
 

INTERPRETATIVE SUMMARY: Relationships between energy balance during early 1 

lactation, and cow performance, blood metabolites, and fertility: a meta-analysis of 2 

individual cow data. By Civiero et al. Most dairy cows experience negative energy balance 3 

in early lactation. Data from 1,508 Holstein-Friesian dairy cow lactations were divided into 4 

quartiles (primiparous and multiparous cows separately) based on mean energy balance 5 

during 4 to 21 days in milk. Cows with improved energy balance in early lactation had a 6 

shorter interval to start of luteal activity, greater milk progesterone concentrations at start of 7 

luteal activity, and earlier first observed heats. However, early lactation energy balance did 8 

not affect conception rate to first service.   9 
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ABSTRACT 35 

This study was designed to contribute to the understanding of the relationships between 36 

energy balance (EB) in early lactation (4 to 21 days in milk (DIM)) and fertility traits (interval 37 

to start of luteal activity (SLA), interval to first observed heat (FOH), and conception to first 38 

artificial insemination (AI)), and their associated relationships with cow performance and 39 

blood metabolites between 4 to 150 DIM. Individual cow data (488 primiparous and 1,020 40 

multiparous lactations) from 27 experiments was analyzed. Data on cow performance, EB (on 41 

a metabolizable energy (ME) basis), and fertility traits were available for all cows, while milk 42 

progesterone data (to determine SLA) and periodic blood metabolite data were available for 43 

1,042 and 1,055 lactations, respectively. Data from primiparous and multiparous cows were 44 

analyzed separately, with the datasets for the two parity groups divided into quartiles (Q1 – 45 

Q4) according to the average EB during 4 to 21 DIM (EB range for Q1 to Q4: primiparous, -46 

120 to -49, -49 to -24, -24 to -3 and -3 to 92 MJ/d, respectively: multiparous,  -191 to -79, -79 47 

to -48, -48 to -22 and -22 to 93 MJ/d, respectively). Differences between EB quartiles for 48 

production and fertility traits were compared. In early lactation (4 to 21 DIM), moving from 49 

Q1 to Q4 mean DMI and ME intake increased while mean ECM decreased. During the same 50 

period, moving from Q1 to Q4 milk fat content, milk fat-to-protein ratio, and plasma non-51 

esterified fatty acid and β-hydroxybutyrate concentrations decreased, while milk protein 52 

content and plasma glucose concentrations increased in both primiparous and multiparous 53 

cows.  When examined over the entire experimental period (4 to 150 DIM), many of the trends 54 

in intakes and milk production remained, although the magnitude of the difference between 55 

quartiles was much reduced, while milk fat content did not differ between quartiles in 56 

primiparous cows. The percentage of cows with FOH before 42 DIM increased from Q1 to Q4 57 

(from 46 to 72% in primiparous cows, and from 41 to 58% in multiparous cows). Interval from 58 

calving to SLA and to FOH decreased with increasing EB during 4 to 21 DIM, with these 59 



 

occurring 9.8 and 10.2 d earlier, respectively, in Q4 compared to Q1 (primiparous cows), 60 

and 7.4 and 5.9 d earlier, respectively, in Q4 compared to Q1 (multiparous cows). For each 10 61 

MJ/d decrease in mean EB during 4 to 21 DIM, FOH was delayed by 1.2 and 0.8 d in 62 

primiparous and multiparous cows, respectively. However, neither d to first AI nor the 63 

percentage of cows that conceived to first AI, were affected by daily EB during 4 to 21 DIM 64 

in either primiparous or multiparous cows, and this is likely to reflect a return to a less 65 

metabolically stressed status at the time of AI. These results demonstrate that interval from 66 

calving to SLA and to FOH were reduced with increasing EB in early lactation, while early 67 

lactation EB had no effect on conception to the first service. 68 

 69 
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INTRODUCTION 71 

Over the last few decades the milk production potential of dairy cows in many countries has 72 

increased dramatically (Miglior et al., 2005). There is little evidence, however, that cows with 73 

greater milk yield have a better metabolic efficiency for milk production (kl) than cows with 74 

lesser milk yield (Agnew et al., 1998). While part of the extra milk produced by greater yielding 75 

cows may be supported by their greater intakes (Ingvartsen and Andersen, 2000), intake 76 

capacity during early lactation has not kept pace with the increase in milk yields (Veerkamp et 77 

al., 2001). Instead, greater milk yields during early lactation have been driven largely by 78 

increased levels of body tissue mobilization, with this reflected in increasing extent and 79 

duration of negative energy balance (NEB; Agnew et al., 1998). During postpartum NEB, 80 

glucose is preferentially partitioned to the mammary gland, pancreatic insulin secretion in 81 

response to glucose is suppressed, peripheral tissues exhibit insulin resistance, and cows are 82 

susceptible to metabolic disorders (Leroy et al., 2008). In addition, energy balance (EB) can 83 

also influence fertility. 84 

A number of studies have identified relationships between calculated EB and fertility traits. 85 

