parity effect was significant 

because parity 2+ cows had a lower mean VDS compared with parity 1 cows (1.76 ± 0.08 vs. 

2.37 ± 0.16). In parity one cows, a significant treatment effect (P = 0.025) was identified across 

weeks 2 to 8, but this effect was not detected in the parity 2 cows (P = 0.32). 

 

Additional analyses were undertaken at each individual time point when VDS was 

recorded (Week 2, 4, 6 and 8). Tendencies for a treatment effect were detected at both weeks 

6 and 8 (P = 0.09 and P = 0.12, respectively), but not at week 2 or week 4 (both P > 0.6). 

Meaning cows receiving the seaweed supplement had lower VDS than cows on the control 

treatment. Contrast statements indicated a linear effect of treatment dose at week 8 (P = 0.02) 

and a tendency for a linear effect at week 6 (P = 0.10). At week 8 postpartum, significant 

differences were detected between the control treatment and both the 70 g/day treatment (P = 

0.02) and 105 g/day treatment (P = 0.05), and between the control treatment and the mean of 

all seaweed supplementation treatments (P = 0.03). The temporal profile of the VDS for each 

treatment are illustrated in Figure 3.3. At week 6 postpartum, contrast statements did not find 

a significant difference between the control and seaweed treatments, but did detect tendencies 

for greater VDS in the 35 g/day treatment compared with both the 70 g/day and 105 g/day 

treatments (both P < 0.07). Finally, a tendency for a treatment x parity interaction was detected 

at week 8 (P = 0.13), whereby multiparous cows had a lesser VDS compared with primiparous 

cows but VDS was reduced in primiparous cows assigned to the 70 g/day and 105 g/day 

treatments compared with primiparous cows assigned to control and 35 g/day seaweed 

supplement (Figure 3.3 A and B).  
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(A)         (B) 

 

(C)         (D) 

Figure 3. 3. (A) Temporal profile of vaginal discharge score (VDS) following supplementation 

with seaweed extract treatments (0, 35, 70 or 105 g/d) from week 2 to week 8 postpartum for 

(A) parity 1 animals (P = 0.025), (B) parity 2 animals (P = 0.32) and for (C) all animals (P = 

0.12). (D) A tendency (P = 0.13) for an interaction between seaweed extract treatments (0, 35, 

70 or 105 g/d) and parity (1 or 2+) was detected at week 8 postpartum. In parity 1 cows, 

supplementation of seaweed extract at 70 g/day and 105 g/day reduced VDS compared with 

the control treatment (P<0.05).  
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3.4.4. PMNL %  

There was no effect of treatment or parity and no treatment by parity interaction on 

PMNL (P > 0.5). In addition, linear, quadratic and cubic effects were not detected.  Similarly, 

background eosinophilic material, RBC and epithelial cell counts were not affected by 

treatment or parity, and linear, quadratic or cubic effects of treatment were not detected (Table 

3.3). 

Table 3. 3. Mean (95% confidence interval) cytology measurement in lactating dairy cows 

supplemented with 0, 35, 70 or 105 g/day seaweed extract. 

Treatment 

g/day 
0 35 70 105 P - value 

PMNL % 2.37 4.01 3.91 3.75 0.80 

 (1.00 - 7.99) 
(1.00 - 

22.00) 
(0.5 - 14.00) 

(1.00 - 

26.00) 
 

Epithelial 

Cells 
2.33 2.00 2.18 2.07 1.00 

 (1.67 - 2.99) (1.55 - 2.45) (1.77 - 2.59) (1.68 - 2.46)  

RBC 1.56 2.21 1.63 1.93 0.70 

 (0.78 - 2.33) (1.61 - 2.82) (0.95 - 2.33) (1.29 - 2.58)  

Eosinophilic 

background 
2.78 3.36 2.45 3.07 0.29 

  (1.94 - 3.62) (2.87 - 3.84) (1.76 - 3.15) (2.68 - 3.46)   

PMNL % = percentage of cells that were PMNL. Epithelial cells = score for estimated number 

of epithelial cells present across entire slide: 1 = < 100; 2 = 100-1000; and 3 = > 1000 epithelial 

cells. RBC = score for RBC defined as 1 = < 50 RBC’s; 2 = 50 - 250 RBC’s ; 3 = 250 - 500 

RBC’s; and 4 = > 500 RBC’s per 50 x field of view. Eosinophilic background was scored as 

clear = 1, light = 2, moderate = 3 or intense = 4. 
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3.5. Discussion: 

Both micro- and macroalgae have been used in agriculture for over 60 years, primarily 

due to their ability to improve plant productivity and food production (Craigie, 2011). More 

recently, seaweeds have been used as raw materials in the manufacture of “plant biostimulants” 

for the purposes of modulating plant molecular responses and enhancing crop yield (Baltazar 

et al., 2021, Sujeeth et al., 2022). The use of seaweed additives in animal nutrition has been a 

focus in ruminant research in recent years as a potential tool in mitigating methane emissions 

(Abbott et al., 2020, Lean et al., 2021, Vijn et al., 2020). For example, Asparagopsis armata, 

commonly called red seaweed, reduced methane emissions by 67% at a low dietary inclusion 

rate of 1% (Roque et al., 2019), possibly due to the high concentration of bromoform, the active 

compound in A. armata. A different type of seaweed called Ascophyllum nodosum, commonly 

called brown seaweed, does not cause a potent suppression of methane output (Antaya et al., 

2019), but there is evidence from monogastric species that it can impact animal health and 

immune function (Sweeney and O'Doherty, 2016).  

The transition period, extending approximately from 3 weeks prepartum to 3 weeks 

postpartum, is associated with metabolic stress and immunosuppression in dairy cows, and the 

incidence of health problems is greatest during this period (Goff and Horst, 1997, LeBlanc, 

2010b). It was hypothesised that supplementation with brown seaweeds during the transition 

period could be beneficial to cow immune function similar to previous reports in monogastric 

species (O'Doherty et al., 2021, Vigors et al., 2021). Modulation of immune function by 

supplementing cows with seaweed extract is a novel area of research, and the current study was 

conducted to help elucidate the responses to different doses of the supplement. Bradford et al. 

(2015) concluded most dairy cattle experience subacute inflammation in the days immediately 

following parturition. A systemic immune response will be mounted to resolve such 

inflammation, but if this immune response is sustained for too long, chronic changes to tissue 

function can occur (Bradford and Swartz, 2020, Trevisi and Minuti, 2018). Pro-inflammatory 

cytokines are important in this series of events as they activate immune cells such as leukocytes 

and trigger the acute-phase response (Bannerman, 2009, Bradford et al., 2015). Excessive 

levels of pro-inflammatory cytokines can lead to persistent inflammation, with deleterious 

effects including tissue damage and knock-on effects for fertility if inflammation exists in the 

uterus (Bannerman, 2009). IL-1β is one such pro-inflammatory cytokine, and in the current 

study supplementing cows with seaweed extract reduced IL-1β blood concentration. Of note, 

a linear dose-response effect was observed, with the greatest levels of seaweed extract 
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supplement (70 g/day and 105 g/day) inducing the greatest suppression of plasma IL-1β. This 

is a potentially important finding, as the ability to regulate the intensity and duration of pro-

inflammatory signals in transition period cows could benefit cow health and performance. 

Previous studies have shown upregulation of IL-1β production in the early postpartum period 

in those animals that subsequently develop endometritis (Adnane et al., 2017, Kelly et al., 

2019). Further investigations are required to elucidate how this feed additive moderates 

circulating IL-1β concentrations. Similarly, the gene expression of pro-inflammatory cytokines 

IL-6, IL-22 and tumour necrosis factor- α were reduced in the colonic tissue of pigs fed seaweed 

extracts containing fucoidan and laminarin (Bouwhuis et al., 2017). 

Endometritis is a common disease in dairy cows and is characterised by purulent vaginal 

discharge (Sheldon and Dobson, 2004, Sheldon, 2020). Endometritis is associated with poorer 

fertility performance by delaying the time to submission for breeding and reducing pregnancy 

per service (McDougall et al., 2007, Ribeiro et al., 2016). In the current study, supplementing 

cows with seaweed extract reduced VDS, which suggests that seaweed extract supplementation 

aided the resolution of uterine infection. In particular, seaweed extract supplementation 

reduced VDS for primiparous cows. Previous studies have reported that primiparous cows have 

greater incidence of endometritis than multiparous cows, and this reduces fertility in the 

subsequent breeding period (Edelhoff et al., 2020, Potter et al., 2010). Hence, feeding seaweed 

extract supplement to primiparous cows may be a strategy to reduce the incidence of 

endometritis and accelerate uterine involution and resolve uterine infection more quickly than 

animals that are not receiving the supplement. Several studies that fed brown seaweed extracts 

(Ascophyllum nodosum) to pigs reported improvement in gut health by reducing the abundance 

of harmful gut bacteria such as Salmonella Typhimurium, enterotoxigenic Escherichia coli and 

Bifidobacterium thermophilum (Leonard et al., 2011, O'Doherty et al., 2021, Vigors et al., 

2021). In previous studies that examined the uterine microbiome in dairy cows, these bacteria 

were associated with endometritis (Galvão et al., 2019, Miranda-CasoLuengo et al., 2019), so 

it is possible that seaweed extracts could also benefit reproductive health and reduce uterine 

infection. Additional studies are required to examine the effects of seaweed extract 

supplementation on uterine bacterial populations, and also with larger numbers of cows to 

examine effects on field fertility performance during the breeding period.  