In one of the earliest studies (involving 13 dairy cows), Butler et al. (1981) concluded that EB 86 

during the first 20 d of lactation is important in determining the start of luteal activity (SLA). 87 

Similarly, in a study involving 134 dairy cows, de Vries et al. (1999) identified a relationship 88 

between the extent of energy deficit in early lactation and delay in first observed heat (FOH), 89 

while in a separate study involving 470 first lactation heifers, de Vries and Veerkamp (2000) 90 

observed that each 10 MJ (on net energy basis; NE) decrease in nadir EB was associated with 91 

a delay in ovulation of 1.25 d. Furthermore, cows with a smaller nadir EB and faster recovery 92 

to positive EB had fewer d open and a shorter calving interval (Patton et al., 2007; Carvalho et 93 

al., 2014). Using a large data set of almost 1,000 cows, Banos and Coffey (2009) observed 94 

genetic correlations between d to first estrus and a number of calculated EB traits.   95 



 

In addition, other studies have demonstrated relationships between indirect indicators of EB 96 

and fertility traits. For example, increased BCS loss has been associated with a delay to first 97 

ovulation (Butler and Smith, 1989; Gobikrushanth et al., 2019), while Vercouteren et al. (2015) 98 

observed a negative relationship between cyclicity by 21 days in milk (DIM) and greater body 99 

weight (BW) loss. Others have examined the relationship between blood metabolites and 100 

fertility, with Dubuc et al. (2012) observing that lesser non-esterified fatty acid (NEFA) 101 

concentrations post calving were associated with earlier ovulation, while Macmillan et al. 102 

(2018) observed a greater incidence of ovulation by 35 d post-partum in cows with lesser NEFA 103 

and β-hydroxybutyrate (BHB) concentrations.  104 

While relationships between ‘energy status’ and fertility traits have been established, few 105 

studies have been able to examine these in a holistic manner, including the inter-relationships 106 

with genetic index, energy intake, milk yield, milk composition, milk progesterone, body tissue 107 

and blood metabolites, especially using large datasets. In addition, as primiparous and 108 

multiparous cows differ in intakes, performance, endocrine and blood metabolite levels during 109 

the transition period (Macmillan et al., 2018), and as primiparous cows continue to grow during 110 

their first lactation, it might be expected that primiparous and multiparous dairy cows would 111 

exhibit different responses to NEB (Wathes et al., 2007). Thus, the primary objective of this 112 

study was to use a large individual cow dataset collected over a 20-yr period to examine the 113 

relationships between early lactation EB, and cow performance and blood metabolites, and the 114 

impact of early lactation EB on fertility outcomes such as: SLA, FOH, conception to first 115 

artificial insemination (AI), and time to conception, in both primiparous and multiparous cows.  116 



 

MATERIALS AND METHODS 117 

 118 

Experiments, treatments and cows 119 

This study involved a meta-analysis of individual dairy cow data obtained from 27 120 

individual studies which were conducted between 1996 to 2016 at the Agri-Food and 121 

Biosciences Institute (AFBI) in Hillsborough, Northern Ireland. The results of the majority of 122 

these studies have been published in peer reviewed scientific papers, conference proceedings, 123 

technical reports, and a PhD thesis (Appendix 1). A minimum prerequisite for the inclusion of 124 

any experiment in the analysis was that the experiment encompassed the ‘early lactation period’ 125 

(commencing within a few d of calving, and having a mean length of more than 90 d), included 126 

data to allow daily EB to be estimated (i.e. daily DMI, daily milk yield, regular milk 127 

composition, BW, and detailed information on the ingredients and chemical composition of the 128 

diets offered), and had detailed fertility data. The 27 experiments were variable in length, 129 

encompassing incomplete lactations, complete lactations, or multiple lactations. In the case of 130 

multi-lactation studies, each lactation was designated as a separate experiment within the 131 

analysis. While some full lactation and multi-lactation experiments involved periods of grazing 132 

in mid/late lactation, data included in the EB calculations were restricted to periods when cows 133 

were housed and when individual cow intakes were available. Within all experiments cows 134 

were transferred to a free stall cubicle house shortly after calving.  135 

A total of 79 treatments were examined across the 27 studies, with the majority of treatments 136 

examining the impact of diet and/or management strategies on cow performance. Although a 137 

number of treatments involved ‘alternative’ cow genotypes, only Holstein cows were included 138 

within the analysis. Individual cows within experiments were excluded from the analysis if the 139 

housed period when individual feed intakes were measured was less than 42 d. Data recorded 140 

during the first three d of lactation were excluded from the analysis, while data was included 141 



 

in the analysis up until a maximum of 150 DIM (provided individual feed intake data was 142 

recorded during the entire period). In addition, cows with a lactation number > 6 were excluded 143 

from the analysis.  144 

The final dataset comprised data from 1,508 individual lactations (derived from 1,009) 145 

individual cows, representing 488 and 1,020 lactations for primiparous and multiparous cows, 146 

respectively. Genetic indexes were sourced for the majority of the cows (936) from Animal 147 

Horticulture Development Board, UK, during December 2018. Cows with pedigree 148 

information had a mean Predicted Transmitting Ability (PTA) for milk yield of -37 (SD, 212.2) 149 

kg, a mean PTA for milk fat plus protein yield of 7.0 (SD, 7.32) kg, and a mean Profitable 150 

Lifetime Index (PLI) of £60 (SD, 150.5). The £PLI represents the additional profit a sire is 151 

expected to return from each of its milking daughters over her lifetime, compared with an 152 

average sire of £0 PLI, and comprises the following traits: production (34.4%), survival 153 

(15.1%), fertility (15.3%), udder health (13.7%), efficiency (11.8%), leg health (8.1%) and 154 

calving ability (1.6%).  The fertility component of the index is comprised of 5 traits, as follows: 155 

calving interval, non-return rate, body condition score, milk yield around insemination, days 156 

from calving to first insemination, and number of inseminations needed to get a cow in calf 157 

(AHDB Dairy, 2020). 158 

 159 

Diets offered 160 

Diets offered were predominantly based on grass silage and concentrates. However, in a 161 

number of studies (n = 16) grass silage was partially replaced with corn silage (usually between 162 

20 - 40% of the forage component of the diet). In addition, in one study, a small quantity of 163 

chopped wheat straw (0.3 kg/cow/d) was included in the diet. The mean forage: concentrate 164 

DM ratio across the 27 studies was 49: 51. In all studies the forage component of the diet was 165 

offered ad libitum (normally between 7 – 10% of the previous day’s intake).   166 



 

 A wide range of concentrate types, feeding levels, feeding strategies and feeding 167 

methodologies were adopted within and between studies, according to the objectives of each 168 

individual study. The concentrate supplements consisted principally of cereal grains (e.g. 169 

barley, wheat, maize), protein supplements (e.g. soybean meal, canola meal), and fibrous by-170 

products from the food industry (e.g. corn gluten meal, sugar-beet pulp, citrus pulp). Additional 171 

energy sources (e.g. Megalac® and molasses) were included in some concentrates, while most 172 

concentrates contained a mineral/vitamin supplement. The concentrate component of the diets 173 

was offered either mixed with the forages (partial mixed ration), separate from the forages (via 174 

in-parlor of out-of-parlor feeders), or via a combination of these practices.  175 

 176 

Breeding management and fertility records 177 

Heifers entering the AFBI herd have a target age at first calving of 24 months (actual, 24.5 178 

months). Cows in the herd calve from early September through to late December (‘Autumn’ 179 

calving), and from early January through to mid-April (‘Spring’ calving). Heat detection 180 

commences after calving. Heat detection is based on visual observations, although tail paint 181 

was used in a number of studies as an aid to heat detection.  There are three defined periods of 182 

heat detection during the d, at approximately 10.00 h, 14.00 h and 20.00 h, although all heats 183 

observed throughout the d are recorded. Cows with uterine infection (normally based on stock 184 

person observations) are normally treated within 3 to 4 wk of calving.  During the early years  185 

of the dataset, cows failing to show signs of estrus within 8 wk of calving were examined by a 186 

veterinarian, and cows with ovarian dysfunction treated as appropriate. During more recent 187 

years, veterinary interventions were delayed until approximately wk 10 to 12 of lactation. An 188 

exception to the above was cows identified with cystic ovaries, which were treated as soon as 189 

the problem was identified. 190 



 

Throughout the study period all cows in the herd were bred by AI. A minimum 42-d 191 

voluntary waiting period was adopted with all cows. Within the autumn and spring calving 192 

components of the herd, breeding commenced early in December and early April, respectively. 193 

Cows were typically inseminated once per d by trained AFBI staff (assisted on occasions by a 194 

local breeding company). Cows observed in estrus after 10.00 h were inseminated the following 195 

morning. Pregnancy status was determined by a veterinarian using trans-rectal ultrasonography 196 

(scanner) at least 32 d after insemination. Fertility records included cows treated for uterine 197 

infection, cows treated with hormones (progesterone, prostaglandin, estradiol benzoate, or 198 

gonadotrophin releasing hormone; GnRH), observed heats, inseminations, pregnancy 199 

diagnosis, and subsequent calving details.   200 

 201 

Animal measurements   202 

A number of animal measurement protocols changed over the 20-yr period during which 203 

the 27 experiments were undertaken, while others remained largely unchanged. The feed intake 204 

of each individual cow was recorded daily using feed-boxes mounted on weigh cells, access to 205 

which was controlled by a Calan Gate feeding system (American Calan Inc., Northwood, NH, 206 