The circulating concentrations of NEFA and BHB during the early postpartum period are 

often used to infer cow energy balance status (Mann et al., 2016, Ospina et al., 2010). In the 

current study, treatment did not affect either plasma NEFA or BHB concentrations, indicating 
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that the seaweed supplement did not have a marked influence on energy balance during the 

study period. There was no impact of seaweed supplementation on milk yield or composition 

except for lactose concentration in this study, which supports similar findings in the literature 

(Lean et al., 2021, Roque et al., 2019). In a recent study where cows were supplemented with 

variable quantities of a seaweed supplement composed of a mixture of 91% Ascophyllum 

nodosum and 9% Laminaria digitate, no effect of treatment of on milk yield was observed, but 

a negative correlation between seaweed supplementation and milk protein yield was reported 

(Newton et al., 2021).  Conversely, a US study reported increased milk production in cows fed 

a brown seaweed meal Ascophyllum nodosum at 4 ounces (113g) per cow per day (Cvetkovic 

et al., 2004). We do not have a clear rational for the difference in lactose concentration between 

the treatment groups as it is generally associated with energy metabolism and specifically blood 

glucose levels (Costa et al., 2019), which did not differ in this study.  

In conclusion, the seaweed extract supplement that was used in the current study had 

favourable effects on modulating the plasma concentration of IL1-β at the greater inclusion 

levels, which may have an important role in preventing prolonged inflammation (Bromfield et 

al., 2015), and thereby favourably impact cow health and production. In addition, there was 

evidence of faster resolution of postpartum uterine infection, especially for primiparous cows 

which is associated with improved fertility (Walsh et al., 2011). Further studies are warranted 

with greater numbers of cows to examine reproductive performance during the breeding season 

immediately following seaweed supplementation and to further elucidate the effects of seaweed 

extract supplementation on pro-inflammatory cytokines and other indicators of immune 

function. 
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Chapter 4: General discussion 
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This thesis examined the topic of infection and immunity in the dairy cow, focusing on 

the periparturient and postpartum periods, and the effects on subsequent fertility. The aim of 

the first study was to examine endometritis incidence in spring calving dairy herds. We 

identified identify risk factors and examined potential treatments that could mitigate fertility 

loss associated with this disease. The second chapter summarised a novel study examining 

seaweed extract supplementation as a tool to improve cow immunity during the transition 

period and as a potential treatment to prevent uterine disease. Both studies were conducted 

during the Covid-19 pandemic and as a result less animals were available for inclusion in each 

trial than originally intended. With the benefit of hindsight, reducing the number of treatment 

groups would have been advantageous to increase statistical power for the reduced number of 

treatments.   

An endometritis incidence rate of 28% across the visited herds was consistent with 

previous reports from international studies, but was markedly less than a recent Irish study that 

reported an incidence of 60% (Ryan et al., 2020a). Differences in the scale for diagnosis of 

disease and the DIM at disease screening explain this variation between studies, and highlights 

the importance of a standard for screening across populations. Herd and DIM were the factors 

most associated with risk of endometritis, which supports previous research (Dubuc et al., 

2010b, Potter et al., 2010). In the current study, the impact of herd management techniques and 

practises outweighed the effect of EBI or fertility sub index. Identification of DIM as a risk 

factor can be explained in a number of ways. In a spring calving system, the late calving cows 

are those that took longer to get pregnant in the previous breeding season, this suggests 

potential lower fertility than early calving herd mates and may influence the association with 

increased endometritis incidence. Furthermore these animals have less time to resolve 

infections and resume cyclicity before the start of the subsequent breeding period. Hence, it is 

possible that the associations we found between endometritis and reduced SR-21 and P84 are 

at least partially influenced by reduced intervals between calving and breeding. As with any 

studies that deal with fertility and reproduction, individual risk factors are often influenced by 

other external pressures or management practises.  

Contrary to our hypothesis, neither submission nor conception rates were improved in 

cows treated for endometritis compared with untreated control treatment cows. Previous 

studies reported varying levels of success for endometritis therapies in resolving infection and 

improving fertility (LeBlanc et al., 2002b, McDougall, 2001a). Furthermore, the uterine 

environment and endometrial transcriptome can be adversely affected for a number of months 
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post-infection, even after resolution of clinical symptoms (Horlock et al., 2020, Piersanti et al., 

2019). To improve dairy cow fertility and reduce losses associated with uterine disease, further 

research is needed to examine viable management strategies to reduce disease incidence by 

minimizing exposure to risk factors, timely identification of disease and administration of 

effective therapies. This highlights the potential value in the research carried out in chapter two 

of this thesis and the need to further examine its potential benefits; if nutritional supplements 

can be used to prevent infection, it could make a significant difference to cow fertility. As this 

is a very novel use for seaweed extracts, future research is needed to unravel the mechanisms 

through which seaweed extracts influence immune function. 

We observed that postpartum VDS improved at a faster rate in first lactation cows that 

were supplemented with seaweed extract. Supplementation also affected blood IL-1β 

concentration, which is associated with immune function and may improve animals ability to 

resist or tolerate pathogens, which is important in reducing infection (Sheldon et al., 2020). A 

larger suite of blood metabolites and markers of immune function should be examined in future 

research to better understand potential links between seaweed supplementation and immune 

function. It was clear from the current study that the lowest inclusion rate (35g/day) had no 

significant effects on any of the variables investigated. Future studies should, therefore, focus 

on the higher inclusion levels (70g/day and 105g/day) 

This study also noted faster postpartum improvement in VDS in cows receiving high 

levels of seaweed supplementation, particularly first lactation cows. This is a potentially 

valuable finding, as current available treatments have low infection resolution rates. It would 

also help reduce antibiotic use, which is becoming increasingly important at farm level. Again 

further research with larger numbers of animals is needed to validate these findings and 

optimise supplementation rates and timeframes when supplements are offered. The cows on 

this study averaged 13.6 days receiving a seaweed extract supplementation before calving, but 

it may be useful to examine responses to supplementation over a longer period (e.g., weeks -3 

to +3 relative to parturition). 

In conclusion, uterine disease is an important issue in terms of animal welfare, longevity 

and farm financial viability. There is still a large body of work to be conducted to inform 

management practises to reduce incidence of disease and optimise treatments for uterine 

disease.  

  



75 
 

Chapter 5: References 

  



76 
 

ABBOTT, D. W., AASEN, I. M., BEAUCHEMIN, K. A., GRONDAHL, F., GRUNINGER, 

R., HAYES, M., HUWS, S., KENNY, D. A., KRIZSAN, S. J., KIRWAN, S. F., 

LIND, V., MEYER, U., RAMIN, M., THEODORIDOU, K., VON SOOSTEN, D., 

WALSH, P. J., WATERS, S. & XING, X. 2020. Seaweed and Seaweed Bioactives for 

Mitigation of Enteric Methane: Challenges and Opportunities. Animals, 10. 

ADAMS, G. P., JAISWAL, R., SINGH, J. & MALHI, P. 2008. Progress in understanding 

ovarian follicular dynamics in cattle. Theriogenology, 69, 72-80. 

ADNANE, M., CHAPWANYA, A., KAIDI, R., MEADE, K. G. & O'FARRELLY, C. 2017. 

Profiling inflammatory biomarkers in cervico-vaginal mucus (CVM) postpartum: 

Potential early indicators of bovine clinical endometritis? Theriogenology, 103, 117-

122. 

ANTAYA, N. T., GHELICHKHAN, M., PEREIRA, A. B. D., SODER, K. J. & BRITO, A. 

F. 2019. Production, milk iodine, and nutrient utilization in Jersey cows supplemented 

with the brown seaweed Ascophyllum nodosum (kelp meal) during the grazing 

season. Journal of Dairy Science, 102, 8040-8058. 

AULDIST, M. J., PYMAN, M. F. S., GRAINGER, C. & MACMILLAN, K. L. 2007. 

Comparative Reproductive Performance and Early Lactation Productivity of Jersey × 

Holstein Cows in Predominantly Holstein Herds in a Pasture-Based Dairying System. 

Journal of Dairy Science, 90, 4856-4862. 

AULT, T. B., CLEMMONS, B. A., REESE, S. T., DANTAS, F. G., FRANCO, G. A., 

SMITH, T. P. L., EDWARDS, J. L., MYER, P. R. & POHLER, K. G. 2019. Uterine 

and vaginal bacterial community diversity prior to artificial insemination between 

pregnant and nonpregnant postpartum cows1. Journal of Animal Science, 97, 4298-

4304. 

AYRES, H., FERREIRA, R. M., CUNHA, A. P., ARAÚJO, R. R. & WILTBANK, M. C. 

2013. Double-Ovsynch in high-producing dairy cows: Effects on progesterone 

concentrations and ovulation to GnRH treatments. Theriogenology, 79, 159-164. 

BALTAZAR, M. A.-O., CORREIA, S. A.-O., GUINAN, K. A.-O., SUJEETH, N., 

BRAGANÇA, R. & GONÇALVES, B. 2021. Recent Advances in the Molecular 

Effects of Biostimulants in Plants: An Overview. Biomolecules, 11(8):1096. 

BANNERMAN, D. D. 2009. Pathogen-dependent induction of cytokines and other soluble 

inflammatory mediators during intramammary infection of dairy cows1. Journal of 

Animal Science, 87, 10-25. 

BARNWELL, C. V., FARIN, P. W., ASHWELL, C. M., FARMER, W. T., GALPHIN JR., 

S. P. & FARIN, C. E. 2016. Differences in mRNA populations of short and long 

bovine conceptuses on Day 15 of gestation. Molecular Reproduction and 

Development, 83, 424-441. 

BAUERSACHS, S., ULBRICH, S. E., ZAKHARTCHENKO, V., MINTEN, M., 

REICHENBACH, M., REICHENBACH, H.-D., BLUM, H., SPENCER, T. E. & 

WOLF, E. 2009. The endometrium responds differently to cloned versus fertilized 

embryos. Proceedings of the National Academy of Sciences, 106, 5681-5686. 



77 
 

BAZER, F. W. & THATCHER, W. W. 2017. Chronicling the discovery of interferon tau. 

Reproduction, 154, F11-F20. 

BERRY, D. P. 2021. Invited review: Beef-on-dairy-The generation of crossbred beef × dairy 

cattle. J Dairy Sci. , 104(4):3789-3819. . 

BITTAR, J., PINEDO, P., RISCO, C., SANTOS, J., THATCHER, W., HENCKEN, K., 

CROYLE, S., GOBIKRUSHANTH, M., BARBOSA, C. & VIEIRA-NETO, A. 2014. 

Inducing ovulation early postpartum influences uterine health and fertility in dairy 

cows. Journal of dairy science, 97, 3558-3569. 

BONDURANT, R. H. 1999. Inflammation in the Bovine Female Reproductive Tract. 

American Society of Animal Science. 

BONNETT, B. N., MILLER, R. B., ETHERINGTON, W. G., MARTIN, S. W. & 

JOHNSON, W. H. 1991. Endometrial biopsy in Holstein-Friesian dairy cows. I. 

Technique, histological criteria and results. Canadian journal of veterinary research 

= Revue canadienne de recherche veterinaire, 55, 155-161. 

BOUWHUIS, M. A., MCDONNELL, M. J., SWEENEY, T., MUKHOPADHYA, A., 

O’SHEA, C. J. & O’DOHERTY, J. V. 2017. Seaweed extracts and galacto-

oligosaccharides improve intestinal health in pigs following Salmonella Typhimurium 

challenge. Animal, 11, 1488-1496. 

BRADFORD, B. J. & SWARTZ, T. H. 2020. Review: Following the smoke signals: 

inflammatory signaling in metabolic homeostasis and homeorhesis in dairy cattle. 

Animal, 14, s144-s154. 

BRADFORD, B. J., YUAN, K., FARNEY, J. K., MAMEDOVA, L. K. & CARPENTER, A. 

J. 2015. Invited review: Inflammation during the transition to lactation: New 

adventures with an old flame. J Dairy Sci, 98, 6631-50. 

BRICK, T. A., SCHUENEMANN, G. M., BAS, S., DANIELS, J. B., PINTO, C. R., RINGS, 

D. M. & RAJALA-SCHULTZ, P. J. 2012. Effect of intrauterine dextrose or antibiotic 

therapy on reproductive performance of lactating dairy cows diagnosed with clinical 

endometritis. J Dairy Sci, 95, 1894-905. 

BROMFIELD, J. J., SANTOS, J. E. P., BLOCK, J., WILLIAMS, R. S. & SHELDON, I. M. 

2015. PHYSIOLOGY AND ENDOCRINOLOGY SYMPOSIUM: Uterine infection: 

Linking infection and innate immunity with infertility in the high-producing dairy 

cow1,2. Journal of Animal Science, 93, 2021-2033. 

BROWNLIE, T. S., MORTON, J. M., HEUER, C., HUNNAM, J. & MCDOUGALL, S. 

2014. Reproductive performance of seasonal-calving, pasture-based dairy herds in 

four regions of New Zealand. New Zealand Veterinary Journal, 62, 77-86. 

BUCKLEY, F., LOPEZ-VILLALOBOS, N. & HEINS, B. J. 2014. Crossbreeding: 

implications for dairy cow fertility and survival. animal, 8, 122-133. 

BURKE, C. R., MEIER, S., MCDOUGALL, S., COMPTON, C., MITCHELL, M. & 

ROCHE, J. R. 2010. Relationships between endometritis and metabolic state during 

the transition period in pasture-grazed dairy cows. J Dairy Sci, 93, 5363-73. 



78 
 

BUTLER, S. T. 2014. Nutritional management to optimize fertility of dairy cows in pasture-

based systems. Animal, 8 Suppl 1, 15-26. 

BUTLER, S. T., CUMMINS, S. B., HERLIHY, M. M., HUTCHINSON, I. A. & MOORE, S. 

G. Optimizing productive and reproductive performance in the grazing cow.  

Reproduction in Domestic Ruminants VIII, 2019. Bioscientifica. 

BUTLER, W. R. 2003. Energy balance relationships with follicular development, ovulation 

and fertility in postpartum dairy cows. Livestock Production Science, 83, 211-218. 

CALLAWAY, T. R., LILLEHOJ, H., CHUANCHUEN, R. & GAY, C. G. 2021. Alternatives 

to Antibiotics: A Symposium on the Challenges and Solutions for Animal Health and 

Production. Antibiotics, 10. 

CARVALHO, P. D., SANTOS, V. G., GIORDANO, J. O., WILTBANK, M. C. & FRICKE, 

P. M. 2018. Development of fertility programs to achieve high 21-day pregnancy 

rates in high-producing dairy cows. Theriogenology, 114, 165-172. 

CHAPINAL, N., CARSON, M., DUFFIELD, T. F., CAPEL, M., GODDEN, S., OVERTON, 

M., SANTOS, J. E. P. & LEBLANC, S. J. 2011. The association of serum metabolites 

with clinical disease during the transition period. Journal of Dairy Science, 94, 4897-

4903. 

CHEONG, S. H., NYDAM, D. V., GALVAO, K. N., CROSIER, B. M. & GILBERT, R. O. 

2011. Cow-level and herd-level risk factors for subclinical endometritis in lactating 

Holstein cows. J Dairy Sci, 94, 762-70. 

COLE, J. B. & VANRADEN, P. M. 2018. Symposium review: Possibilities in an age of 

genomics: The future of selection indices. J Dairy Sci, 101, 3686-3701. 

COSTA, A., LOPEZ-VILLALOBOS, N., SNEDDON, N. W., SHALLOO, L., FRANZOI, 

M., DE MARCHI, M. & PENASA, M. 2019. Invited review: Milk lactose—Current 

status and future challenges in dairy cattle. Journal of Dairy Science, 102, 5883-5898. 

CRAIGIE, J. S. 2011. Seaweed extract stimuli in plant science and agriculture. Journal of 

Applied Phycology, 23, 371-393. 

CROWE, A. D., LONERGAN, P. & BUTLER, S. T. 2021. Invited review: Use of assisted 

reproduction techniques to accelerate genetic gain and increase value of beef 

production in dairy herds. J Dairy Sci. , 104(12):12189-12206. 

CROWE, M. 2008. Resumption of ovarian cyclicity in post‐partum beef and dairy cows. 

Reproduction in domestic animals, 43, 20-28. 

CROWE, M. A., HOSTENS, M. & OPSOMER, G. 2018. Reproductive management in dairy 

cows - the future. Ir Vet J, 71, 1. 

CVETKOVIC, B., SHIRLEY, J. E. & BROUK, M. J. 2004. Impact of dried seaweed meal on 

heat-stressed lactating dairy cattle. Kansas Agricultural Experiment Station Research 

reports, 0. 

DARWASH, A. O., LAMMING, G. E. & ROYAL, M. D. 2001. A protocol for initiating 

oestrus and ovulation early post partum in dairy cows. Animal Science, 72, 539-546. 



79 
 

DARWASH, A. O., LAMMING, G. E. & WOOLIAMS, J. A. 1997. The phenotypic 

association between the interval to post-partum ovulation and traditional measures of 

fertility in dairy cattle. Animal Science, 65, 9-16. 

DE BOER, M. W., LEBLANC, S. J., DUBUC, J., MEIER, S., HEUWIESER, W., ARLT, S., 

GILBERT, R. O. & MCDOUGALL, S. 2014. Invited review: Systematic review of 

diagnostic tests for reproductive-tract infection and inflammation in dairy cows1. 

Journal of Dairy Science, 97, 3983-3999. 

DENIS-ROBICHAUD, J. & DUBUC, J. 2015. Determination of optimal diagnostic criteria 

for purulent vaginal discharge and cytological endometritis in dairy cows. J Dairy Sci, 

98, 6848-55. 

DICKSON, M. J., BISHOP, J. V., HANSEN, T. R., SHELDON, I. M. & BROMFIELD, J. 

A.-O. 2022. The endometrial transcriptomic response to pregnancy is altered in cows 

after uterine infection. PLoS One, 17(3):e0265062. . 

DICKSON, M. J., PIERSANTI, R. L., RAMIREZ-HERNANDEZ, R., DE OLIVEIRA, E. B., 

BISHOP, J. V., HANSEN, T. R., MA, Z., JEONG, K. C. C., SANTOS, J. E. P., 

SHELDON, M. I., BLOCK, J. & BROMFIELD, J. J. 2020. Experimentally Induced 

Endometritis Impairs the Developmental Capacity of Bovine Oocytes†. Biology of 

Reproduction, 103, 508-520. 