USA) linked to an electronic cow identification system. All diets were offered ad libitum. In 207 

all experiments cows were milked twice daily, with milk yields recorded automatically at each 208 

milking, and a total daily milk yield for each cow determined for each 24-h period. In early 209 

experiments (n = 7) milk samples were taken in proportion to yield during six consecutive 210 

milkings (either weekly or fortnightly), and a single bulked sample analyzed for each wk or 211 

fortnight.  However, in later experiments (n = 20) samples were taken during two consecutive 212 

milkings (normally on a weekly basis) and each individual sample analyzed, and a weighted 213 

composition for the 24-h sampling period subsequently determined. Samples in all experiments 214 

were analyzed for fat, protein, and lactose concentrations using mid-infrared milk analysis. Fat-215 



 

to-protein ratio (FPR) in milk was calculated as milk fat content (g/kg) divided by milk protein 216 

contents (g/kg). The equation (Eq. 1) given by Tyrrell and Reid (1965) was used to calculate 217 

the gross energy (GE) content of the milk, where fat, protein and lactose content are presented 218 

as g/kg:  219 

 220 

𝐺𝐸, 𝑀𝐽/𝑘𝑔 = [0.0384 𝑥 𝑓𝑎𝑡] + [0.0223 𝑥 𝑝𝑟𝑜𝑡𝑒𝑖𝑛] + [0.0199 𝑥 𝑙𝑎𝑐𝑡𝑜𝑠𝑒] − 0.108 221 

[1] 222 

Energy corrected milk yield (kg/d) was calculated assuming the GE content of 1 kg 223 

‘standard milk’ to be 3.1 MJ/kg (i.e. for milk containing 4.0% fat, 3.2% crude protein, and 224 

4.8% lactose, as described by Muñoz et al. (2015), according to Eq. 2:  225 

 226 

𝐸𝐶𝑀, 𝑘𝑔/𝑑 =  
𝑚𝑖𝑙𝑘 𝑦𝑖𝑒𝑙𝑑 (𝑘𝑔/𝑑) 𝑥 𝐺𝐸 (𝑀𝐽/𝑘𝑔) 

3.1
 227 

[2] 228 

Milk energy output (MJ/cow per d) was calculated by multiplying the GE content of milk 229 

(Eq. 1) by the daily milk yield. Feed efficiency was calculated by dividing ECM yield (kg/d) 230 

by the total DMI (kg/d).  231 

In early studies (n = 4) BW was recorded weekly, immediately after pm milking. However, 232 

in later studies BW was recorded twice daily (immediately after each milking) using an 233 

automated weighbridge, and an average BW calculated for each wk. Body condition scores 234 

(BCS) were recorded weekly or fortnightly through each lactation, with BCS assessed on a 1 235 

to 5 scale (Edmonson et al., 1989). Blood samples were collected (from the tail vein) in 26 of 236 

the 27 studies, normally between 8.00 – 10.00 h, while the frequency of blood sampling varied 237 

according to experiments (normally one sample every 14 – 28 d, until approximately wk 12 of 238 

lactation, with less frequent sampling thereafter). Blood serum was subsequently analyzed for 239 

BHB and NEFA concentrations, while plasma was analyzed for glucose concentrations.   240 



 

Milk samples for progesterone determination were taken twice weekly (Monday and 241 

Thursday) from each cow in 21 studies for approximately 50 DIM. Milk progesterone 242 

concentrations were determined using an enzyme-linked immune-sorbent assay kit (Ridgeway 243 

Science Ltd, Gloucestershire, UK), based on the method of Sauer et al., (1986), as described in 244 

details by McCoy et al., (2006). Interval to the SLA was defined as the interval from calving 245 

to the first of at least two consecutive increases in milk progesterone concentrations of >3.0 246 

ng/mL (Darwash et al., 1997). Peak progesterone concentration during first luteal cycle was 247 

recorded.   248 

 249 

Determination of energy contents of the feedstuffs 250 

In all experiments samples of grass and corn silages offered were collected daily and oven 251 

dry matter (ODM) determined, with fresh samples normally analyzed weekly for nitrogen (N), 252 

GE and fermentation products. Silage ODM contents were subsequently corrected for volatile 253 

losses during drying, with all intakes presented on a volatile corrected DM basis. Samples of 254 

dried silage were composited for each 2 to 4 wk period and subsequently analyzed for fiber 255 

and ash concentrations.  256 

In early experiments (n = 8) the digestible OM in total DM content (DOMD, %) of silages 257 

was determined by offering the silage to sheep confined in ‘digestibility crates’ at maintenance 258 

level (normally 4 sheep per silage). The metabolizable energy (ME) content of these silages 259 

was then estimated by multiplying the DOMD by 0.16 (assuming that one percentage point of 260 

DOMD equates to 0.16 MJ/kg DM of ME (AFRC, 1993). The calculated ME values were then 261 

corrected to ‘production level of feeding’ by multiplying by 0.97 (MAFF, 1975; 1984). In later 262 

experiments (n = 20), the ME value of the forages offered were derived using NIRS as 263 

described by Park et al. (1998). In two experiments where neither sheep digestibility data nor 264 

NIRS predictions were available, silage DOMD was initially predicted from nutrient 265 



 

composition (DM, Ash, CP, and NDF) and fermentation characteristics of the silages (lactic 266 

acid: total VFA ratio) as described by Yan and Agnew (2004: Eq. 14b), and silage ME content 267 

estimated by multiplying the DOMD by 0.16. The mean ME content of the silages offered was 268 

11.3±0.58 for grass silages and 11.2±0.35 for corn silages, while the ME content of wheat straw 269 

was assumed to be 6.0 MJ/kg DM (FeedByte®, SRUC, Edinburgh, UK). 270 

Concentrates offered were normally sampled weekly, and composite samples analyzed for 271 

each 2 to 4 wk period. The ME content of each concentrate was calculated using the ME content 272 

of each individual ingredient, based on values reported in UK feed composition tables 273 

(FeedByte®). The mean calculated ME content of the concentrate offered was 12.9 (SD, 0.25) 274 

MJ/kg DM. Total ME intakes were determined as the sum of the DM intake of each diet 275 

component multiplied by the ME content of that component. Further details of analytical 276 

methods used to determine the chemical composition of the feedstuffs and fermentation quality 277 

of the silages are presented within the individual studies listed in Appendix 1.   278 

 279 

Calculations of estimated energy balances (EB) 280 

Individual cow EB values were initially calculated on a daily basis. Daily EB calculations 281 

utilized daily DMI and daily milk yield values. For data that was not available on a daily basis 282 

(i.e. BW and milk composition data), measured values were applied to each d during the 3 d 283 

period pre and post the d of measurement (in the case of weekly measurements) or to the 7 d 284 

period pre, and to the 6 d period post the d of measurement (in the case of fortnightly 285 

measurements).  The mean ME content of all individual silage samples taken from each silo 286 

was applied to all d during which that silage was offered. 287 

The daily EB (MJ of ME/d) of each individual cow was calculated using equations contained 288 

within ‘Feed into Milk’ (FIM), the current UK dairy cow rationing system, as the difference 289 

between the cow’s total ME requirements (maintenance, milk production, and activity) and 290 



 

total ME intake (Agnew et al., 2004). The sum of ME requirements for maintenance (including 291 

activity: standing, vertical movement and body position changes) and milk production 292 

(MEmaint+milk: MJ/kg of BW0.75) was determined using Eq. 4.  293 

 294 

𝑀𝐸𝑚𝑎𝑖𝑛𝑡+𝑚𝑖𝑙𝑘 =

𝑙𝑜𝑔𝑒 [[
[5.06 − 𝑀𝑖𝑙𝑘 𝐸. 𝑝𝑒𝑟 𝑘𝑔 𝑜𝑓 𝐵𝑊0.75]

[5.06 + 0.453]
]]

−0.1326
 295 

[4] 296 

Pregnancy requirements were excluded from the EB calculations in the present study since 297 

data used within this analysis was until a maximum of 150 DIM, a 42 d voluntary waiting 298 

period is adopted within the AFBI herd, and energy cost of pregnancy is only accounted for 299 

from wk 14 of gestation in FIM. Energy requirements for ‘walking’ were included within the 300 

EB calculations as described by Agnew et al. (2004: shown in Eq. 5), using the term 301 

(0.0013×BW)/km, with the efficiency of utilization of ME for walking assumed to be the same 302 

as that for maintenance (km; AFRC, 1993). This assumes a distance walked of 500 m, which 303 

was considered appropriate for housed cows on the AFBI farm.  304 

Finally, daily EB (MJ/d) was calculated by using the following equation:  305 

 306 

𝐸𝐵, 𝑀𝐽 𝑜𝑓 𝑀𝐸/𝑑 =  ([𝑀𝐸𝑚𝑎𝑖𝑛𝑡+𝑚𝑖𝑙𝑘 × 𝐵𝑊0.75] + [
[0.0013 × 𝐵𝑊]

𝑘𝑚
] − 10) −  𝑀𝐸𝑖 307 

[5] 308 

The term MEi is the ME intake (MJ/cow per d). Mean weekly EB values were subsequently 309 

calculated for each wk post-calving (up to a maximum of wk 20), with calving date considered 310 

as d 1 of wk 1 of lactation. Actual values for BCS were collated on a weekly basis using calving 311 

dates as reference points.  312 

 313 

314 



 

Statistical analysis 315 

Within each analyses primiparous and multiparous cows were analyzed separately, while 316 

the dataset (or part of the data set) for the two parity groups was divided into quartiles (Q1 – 317 

Q4) according to the average EB during 4 to 21 DIM. The primary analysis (on which the EB 318 

quartiles described were derived) excluded all cows where FOH followed hormonal 319 

intervention (233 cows excluded). This analysis compared cow genetic index, cow 320 

performance (intakes, milk production and composition, body tissue and blood metabolites), 321 

interval (in d) between calving and FOH, and the percentage of cows with FOH pre-d 42, within 322 

each EB quartile. The second analysis excluded cows where first AI followed hormone 323 

treatment (279 cows excluded) and compared interval (in d) between calving and first AI, and 324 

conception to first AI, within each EB quartile. The third analysis involved cows with milk 325 

progesterone data available, but excluded cows where SLA followed hormone treatment (37 326 

cows excluded). This analysis compared interval from calving to SLA, peak progesterone 327 

concentration at SLA, and the percentage of cows with SLA pre-d 42, within each EB quartile. 328 