DILLON, P., BERRY, D. P., EVANS, R. D., BUCKLEY, F. & HORAN, B. 2006. 

Consequences of genetic selection for increased milk production in European seasonal 

pasture based systems of milk production. Livestock Science, 99, 141-158. 

DILLON, P., RING, S., SHALLOO, L., O'BRIEN, D., BUTLER, S., BERRY, D. & 

CROMIE, A. 2018. EBI- 20 Years On Past Present and Future. 

DRACKLEY, J. K. 1999. ADSA Foundation Scholar Award. Biology of dairy cows during 

the transition period: the final frontier? J Dairy Sci, 82, 2259-73. 

DUBUC, J., DUFFIELD, T. F., LESLIE, K. E., WALTON, J. S. & LEBLANC, S. J. 2010a. 

Definitions and diagnosis of postpartum endometritis in dairy cows. J Dairy Sci, 93, 

5225-33. 

DUBUC, J., DUFFIELD, T. F., LESLIE, K. E., WALTON, J. S. & LEBLANC, S. J. 2010b. 

Risk factors for postpartum uterine diseases in dairy cows. J Dairy Sci, 93, 5764-71. 

DUBUC, J., DUFFIELD, T. F., LESLIE, K. E., WALTON, J. S. & LEBLANC, S. J. 2011. 

Randomized clinical trial of antibiotic and prostaglandin treatments for uterine health 

and reproductive performance in dairy cows. J Dairy Sci, 94, 1325-38. 

DUBUC, J., FAUTEUX, V., VILLETTAZ-ROBICHAUD, M., ROY, J. P., ROUSSEAU, M. 

& BUCZINSKI, S. 2021. Short communication: Efficacy of a second intrauterine 

cephapirin infusion for the treatment of purulent vaginal discharge and endometritis in 

postpartum dairy cows. J Dairy Sci, 104, 3559-3563. 

ECHTERNKAMP, S. E. & GREGORY, K. E. 1999. Effects of twinning on gestation length, 

retained placenta, and dystocia. Journal of Animal Science, 77, 39-47. 



80 
 

EDELHOFF, I. N. F., PEREIRA, M. H. C., BROMFIELD, J. J., VASCONCELOS, J. L. M. 

& SANTOS, J. E. P. 2020. Inflammatory diseases in dairy cows: Risk factors and 

associations with pregnancy after embryo transfer. J Dairy Sci, 103, 11970-11987. 

FINNERAN, E., CROSSON, P., O’KIELY, P., SHALLOO, L., FORRISTAL, P. D. & 

WALLACE, M. 2012. Economic modelling of an integrated grazed and conserved 

perennial ryegrass forage production system. Grass and Forage Science, 67, 162-176. 

FISCHER, A., EDOUARD, N. & FAVERDIN, P. 2020. Precision feed restriction improves 

feed and milk efficiencies and reduces methane emissions of less efficient lactating 

Holstein cows without impairing their performance. Journal of Dairy Science, 103, 

4408-4422. 

FORDE, N., BELTMAN, M. E., LONERGAN, P., DISKIN, M., ROCHE, J. F. & CROWE, 

M. A. 2011. Oestrous cycles in Bos taurus cattle. Animal Reproduction Science, 124, 

163-169. 

FORDE, N., CARTER, F., FAIR, T., CROWE, M. A., EVANS, A. C. O., SPENCER, T. E., 

BAZER, F. W., MCBRIDE, R., BOLAND, M. P., O'GAORA, P., LONERGAN, P. & 

ROCHE, J. F. 2009. Progesterone-Regulated Changes in Endometrial Gene 

Expression Contribute to Advanced Conceptus Development in Cattle1. Biology of 

Reproduction, 81, 784-794. 

FORDE, N. & LONERGAN, P. 2017. Interferon-tau and fertility in ruminants. Reproduction, 

154, F33-F43. 

FORDE, N., MEHTA, J. P., MINTEN, M., CROWE, M. A., ROCHE, J. F., SPENCER, T. E. 

& LONERGAN, P. 2012. Effects of low progesterone on the endometrial 

transcriptome in cattle. Biol Reprod, 87, 124. 

FRICKE, P. M. & WILTBANK, M. C. 2022. Symposium review: The implications of 

spontaneous versus synchronized ovulations on the reproductive performance of 

lactating dairy cows*. Journal of Dairy Science, 105, 4679-4689. 

GALVÃO, K., FRAJBLAT, M., BUTLER, W., BRITTIN, S., GUARD, C. & GILBERT, R. 

2010. Effect of Early Postpartum Ovulation on Fertility in Dairy Cows. Reproduction 

in Domestic Animals, 45, e207-e211. 

GALVÃO, K. N., BICALHO, R. C. & JEON, S. J. 2019. Symposium review: The uterine 

microbiome associated with the development of uterine disease in dairy cows. Journal 

of Dairy Science, 102, 11786-11797. 

GARCIA-RUIZ, A., COLE, J. B., VANRADEN, P. M., WIGGANS, G. R., RUIZ-LOPEZ, 

F. J. & VAN TASSELL, C. P. 2016. Changes in genetic selection differentials and 

generation intervals in US Holstein dairy cattle as a result of genomic selection. Proc 

Natl Acad Sci U S A, 113, E3995-4004. 

GARNSWORTHY, P. C., SINCLAIR, K. D. & WEBB, R. 2008. Integration of physiological 

mechanisms that influence fertility in dairy cows. animal, 2, 1144-1152. 

GILBERT, R. O. & SCHWARK, W. S. 1992. Pharmacologic considerations in the 

management of peripartum conditions in the cow. Veterinary Clinics of North 

America: Food Animal Practice, 8, 29-56. 



81 
 

GILBERT, R. O., SHIN, S. T., GUARD, C. L., ERB, H. N. & FRAJBLAT, M. 2005. 

Prevalence of endometritis and its effects on reproductive performance of dairy cows. 

Theriogenology, 64, 1879-1888. 

GINTHER, O., KOT, K., KULICK, L., MARTIN, S. & WILTBANK, M. 1996. 

Relationships between FSH and ovarian follicular waves during the last six months of 

pregnancy in cattle. Reproduction, 108, 271-279. 

GOFF, J. P. & HORST, R. L. 1997. Physiological Changes at Parturition and Their 

Relationship to Metabolic Disorders. Journal of Dairy Science, 80, 1260-1268. 

GOMEZ, D. E., GALVÃO, K. N., RODRIGUEZ-LECOMPTE, J. C. & COSTA, M. C. 

2019. The Cattle Microbiota and the Immune System: An Evolving Field. Veterinary 

Clinics of North America: Food Animal Practice, 35, 485-505. 

HAIMERL, P., HEUWIESER, W. & ARLT, S. 2013. Therapy of bovine endometritis with 

prostaglandin F2α: A meta-analysis. Journal of Dairy Science, 96, 2973-2987. 

HAIMERL, P., HEUWIESER, W. & ARLT, S. 2018. Meta-analysis on therapy of bovine 

endometritis with prostaglandin F2α—An update. Journal of dairy science, 101, 

10557-10564. 

HEPPELMANN, M., BRÖMMLING, A., WEINERT, M., PIECHOTTA, M., 

WRENZYCKI, C. & BOLLWEIN, H. 2013. Effect of postpartum suppression of 

ovulation on uterine involution in dairy cows. Theriogenology, 80, 519-525. 

HERATH, S., DOBSON, H., BRYANT, C. E. & SHELDON, I. M. 2006. Use of the cow as a 

large animal model of uterine infection and immunity. Journal of Reproductive 

Immunology, 69, 13-22. 

HERLIHY, M. M., GIORDANO, J. O., SOUZA, A. H., AYRES, H., FERREIRA, R. M., 

KESKIN, A., NASCIMENTO, A. B., GUENTHER, J. N., GASKA, J. M., KACUBA, 

S. J., CROWE, M. A., BUTLER, S. T. & WILTBANK, M. C. 2012. 

Presynchronization with Double-Ovsynch improves fertility at first postpartum 

artificial insemination in lactating dairy cows. Journal of Dairy Science, 95, 7003-

7014. 

HOLDEN, S. A. & BUTLER, S. T. 2018. Review: Applications and benefits of sexed semen 

in dairy and beef herds. animal, 12, s97-s103. 

HORLOCK, A. D., PIERSANTI, R. L., RAMIREZ-HERNANDEZ, R., YU, F., MA, Z., 

JEONG, K. C., CLIFT, M. J. D., BLOCK, J., SANTOS, J. E. P., BROMFIELD, J. J. 

& SHELDON, I. M. 2020. Uterine infection alters the transcriptome of the bovine 

reproductive tract three months later. Reproduction (Cambridge, England), 160, 93-

107. 

IRELAND, J. J., MIHM, M., AUSTIN, E., DISKIN, M. G. & ROCHE, J. F. 2000. Historical 

Perspective of Turnover of Dominant Follicles During the Bovine Estrous Cycle: Key 

Concepts, Studies, Advancements, and Terms. Journal of Dairy Science, 83, 1648-

1658. 