The final analysis involved the complete dataset and compared the percentage of cows treated 329 

for uterine infection, percentage of cows where the FOH followed hormone intervention, and 330 

the percentage of cows where first AI followed hormone intervention, within each EB quartile. 331 

Individual cows were not fully nested within a study since individual cows were often used in 332 

more than one study. All continuous data were analyzed by REML variance component 333 

analysis and differences between treatments tested using Fishers unprotected least significance 334 

difference test.  The model for continuous data included ‘experiment’ (1 – 27) and cow as the 335 

random effect, and ‘EB quartile’ (1 – 4) as the fixed effect. For continuous data for the period 336 

4 to 150 DIM, days-on-experiment was also included in the model as a fixed effect, if 337 

significant.  Binomial data were analyzed via Generalized Linear Model regression analysis 338 

using the binomial distribution with a logit link function, and differences between treatments 339 



 

tested using Chi square probability test.  The model for binomial data included ‘experiment’ (1 340 

– 27) and cow as the random effect, and EB quartile (1 – 4) as the fixed effect.  341 

Least mean squares evaluating the interaction between EB quartile (1, 2, 3 and 4) and DIM, 342 

were determined for BCS, BW and EB (using weekly data), and general trends produced for 343 

the experimental period. The model included experiment and cow within study as random 344 

effects.  345 

Data from 401 primiparous cows and 742 multiparous cows were included in a survival 346 

analysis to examine the effect of EB quartile (mean of 4 to 21 DIM) on interval from calving 347 

to first observed estrus (until 80 DIM). Cows which had a FOH following hormone intervention 348 

were excluded from the analysis, as were cows removed from the dataset prior to d 80.  Cows 349 

which had a FOH after 80 DIM were assumed censored (10, 7, 4 and 4 for primiparous cows 350 

in Q1 – Q4; 13, 12, 7 and 11 for multiparous cows in Q1 – Q4). Similarly, data from 462 351 

primiparous cows and 923 multiparous cows were included in a survival analysis to examine 352 

the effect of EB quartile (mean of 4 to 21 DIM) on ‘non pregnancy’ (up to 200 DIM). Cows 353 

which had a first AI following hormone intervention were excluded from the analysis, as were 354 

cows removed from the dataset prior to d 200.  Cows which had a first AI after 200 DIM were 355 

assumed censored (29, 17, 17 and 23 for primiparous cows in Q1 – Q4, respectively; 64, 55, 356 

55 and 39 for multiparous cows in Q1 – Q4, respectively). Within each of these survival 357 

analyses, the effect of EB quartile on cows without an observed heat and cows not pregnant 358 

(survival) was compared using four tests: Log-rank, Wilcoxon (Breslow), Tarone-Ware and 359 

Wilcoxon (Peto-Prentice). Kaplan-Meier survival functions were estimated for each EB 360 

quartile within each of primiparous and multiparous cows. All statistical analyses were 361 

performed using GenStat, Version 20.1 (VSN International Limited, 2019). For all models, 362 

statistical significance was declared at P ≤ 0.05 and trends at P > 0.05 to P < 0.10.   363 

 364 



 

RESULTS 365 

With the exception of PTA for fertility, which increased between Q1 and Q4 (P = 0.025), 366 

none of the genetic values presented for primiparous cows differed (P > 0.10) between EB 367 

quartiles (Table 1). With multiparous cows, Q1 cows had a lesser PLI than Q4 cows (P = 368 

0.048), while none of the other genetic values presented differed between quartiles (P > 0.10). 369 

With primiparous cows (Table 2) neither concentrate percentage in the diet nor BW differed 370 

(P > 0.05) between quartiles in either early lactation (4 to 21 DIM), or over the entire 371 

experimental period (4 to 150 DIM). During both periods DMI and ME intake increased from 372 

Q1 to Q4 (P < 0.001), while milk protein content increased in early lactation (P = 0.008) and 373 

over the entire lactation (P = 0.002). In contrast, milk yield, ECM yield and ECM/DMI (Table 374 

2) decreased from Q1 through to Q4 in both periods (P < 0.001). Milk fat content decreased 375 

from Q1 to Q4 in early lactation (P < 0.001), but not over the entire experimental period (P > 376 

0.05), while milk fat-to-protein ratio decreased from Q1 to Q4 during both early lactation (P < 377 

0.001) and over the entire period (P = 0.005). Body condition score did not differ between 378 

quartiles during early lactation (4 to 21 DIM), but increased from Q1 to Q4 over the entire 379 

experimental period (P < 0.001). During early lactation plasma NEFA and BHB concentrations 380 

decreased from Q1 to Q4 (P < 0.001), while plasma glucose concentrations increased (P < 381 

0.001), with similar effects observed over the entire experimental period (P = 0.008, P = 0.004 382 

and P < 0.001, respectively). 383 

Multiparous cows in each of EB quartiles 1 – 4 had a mean lactation number of 3.3, 2.9, 2.9 384 

and 2.8, respectively (P = 0.021: Table 3). Concentrate proportion in the diet did not differ (P 385 

> 0.10) between quartiles in either period. Total DMI and total ME intake increased (P < 0.001) 386 

from Q1 through to Q4 in early lactation, but not over the entire experimental period (P > 0.05). 387 

Each of milk yield, ECM, ECM/DMI and BW decreased (P < 0.001) from Q1 to Q4 during 388 

both periods. Milk fat content and FPR decreased from Q1 to Q4 in early lactation (P < 0.001), 389 



 

and over the entire experimental period (P = 0.002 and P < 0.001, respectively), while milk 390 

protein content followed the reverse trend in both periods (P < 0.001). While BCS decreased 391 

from Q1 to Q4 in early lactation (P < 0.001) BCS did not differ between quartiles over the 392 

entire experimental period (P > 0.05). During both experimental periods plasma NEFA and 393 

BHB concentrations decreased from Q1 to Q4 (P < 0.001), while plasma glucose 394 

concentrations increased (P < 0.001). 395 

Neither the percentage of primiparous cows treated for uterine infection, nor the percentage 396 

of primiparous cows where FOH followed hormone intervention, differed between quartiles (P 397 

> 0.10) (Table 4). While d to FOH decreased from Q1 to Q4 (P = 0.049), the percentage of 398 

cows with FOH pre d 42 followed the reverse trend, increasing from Q1 to Q4 (P = 0.019). 399 

None of the percentage of cows where first AI followed hormone intervention, d to first AI, 400 

conception to first AI, or cows pregnant during the first 21 or 42 of the breeding season, differed 401 

between quartiles in primiparous cows (P > 0.05). However, there was a tendency for an 402 

increased percentage of cows in Q3 and Q4 to be pregnancy during the first 84 d of the breeding 403 

season (P = 0.072).  For the sub-set of primiparous cows for which progesterone data was 404 

available (Table 4), the interval from calving to SLA decreased from Q1 to Q4 (P < 0.001), 405 

while peak progesterone concentration at SLA and the percentage of cows with SLA pre d 42 406 

increased from Q1 to Q4 (P < 0.001 and P = 0.009, respectively).   407 

Within the multiparous cow dataset, the percentage cows treated for uterine infection and 408 

the percentage of cows where FOH followed hormone intervention, did not differ between EB 409 

quartiles (P > 0.10) (Table 5). However, d to FOH was greater with cows in Q1 than cows in 410 

Q4 (P = 0.012), while the percentage of cows with FOH pre d 42 increased from Q1 to Q4 (P 411 

= 0.038). None of the percentage of multiparous cows where first AI followed hormone 412 

treatment, d to first AI, conception to first AI, and cows pregnant during the first 21 or 42 d of 413 

the breeding season differed between quartiles (P > 0.05). However, while the percentage of 414 



 

cows pregnant during the first 84 d of the breeding season tended to differ between quartiles 415 

(P = 0.087), there was no consistent trend between Q1 – Q4. Days from calving to SLA 416 

decreased (by 5.8 d) from Q1 to Q4 (P = 0.003), while peak progesterone concentration 417 

increased by 3.7 ng/mL between Q1 and Q4 (P = 0.026).  The percentage of multiparous cows 418 

with SLA pre d 42 did not differ between quartiles (P > 0.10). 419 

Time trends for BCS, BW and EB within each of EB quartiles 1 - 4 are presented in Figure 420 

1 for primiparous and multiparous cows. With the exception of BCS for multiparous cows (P 421 

= 0.101; Figure 1B) and BW for primiparous cows (P = 0.398; Figure 1C) all other parameters 422 

differed between quartiles. In addition, there was a significant effect of DIM on all parameters 423 

(P < 0.001), and a significant interaction between EB quartile and DIM (P < 0.001).   424 

Survival curves (FOH before d 80 DIM) for each of the EB quartiles within primiparous 425 

and multiparous cows, produced using the Kaplan-Meier survival function, are presented in 426 

Figures 2A and 2B, respectively. The estimated time to 25%, 50% and 75% of primiparous 427 

cows having a FOH was 33, 50 (95% CI: 44 – 53) and 62 d (Q1), 24, 40 (95% CI: 35 – 45) and 428 

57 d (Q2), 22, 39 (95% CI: 32 – 45) and 56 d (Q3), 21, 34 (95% CI: 30 - 37) and 46 d (Q4). 429 

Similarly, the estimated time to 25%, 50% and 75% of multiparous cows having a FOH was 430 

32, 47 (95% CI: 42 – 53) and 61 d (Q1), 26, 43 (95% CI: 38 – 47) and 61 d (Q2), 24, 41 (95% 431 