KASIMANICKAM, R., DUFFIELD, T. F., FOSTER, R. A., GARTLEY, C. J., LESLIE, K. 

E., WALTON, J. S. & JOHNSON, W. H. 2005. A comparison of the cytobrush and 



82 
 

uterine lavage techniques to evaluate endometrial cytology in clinically normal 

postpartum dairy cows. The Canadian Veterinary Journal, 46, 255. 

KEHRLI, M. E., NONNECKE, B. J. & ROTH, J. A. 1989a. Alterations in bovine 

lymphocyte function during the periparturient period. American journal of veterinary 

research, 50, 215. 

KEHRLI, M. E., NONNECKE, B. J. & ROTH, J. A. 1989b. Alterations in bovine neutrophil 

function during the periparturient period. American journal of veterinary research, 

50, 207. 

KELLY, E., MCALOON, C. G., O'GRADY, L., DUANE, M., SOMERS, J. R. & 

BELTMAN, M. E. 2020a. Cow-level risk factors for reproductive tract disease 

diagnosed by 2 methods in pasture-grazed dairy cattle in Ireland. J Dairy Sci, 103, 

737-749. 

KELLY, P., MEADE, K. G. & O'FARRELLY, C. 2019. Non-canonical Inflammasome-

Mediated IL-1β Production by Primary Endometrial Epithelial and Stromal Fibroblast 

Cells Is NLRP3 and Caspase-4 Dependent. Frontiers in Immunology, 10. 

KELLY, P., SHALLOO, L., WALLACE, M. & DILLON, P. 2020b. The Irish dairy industry 

– Recent history and strategy, current state and future challenges. International 

Journal of Dairy Technology, 73, 309-323. 

LEAN, I. J., GOLDER, H. M., GRANT, T. M. D. & MOATE, P. J. 2021. A meta-analysis of 

effects of dietary seaweed on beef and dairy cattle performance and methane yield. 

PLOS ONE, 16, e0249053. 

LEBLANC, S. 2010a. Assessing the Association of the Level of Milk Production with 

Reproductive Performance in Dairy Cattle. Journal of Reproduction and 

Development, 56, S1-S7. 

LEBLANC, S. 2010b. Monitoring metabolic health of dairy cattle in the transition period. J 

Reprod Dev, 56 Suppl, S29-35. 

LEBLANC, S. 2012. Interactions of Metabolism, Inflammation, and Reproductive Tract 

Health in the Postpartum Period in Dairy Cattle. Reproduction in Domestic Animals, 

47, 18-30. 

LEBLANC, S., DUFFIELD, T., LESLIE, K., BATEMAN, K., KEEFE, G. P., WALTON, J. 

& JOHNSON, W. 2002a. Defining and diagnosing postpartum clinical endometritis 

and its impact on reproductive performance in dairy cows. Journal of dairy science, 

85, 2223-2236. 

LEBLANC, S., DUFFIELD, T., LESLIE, K., BATEMAN, K., KEEFE, G. P., WALTON, J. 

& JOHNSON, W. 2002b. The effect of treatment of clinical endometritis on 

reproductive performance in dairy cows. Journal of dairy science, 85, 2237-2249. 

LEBLANC, S. J. 2008. Postpartum uterine disease and dairy herd reproductive performance: 

a review. Vet J, 176, 102-14. 

LEBLANC, S. J. 2014. Reproductive tract inflammatory disease in postpartum dairy cows. 

animal, 8, 54-63. 



83 
 

LEBLANC, S. J. 2020. Review: Relationships between metabolism and neutrophil function 

in dairy cows in the peripartum period. Animal, 14, s44-s54. 

LEONARD, S. G., SWEENEY, T., BAHAR, B., LYNCH, B. P. & O'DOHERTY, J. V. 2010. 

Effect of maternal fish oil and seaweed extract supplementation on colostrum and 

milk composition, humoral immune response, and performance of suckled piglets. 

Journal of Animal Science, 88, 2988-2997. 

LEONARD, S. G., SWEENEY, T., BAHAR, B., LYNCH, B. P. & O'DOHERTY, J. V. 2011. 

Effect of dietary seaweed extracts and fish oil supplementation in sows on 

performance, intestinal microflora, intestinal morphology, volatile fatty acid 

concentrations and immune status of weaned pigs. British Journal of Nutrition, 105, 

549-560. 

LEONARD, S. G., SWEENEY, T., BAHAR, B. & O'DOHERTY, J. V. 2012. Effect of 

maternal seaweed extract supplementation on suckling piglet growth, humoral 

immunity, selected microflora, and immune response after an ex vivo 

lipopolysaccharide challenge. Journal of Animal Science, 90, 505-514. 

LONERGAN, P. & FORDE, N. 2015. The Role of Progesterone in Maternal Recognition of 

Pregnancy in Domestic Ruminants. In: GEISERT, R. D. & BAZER, F. W. (eds.) 

Regulation of Implantation and Establishment of Pregnancy in Mammals: Tribute to 

45 Year Anniversary of Roger V. Short's "Maternal Recognition of Pregnancy". 

Cham: Springer International Publishing. 

LONERGAN, P., FORDE, N. & SPENCER, T. 2015. Role of progesterone in embryo 

development in cattle. Reproduction, Fertility and Development, 28, 66-74. 

LONERGAN, P. & SÁNCHEZ, J. 2020. Symposium review: Progesterone effects on early 

embryo development in cattle. Journal of Dairy Science. 

LÓPEZ-GATIUS, F., SANTOLARIA, P., YÁNIZ, J. L. & HUNTER, R. H. F. 2004. 

Progesterone supplementation during the early fetal period reduces pregnancy loss in 

high-yielding dairy cattle. Theriogenology, 62, 1529-1535. 

LUCY, M. C. 2001. Reproductive Loss in High-Producing Dairy Cattle: Where Will It End? 

Journal of Dairy Science, 84, 1277-1293. 

MACHADO, V. S., BICALHO, M. L. D. S., MEIRA JUNIOR, E. B. D. S., ROSSI, R., 

RIBEIRO, B. L., LIMA, S., SANTOS, T., KUSSLER, A., FODITSCH, C., GANDA, 

E. K., OIKONOMOU, G., CHEONG, S. H., GILBERT, R. O. & BICALHO, R. C. 

2014. Subcutaneous Immunization with Inactivated Bacterial Components and 

Purified Protein of Escherichia coli, Fusobacterium necrophorum and Trueperella 

pyogenes Prevents Puerperal Metritis in Holstein Dairy Cows. PLOS ONE, 9, e91734. 

MACHADO, V. S. & SILVA, T. H. 2020. Adaptive immunity in the postpartum uterus: 

Potential use of vaccines to control metritis. Theriogenology, 150, 201-209. 

MACKLON, N. S. & BROSENS, J. J. 2014. The Human Endometrium as a Sensor of 

Embryo Quality. Biology of Reproduction, 91. 

MAHESWARI, M., DAS, A., DATTA, M. & TYAGI, A. K. 2021. Supplementation of 

tropical seaweed-based formulations improves antioxidant status, immunity and milk 



84 
 

production in lactating Murrah buffaloes. Journal of Applied Phycology, 33, 2629-

2643. 

MANN, G. E. 2009. Corpus luteum size and plasma progesterone concentration in cows. 

Animal Reproduction Science, 115, 296-299. 

MANN, S., NYDAM, D. V., LOCK, A. L., OVERTON, T. R. & MCART, J. A. A. 2016. 

Short communication: Association of milk fatty acids with early lactation 

hyperketonemia and elevated concentration of nonesterified fatty acids. J Dairy Sci, 

99, 5851-5857. 

MANSOURI-ATTIA, N., SANDRA, O., AUBERT, J., DEGRELLE, S., EVERTS, R. E., 

GIRAUD-DELVILLE, C., HEYMAN, Y., GALIO, L., HUE, I., YANG, X., TIAN, 

X. C., LEWIN, H. A. & RENARD, J.-P. 2009. Endometrium as an early sensor of in 

vitro embryo manipulation technologies. Proceedings of the National Academy of 

Sciences, 106, 5687-5692. 

MAQUIVAR, M. G., BARRAGAN, A. A., VELEZ, J. S., BOTHE, H. & SCHUENEMANN, 

G. M. 2015. Effect of intrauterine dextrose on reproductive performance of lactating 

dairy cows diagnosed with purulent vaginal discharge under certified organic 

management. J Dairy Sci, 98, 3876-86. 

MARTINEZ, N., RISCO, C. A., LIMA, F. S., BISINOTTO, R. S., GRECO, L. F., RIBEIRO, 

E. S., MAUNSELL, F., GALVÃO, K. & SANTOS, J. E. P. 2012. Evaluation of 

peripartal calcium status, energetic profile, and neutrophil function in dairy cows at 

low or high risk of developing uterine disease. Journal of Dairy Science, 95, 7158-

7172. 

MARTINS, J., WANG, D., MU, N., ROSSI, G., MARTINI, A., MARTINS, V. & 

PURSLEY, J. 2018. Level of circulating concentrations of progesterone during 

ovulatory follicle development affects timing of pregnancy loss in lactating dairy 

cows. Journal of dairy science, 101, 10505-10525. 

MATEUS, L., LOPES DA COSTA, L., BERNARDO, F. & ROBALO SILVA, J. 2002. 

Influence of puerperal uterine infection on uterine involution and postpartum ovarian 

activity in dairy cows. Reproduction in Domestic Animals, 37, 31-35. 

MCDOUGALL, S. 2001a. Effect of intrauterine antibiotic treatment on reproductive 

performance of dairy cows following periparturient disease. New Zealand Veterinary 

Journal, 49, 150-158. 

MCDOUGALL, S. 2001b. Effects of periparturient diseases and conditions on the 

reproductive performance of New Zealand dairy cows. New Zealand Veterinary 

Journal, 49, 60-67. 

MCDOUGALL, S. 2006. Reproduction Performance and Management of Dairy Cattle. 

Journal of Reproduction and Development, 52, 185-194. 

MCDOUGALL, S., ABERDEIN, D., BATES, A. & BURKE, C. R. 2020. Prevalence of 

endometritis diagnosed by vaginal discharge scoring or uterine cytology in dairy cows 

and herds. Journal of Dairy Science. 



85 
 

MCDOUGALL, S., DE BOER, M., COMPTON, C. & LEBLANC, S. J. 2013. Clinical trial 

of treatment programs for purulent vaginal discharge in lactating dairy cattle in New 

Zealand. Theriogenology, 79, 1139-1145. 

MCDOUGALL, S., MACAULAY, R. & COMPTON, C. 2007. Association between 

endometritis diagnosis using a novel intravaginal device and reproductive 

performance in dairy cattle. Animal Reproduction Science, 99, 9-23. 

MEE, J., BUCKLEY, F., RYAN, D. & DILLON, P. 2009. Pre‐breeding ovaro–uterine 

ultrasonography and its relationship with first service pregnancy rate in seasonal‐

calving dairy herds. Reproduction in domestic animals, 44, 331-337. 

MEE, J. F. 2004. Temporal trends in reproductive performance in Irish dairy herds and 

associated risk factors. Irish Veterinary Journal, 57, 158. 

MEIRA, E. B. S., ELLINGTON-LAWRENCE, R. D., SILVA, J. C. C., HIGGINS, C. H., 

LINWOOD, R., RODRIGUES, M. X., BRINGHENTI, L., KORZEC, H., YANG, Y., 

ZINICOLA, M. & BICALHO, R. C. 2020. Recombinant protein subunit vaccine 

reduces puerperal metritis incidence and modulates the genital tract microbiome. 

Journal of Dairy Science, 103, 7364-7376. 

MIHM, M., CURRAN, N., HYTTEL, P., KNIGHT, P. G., BOLAND, M. P. & ROCHE, J. F. 

1999. Effect of dominant follicle persistence on follicular fluid oestradiol and inhibin 

and on oocyte maturation in heifers. J Reprod Fertil, 116, 293-304. 

MIRANDA-CASOLUENGO, R., LU, J., WILLIAMS, E. J., MIRANDA-CASOLUENGO, 

A. A., CARRINGTON, S. D., EVANS, A. C. O. & MEIJER, W. G. 2019. Delayed 

differentiation of vaginal and uterine microbiomes in dairy cows developing 

postpartum endometritis. PLOS ONE, 14, e0200974. 

MOHAMMED, Z. A., MANN, G. E. & ROBINSON, R. S. 2019. Impact of endometritis on 

post-partum ovarian cyclicity in dairy cows. The Veterinary Journal, 248, 8-13. 

MOORE, S. G., ERICSSON, A. C., BEHURA, S. K., LAMBERSON, W. R., EVANS, T. J., 

MCCABE, M. S., POOCK, S. E. & LUCY, M. C. 2019. Concurrent and long-term 

associations between the endometrial microbiota and endometrial transcriptome in 

postpartum dairy cows. BMC Genomics, 20, 405. 

MOORE, S. G., ERICSSON, A. C., POOCK, S. E., MELENDEZ, P. & LUCY, M. C. 2017. 

Hot topic: 16S rRNA gene sequencing reveals the microbiome of the virgin and 

pregnant bovine uterus. Journal of Dairy Science, 100, 4953-4960. 

MOORE, S. G., FAIR, T., LONERGAN, P. & BUTLER, S. T. 2014. Genetic merit for 

fertility traits in Holstein cows: IV. Transition period, uterine health, and resumption 

of cyclicity. J Dairy Sci, 97, 2740-52. 

MORAES, J. G. N., MENDONÇA, L. G. D., SILVA, P. R. B., SCANAVEZ, A. A., 

GALVÃO, K. N., BALLOU, M. A., WORKU, M. & CHEBEL, R. C. 2017a. Effects 

of intrauterine infusion of Escherichia coli lipopolysaccharide on uterine mRNA gene 

expression and peripheral polymorphonuclear leukocytes in Jersey cows diagnosed 

with purulent vaginal discharge. Journal of Dairy Science, 100, 4784-4796. 



86 
 

MORAES, J. G. N., SILVA, P. R. B., MENDONÇA, L. G. D., SCANAVEZ, A. A., SILVA, 

J. C. C. & CHEBEL, R. C. 2017b. Effects of intrauterine infusion of Escherichia coli 

lipopolysaccharide on uterine health, resolution of purulent vaginal discharge, and 

reproductive performance of lactating dairy cows. Journal of Dairy Science, 100, 

4772-4783. 

NASCIMENTO, A. B., BENDER, R. W., SOUZA, A. H., AYRES, H., ARAUJO, R. R., 

GUENTHER, J. N., SARTORI, R. & WILTBANK, M. C. 2013. Effect of treatment 

with human chorionic gonadotropin on day 5 after timed artificial insemination on 

fertility of lactating dairy cows. J Dairy Sci, 96, 2873-82. 

NEWTON, E. E., PETURSDOTTIR, A. H., RIKHARETHSSON, G., BEAUMAL, C., 

DESNICA, N., GIANNAKOPOULOU, K., JUNIPER, D., RAY, P. & STERGIADIS, 

S. 2021. Effect of Dietary Seaweed Supplementation in Cows on Milk 

Macrominerals, Trace Elements and Heavy Metal Concentrations. Foods, 10. 

NISWENDER, G. D., JUENGEL, J. L., MCGUIRE, W. J., BELFIORE, C. J. & 

WILTBANK, M. C. 1994. Luteal Function: The Estrous Cycle and Early Pregnancy. 

Biology of Reproduction, 50, 239-247. 

NISWENDER, G. D., JUENGEL, J. L., SILVA, P. J., ROLLYSON, K. M. & MCINTUSH, 

E. W. 2000. Mechanisms Controlling the Function and Life Span of the Corpus 

Luteum. Physiological Reviews, 80, 1-29. 

NORMAN, H. D., WRIGHT, J. R., HUBBARD, S. M., MILLER, R. H. & HUTCHISON, J. 

L. 2009. Reproductive status of Holstein and Jersey cows in the United States. 

Journal of Dairy Science, 92, 3517-3528. 

NORMAN, H. D., WRIGHT, J. R. & MILLER, R. H. 2010. Response to alternative genetic-

economic indices for Holsteins across 2 generations. Journal of Dairy Science, 93, 

2695-2702. 

O'DOHERTY, J. V., VENARDOU, B., RATTIGAN, R. & SWEENEY, T. 2021. Feeding 

Marine Polysaccharides to Alleviate the Negative Effects Associated with Weaning in 

Pigs. Animals (Basel), 11. 

O'SULLIVAN, M., BUTLER, S. T., PIERCE, K. M., CROWE, M. A., O'SULLIVAN, K., 

FITZGERALD, R. & BUCKLEY, F. 2020a. Reproductive efficiency and survival of 

Holstein-Friesian cows of divergent Economic Breeding Index, evaluated under 

seasonal calving pasture-based management. J Dairy Sci, 103, 1685-1700. 

O'SULLIVAN, M., SHALLOO, L., PIERCE, K. M. & BUCKLEY, F. 2020b. Economic 

assessment of Holstein-Friesian dairy cows of divergent Economic Breeding Index 

evaluated under seasonal calving pasture-based management. Journal of Dairy 

Science, 103, 10311-10320. 

OPSOMER, G., GRÖHN, Y., HERTL, J., CORYN, M., DELUYKER, H. & DE KRUIF, A. 

2000. Risk factors for post partum ovarian dysfunction in high producing dairy cows 

in Belgium: a field study. Theriogenology, 53, 841-857. 

OSPINA, P. A., NYDAM, D. V., STOKOL, T. & OVERTON, T. R. 2010. Evaluation of 

nonesterified fatty acids and beta-hydroxybutyrate in transition dairy cattle in the 



87 
 

northeastern United States: Critical thresholds for prediction of clinical diseases. J 

Dairy Sci, 93, 546-54. 

PASCOTTINI, O. B. & LEBLANC, S. J. 2020. Modulation of immune function in the 

bovine uterus peripartum. Theriogenology, 150, 193-200. 

PATE, J. L. 1988. Regulation of prostaglandin synthesis by progesterone in the bovine 

corpus luteum. Prostaglandins, 36, 303-15. 

PEELER, E., OTTE, M. & ESSLEMONT, R. 1994. Inter-relationships of periparturient 

diseases in dairy cows. Veterinary Record, 134, 129-132. 

PIERSANTI, R. L., HORLOCK, A. D., BLOCK, J., SANTOS, J. E. P., SHELDON, I. M. & 

BROMFIELD, J. J. 2019. Persistent effects on bovine granulosa cell transcriptome 

after resolution of uterine disease. Reproduction, 158, 35-46. 

PLETICHA, S., DRILLICH, M. & HEUWIESER, W. 2009. Evaluation of the Metricheck 

device and the gloved hand for the diagnosis of clinical endometritis in dairy cows. 

Journal of Dairy Science, 92, 5429-5435. 

POTTER, T. J., GUITIAN, J., FISHWICK, J., GORDON, P. J. & SHELDON, I. M. 2010. 

Risk factors for clinical endometritis in postpartum dairy cattle. Theriogenology, 74, 

127-134. 

PRYCE, J. E., ROYAL, M. D., GARNSWORTHY, P. C. & MAO, I. L. 2004. Fertility in the 

high-producing dairy cow. Livestock Production Science, 86, 125-135. 

RAMSBOTTOM, G., CROMIE, A. R., HORAN, B. & BERRY, D. P. 2012. Relationship 

between dairy cow genetic merit and profit on commercial spring calving dairy farms. 

Animal, 6, 1031-1039. 

REFSDAL, A. O. 2007. Reproductive performance of Norwegian cattle from 1985 to 2005: 

trends and seasonality. Acta Veterinaria Scandinavica, 49, 5. 

RIBEIRO, E., GOMES, G., GRECO, L., CERRI, R., VIEIRA-NETO, A., MONTEIRO JR, 

P., LIMA, F., BISINOTTO, R., THATCHER, W. & SANTOS, J. 2016. Carryover 

effect of postpartum inflammatory diseases on developmental biology and fertility in 

lactating dairy cows. Journal of dairy science, 99, 2201-2220. 

RIBEIRO, E. S., LIMA, F. S., GRECO, L. F., BISINOTTO, R. S., MONTEIRO, A. P. A., 

FAVORETO, M., AYRES, H., MARSOLA, R. S., MARTINEZ, N., THATCHER, 

W. W. & SANTOS, J. E. P. 2013. Prevalence of periparturient diseases and effects on 

fertility of seasonally calving grazing dairy cows supplemented with concentrates. 

Journal of Dairy Science, 96, 5682-5697. 

ROCHE, J. F. 1996. Control and regulation of folliculogenesis--a symposium in perspective. 

Reviews of reproduction, 1, 19-27. 

ROCHE, J. F., AUSTIN, E. J., RYAN, M., O'ROURKE, M., MIHM, M. & DISKIN, M. G. 

1999. Regulation of follicle waves to maximize fertility in cattle. J Reprod Fertil 

Suppl, 54, 61-71. 

ROCHE, J. R., MEIER, S., HEISER, A., MITCHELL, M. D., WALKER, C. G., 

CROOKENDEN, M. A., RIBONI, M. V., LOOR, J. J. & KAY, J. K. 2015. Effects of 



88 
 

precalving body condition score and prepartum feeding level on production, 

reproduction, and health parameters in pasture-based transition dairy cows. Journal of 

Dairy Science, 98, 7164-7182. 

ROJAS CANADAS, E., HERLIHY, M. M., KENNEALLY, J., GRANT, J., KEARNEY, F., 

LONERGAN, P. & BUTLER, S. T. 2020a. Associations between postpartum fertility 

phenotypes and genetic traits in seasonal-calving, pasture-based lactating dairy cows. 

J Dairy Sci, 103, 1002-1015. 

ROJAS CANADAS, E., HERLIHY, M. M., KENNEALLY, J., GRANT, J., KEARNEY, F., 

LONERGAN, P. & BUTLER, S. T. 2020b. Associations between postpartum 

phenotypes, cow factors, genetic traits, and reproductive performance in seasonal-

calving, pasture-based lactating dairy cows. J Dairy Sci, 103, 1016-1030. 

ROQUE, B. M., SALWEN, J. K., KINLEY, R. & KEBREAB, E. 2019. Inclusion of 

Asparagopsis armata in lactating dairy cows’ diet reduces enteric methane emission 

by over 50 percent. Journal of Cleaner Production, 234, 132-138. 

ROYAL, M. D., DARWASH, A. O., FLINT, A. P. F., WEBB, R., WOOLLIAMS, J. A. & 

LAMMING, G. E. 2000. Declining fertility in dairy cattle: changes in traditional and 

endocrine parameters of fertility. Animal Science, 70, 487-501. 

RUIZ, R., TEDESCHI, L. O. & SEPÚLVEDA, A. 2017. Investigation of the effect of 

pegbovigrastim on some periparturient immune disorders and performance in 

Mexican dairy herds. Journal of Dairy Science, 100, 3305-3317. 

RYAN, N. J., MEADE, K. G., WILLIAMS, E. J., O'FARRELLY, C., GRANT, J., EVANS, 

A. C. O. & BELTMAN, M. E. 2020a. Purulent vaginal discharge diagnosed in 

pasture-based Holstein-Friesian cows at 21 days postpartum is influenced by previous 

lactation milk yield and results in diminished fertility. J Dairy Sci, 103, 666-675. 

RYAN, N. J., MEADE, K. G., WILLIAMS, E. J., O'FARRELLY, C., GRANT, J., EVANS, 

A. C. O. & BELTMAN, M. E. 2020b. Purulent vaginal discharge diagnosed in 

pasture-based Holstein-Friesian cows at 21 days postpartum is influenced by previous 

lactation milk yield and results in diminished fertility. Journal of Dairy Science, 103, 

666-675. 

SAKAGUCHI, M., SASAMOTO, Y., SUZUKI, T., TAKAHASHI, Y. & YAMADA, Y. 

2004. Postpartum ovarian follicular dynamics and estrous activity in lactating dairy 

cows. Journal of dairy science, 87, 2114-2121. 

SÁNCHEZ, J. M., MATHEW, D. J., BEHURA, S. K., PASSARO, C., CHARPIGNY, G., 

BUTLER, S. T., SPENCER, T. E. & LONERGAN, P. 2019. Bovine endometrium 

responds differentially to age-matched short and long conceptuses†. Biology of 

Reproduction, 101, 26-39. 

SANDRA, O., CONSTANT, F., VITORINO CARVALHO, A., EOZÉNOU, C., VALOUR, 

D., MAUFFRÉ, V., HUE, I. & CHARPIGNY, G. 2015. Maternal organism and 

embryo biosensoring: insights from ruminants. Journal of Reproductive Immunology, 

108, 105-113. 



89 
 

SANTOS, T. M. A., GILBERT, R. O. & BICALHO, R. C. 2011. Metagenomic analysis of 

the uterine bacterial microbiota in healthy and metritic postpartum dairy cows. 

Journal of Dairy Science, 94, 291-302. 

SARTORI, R. & BARROS, C. M. 2011. Reproductive cycles in Bos indicus cattle. Animal 

Reproduction Science, 124, 244-250. 

SARTORI, R., GIMENES, L. U., MONTEIRO, P. L., JR., MELO, L. F., BARUSELLI, P. S. 

& BASTOS, M. R. 2016. Metabolic and endocrine differences between Bos taurus 

and Bos indicus females that impact the interaction of nutrition with reproduction. 

Theriogenology. 

SARTORI, R., HAUGHIAN, J. M., SHAVER, R. D., ROSA, G. J. M. & WILTBANK, M. C. 

2004. Comparison of Ovarian Function and Circulating Steroids in Estrous Cycles of 

Holstein Heifers and Lactating Cows. Journal of Dairy Science, 87, 905-920. 

ŠAVC, M., DUANE, M., O'GRADY, L. E., SOMERS, J. R. & BELTMAN, M. E. 2016. 

Uterine disease and its effect on subsequent reproductive performance of dairy cattle: 

a comparison of two cow-side diagnostic methods. Theriogenology, 86, 1983-1988. 

SAVIO, J. D., BOLAND, M. P. & ROCHE, J. F. 1990. Development of dominant follicles 

and length of ovarian cycles in post-partum dairy cows. Journal of Reproduction and 

Fertility, 88, 581. 

SEIDEL, G. E. & SCHENK, J. L. 2008. Pregnancy rates in cattle with cryopreserved sexed 

sperm: Effects of sperm numbers per inseminate and site of sperm deposition. Animal 

Reproduction Science, 105, 129-138. 

SENGER, P. L. 2004. Pathways to pregnancy and parturition, Pullman, Current 

Conceptions, Inc. 

SHALLOO, L., CROMIE, A. & MCHUGH, N. 2014. Effect of fertility on the economics of 

pasture-based dairy systems. Animal, 8 Suppl 1, 222-31. 

SHALLOO, L., O’DONNELL, S. & HORAN, B. Profitable dairying in an increased EU milk 

quota scenario.  Proc. Nat. Dairy Conf. Kilkenny, Ireland, 2007. 20-44. 

SHELDON, I. & NOAKES, D. 1998. Comparison of three treatments for bovine 

endometritis. Veterinary Record, 142, 575-579. 

SHELDON, I., NOAKES, D. & DOBSON, H. 2000. The influence of ovarian activity and 

uterine involution determined by ultrasonography on subsequent reproductive 

performance of dairy cows. Theriogenology, 54, 409-419. 

SHELDON, I., PRICE, S., CRONIN, J., GILBERT, R. & GADSBY, J. 2009. Mechanisms of 

Infertility Associated with Clinical and Subclinical Endometritis in High Producing 

Dairy Cattle. Reproduction in Domestic Animals, 44, 1-9. 

SHELDON, I. M. 2020. Diagnosing postpartum endometritis in dairy cattle. Veterinary 

Record, 186, 88-90. 

SHELDON, I. M., CRONIN, J. G. & BROMFIELD, J. J. 2019. Tolerance and Innate 

Immunity Shape the Development of Postpartum Uterine Disease and the Impact of 

Endometritis in Dairy Cattle. Annual Review of Animal Biosciences, 7, 361-384. 



90 
 

SHELDON, I. M. & DOBSON, H. 2004. Postpartum uterine health in cattle. Anim Reprod 

Sci, 82-83, 295-306. 

SHELDON, I. M., LEWIS, G. S., LEBLANC, S. & GILBERT, R. O. 2006. Defining 

postpartum uterine disease in cattle. Theriogenology, 65, 1516-30. 

SHELDON, I. M., MOLINARI, P. C. C., ORMSBY, T. J. R. & BROMFIELD, J. J. 2020. 

Preventing postpartum uterine disease in dairy cattle depends on avoiding, tolerating 

and resisting pathogenic bacteria. Theriogenology, 150, 158-165. 

SHELDON, I. M., NOAKES, D. E., RYCROFT, A. N., PFEIFFER, D. U. & DOBSON, H. 

2002. Influence of uterine bacterial contamination after parturition on ovarian 

dominant follicle selection and follicle growth and function in cattle. Reproduction, 

837-845. 

SHELDON, I. M., WILLIAMS, E. J., MILLER, A. N., NASH, D. M. & HERATH, S. 2008. 

Uterine diseases in cattle after parturition. Vet J, 176, 115-21. 

SINEDINO, L. D. P., HONDA, P. M., SOUZA, L. R. L., LOCK, A. L., BOLAND, M. P., 

STAPLES, C. R., THATCHER, W. W. & SANTOS, J. E. P. 2017. Effects of 

supplementation with docosahexaenoic acid on reproduction of dairy cows. 

Reproduction, 153, 707-723. 

SINGH, B. K., CHOPRA, R. C., RAI, S. N., VERMA, M. P. & MOHANTA, R. K. 2016. 

Effect of Feeding Seaweed as Mineral Source on Mineral Metabolism, Blood and 

Milk Mineral Profile in Cows. Proceedings of the National Academy of Sciences, 

India Section B: Biological Sciences, 86, 89-95. 

SINGH, J., SIDHU, S., DHALIWAL, G., PANGAONKAR, G., NANDA, A. & GREWAL, 

A. 2000. Effectiveness of lipopolysaccharide as an intrauterine immunomodulator in 

curing bacterial endometritis in repeat breeding cross-bred cows. Animal reproduction 

science, 59, 159-166. 

SMITH, M. C. A. & WALLACE, J. M. 1998. Influence of early post partum ovulation on the 

re-establishment of pregnancy in multiparous and primiparous dairy cattle. 

Reproduction, Fertility and Development, 10, 207-216. 

SPENCER, T. E. & HANSEN, T. R. 2015. Implantation and Establishment of Pregnancy in 

Ruminants. In: GEISERT, R. D. & BAZER, F. W. (eds.) Regulation of Implantation 

and Establishment of Pregnancy in Mammals: Tribute to 45 Year Anniversary of 

Roger V. Short's "Maternal Recognition of Pregnancy". Cham: Springer International 

Publishing. 

SPICER, L. J. 1998. Tumor necrosis factor-α (TNF-α) inhibits steroidogenesis of bovine 

ovarian granulosa and thecal cells in vitro. Endocrine, 8, 109-115. 

STEVENSON, J. S., TIFFANY, S. M. & INSKEEP, E. K. 2008. Maintenance of Pregnancy 

in Dairy Cattle After Treatment with Human Chorionic Gonadotropin or 

Gonadotropin-Releasing Hormone1. Journal of Dairy Science, 91, 3092-3101. 

SUJEETH, N., PETROV, V., GUINAN, K. J., RASUL, F. & O'SULLIVAN, J. T. 2022. 

Current Insights into the Molecular Mode of Action of Seaweed-Based Biostimulants 



91 
 

the Sustainability of Seaweeds as Raw Material Resources. International Journal of 

Molecular Sciences [Online], 23. 

SUNDERLAND, S. J., CROWE, M. A., BOLAND, M. P., ROCHE, J. F. & IRELAND, J. J. 

1994. Selection, dominance and atresia of follicles during the oestrous cycle of 

heifers. 101, 547. 

SWEENEY, T. & O'DOHERTY, J. V. 2016. Marine macroalgal extracts to maintain gut 

homeostasis in the weaning piglet. Domest Anim Endocrinol, 56 Suppl, S84-9. 

TREVISI, E. & MINUTI, A. 2018. Assessment of the innate immune response in the 

periparturient cow. Res Vet Sci, 116, 47-54. 

VANRADEN, P. M., COLE, J. B. & PARKER GADDIS, K. L. 2018. Net Merit as a measure 

of lifetime profit: 2018 revision. 

VEERKAMP, R. F., DILLON, P., KELLY, E., CROMIE, A. R. & GROEN, A. F. 2002. 

Dairy cattle breeding objectives combining yield, survival and calving interval for 

pasture-based systems in Ireland under different milk quota scenarios. Livestock 

Production Science, 76, 137-151. 

VIGORS, S., O'DOHERTY, J., RATTIGAN, R. & SWEENEY, T. 2021. Effect of 

Supplementing Seaweed Extracts to Pigs until d35 Post-Weaning on Performance and 

Aspects of Intestinal Health. Mar Drugs, 19. 

VIJN, S., COMPART, D. P., DUTTA, N., FOUKIS, A., HESS, M., HRISTOV, A. N., 

KALSCHEUR, K. F., KEBREAB, E., NUZHDIN, S. V., PRICE, N. N., SUN, Y., 

TRICARICO, J. M., TURZILLO, A., WEISBJERG, M. R., YARISH, C. & KURT, T. 

D. 2020. Key Considerations for the Use of Seaweed to Reduce Enteric Methane 

Emissions From Cattle. Frontiers in Veterinary Science, 7. 

WALSH, S. W., WILLIAMS, E. J. & EVANS, A. C. 2011. A review of the causes of poor 

fertility in high milk producing dairy cows. Anim Reprod Sci, 123, 127-38. 

WANG, M.-L., LIU, M.-C., XU, J., AN, L.-G., WANG, J.-F. & ZHU, Y.-H. 2018. Uterine 

Microbiota of Dairy Cows With Clinical and Subclinical Endometritis. Frontiers in 

Microbiology, 9. 

WEIGEL, K. A. 2006. Prospects for improving reproductive performance through genetic 

selection. Anim Reprod Sci, 96, 323-30. 

WILLIAMS, E. 2013. Drivers of Post-partum Uterine Disease in Dairy Cattle. Reproduction 

in Domestic Animals, 48, 53-58. 

WILLIAMS, E. J., FISCHER, D. P., NOAKES, D. E., ENGLAND, G. C., RYCROFT, A., 

DOBSON, H. & SHELDON, I. M. 2007. The relationship between uterine pathogen 

growth density and ovarian function in the postpartum dairy cow. Theriogenology, 68, 

549-59. 

WILLIAMS, E. J., FISCHER, D. P., PFEIFFER, D. U., ENGLAND, G. C., NOAKES, D. E., 

DOBSON, H. & SHELDON, I. M. 2005. Clinical evaluation of postpartum vaginal 

mucus reflects uterine bacterial infection and the immune response in cattle. 

Theriogenology, 63, 102-17. 



92 
 

WILLIAMS, E. J., SIBLEY, K., MILLER, A. N., LANE, E. A., FISHWICK, J., NASH, D. 

M., HERATH, S., ENGLAND, G. C., DOBSON, H. & SHELDON, I. M. 2008. The 

effect of Escherichia coli lipopolysaccharide and tumour necrosis factor alpha on 

ovarian function. American journal of reproductive immunology, 60, 462-473. 

WILTBANK, M. C. 1994. Cell types and hormonal mechanisms associated with mid-cycle 

corpus luteum function. J Anim Sci, 72, 1873-83. 

WILTBANK, M. C., SOUZA, A. H., CARVALHO, P. D., CUNHA, A. P., GIORDANO, J. 

O., FRICKE, P. M., BAEZ, G. M. & DISKIN, M. G. 2014. Physiological and 

practical effects of progesterone on reproduction in dairy cattle. Animal, 8 Suppl 1, 

70-81. 

WILTBANK, M. C., SOUZA AH FAU - CARVALHO, P. D., CARVALHO PD FAU - 

BENDER, R. W., BENDER RW FAU - NASCIMENTO, A. B. & NASCIMENTO, 

A. B. 2011. Improving fertility to timed artificial insemination by manipulation of 

circulating progesterone concentrations in lactating dairy cattle. Reprod Fertil Dev, 

24(1):238-43. 

ZINICOLA, M., KORZEC, H., TEIXEIRA, A. G. V., GANDA, E. K., BRINGHENTI, L., 

TOMAZI, A. C. C. H., GILBERT, R. O. & BICALHO, R. C. 2018. Effects of 

pegbovigrastim administration on periparturient diseases, milk production, and 

reproductive performance of Holstein cows. Journal of Dairy Science, 101, 11199-

11217. 

 

 