CI: 36 – 45) and 57 d (Q3), 20, 36 (95% CI: 33 - 40) and 54 d (Q4).  Differences in survival 432 

between EB quartiles, tested using the Log-rank, Wilcoxon (Breslow), Tarone-Ware, Wilcoxon 433 

(Peto-Prentice) were found to be significant in both primiparous (All, P < 0.001) and 434 

multiparous (P < 0.039, P < 0.002, P < 0.007 and P < 0.002, respectively) cows. 435 

Survival curves (not-pregnant cows before d 200 DIM) for each of the EB quartiles within 436 

primiparous and multiparous cows, produced using the Kaplan-Meier survival function, are 437 

presented in Figures 3A and 3B, respectively. The estimated time to 25%, 50% and 75% of 438 

primiparous cows becoming pregnant were 81, 112 (95% CI: 98 – 137) and 187 d (Q1), 82, 439 



 

119 (95% CI: 107 – 137) and 168 d (Q2), 72, 96 (95% CI: 86 – 108) and 139 d (Q3), 78, 111 440 

(95% CI: 96 - 118) and 162 d (Q4). Similarly, the estimated time to 25%, 50% and 75% of 441 

multiparous cows becoming pregnant were 82, 117 (95% CI: 109 – 129) and 177 d (Q1), 75, 442 

108 (95% CI: 99 – 118) and 177 d (Q2), 76, 116 (95% CI: 105 – 125) and 185 d (Q3), 76, 104 443 

(95% CI: 98 - 111) and 151 d (Q4).  Differences in survival between EB quartiles, tested using 444 

the Log-rank, Wilcoxon (Breslow), Tarone-Ware, Wilcoxon (Peto-Prentice) were as follows 445 

in primiparous cows (P < 0.143, P < 0.062, P < 0.087 and P < 0.064, respectively) and for 446 

multiparous cows (P = 0.191, P = 0.301, P = 0.240, P = 0.295, respectively). 447 

  448 

 DISCUSSION 449 

Primiparous and multiparous cows were examined separately within this study as the former 450 

have significant energy requirements for growth, and are more sensitive to NEB than 451 

multiparous cows (Wathes et al., 2007; Macmillan et al., 2018). During the period between 4 452 

to 21 DIM, 78% of primiparous cows and 87% of multiparous cows had a mean EB that was 453 

negative. While there is a significant body of research evidence that ‘energy status’ in early 454 

lactation can have adverse effects on fertility traits, many studies have involved relatively small 455 

numbers of cows, while other studies have involved indirect measures of EB such as BCS and 456 

BW (Buckley et al., 2003; Middleton et al., 2019). In contrast, the current study allows the 457 

relationships between calculated EB (determined as the difference between ME intake minus 458 

energy requirements, according to equations within Feed into Milk (Agnew et al., 2004)) and 459 

fertility parameters to be examined using a large dataset. Furthermore, the availability of 460 

information on cow genotype and milk progesterone, together with detailed information on 461 

DMI, milk production, milk composition, body weight, BCS, and blood metabolites during 462 

both early lactation, and over the first 150 d of lactation, provide a more holistic picture within 463 

which to interpret the EB trends and the fertility outcomes observed. 464 



 

 465 

Relationships between DMI, milk production and energy balance  466 

During the early lactation period (4 to 21 DIM) EB within both parity groups was 467 

determined to a large extent by the relationship between DMI and ECM yield, cows with a 468 

greater DMI and a lesser ECM having an increased EB. While differences in DMI and ECM 469 

continued to drive EB in primiparous cows over the entire experimental period (4 to 150 DIM), 470 

differences in EB profiles between quartiles in multiparous cows were driven largely by ECM 471 

and not intakes. Broadly similar relationships between ECM and EB have been observed by 472 

Patton et al. (2007). 473 

The lesser intakes and greater milk yields observed with increasing NEB did not appear to 474 

be driven by diet, as concentrate proportion in the diet (an important driver of intake: Lawrence 475 

et al., 2015), did not differ between quartiles in either primiparous or multiparous cows. 476 

Similarly, these differences are unlikely to have been due to the relatively small difference in 477 

lactation number between quartiles with the multiparous cows, while PTA for milk also did not 478 

differ between quartiles. While pre-partum management can influence performance post 479 

calving, with high BCS cows known to have lesser DMI following calving (Roche et al., 2009; 480 

Weber et al., 2013), differences in BCS between EB quartiles were small in both primiparous 481 

and multiparous cows. Furthermore, Roche et al. (2009) have suggested that a reduction in 482 

intake post-calving only becomes an issue for cows with a BCS greater than 3.5 (5-point scale), 483 

considerably greater than mean BCS in the current study.  484 

The increased concentrations of NEFA and BHB in blood in the lower quartile cows may 485 

also have inhibited intake during the early lactation. According to the ‘hepatic oxidation theory’ 486 

(Allen et al., 2009), for animals in a lipolytic state with shortage of glucose precursors, 487 

increasing NEFA concentration, and consequently higher hepatic oxidation, can impact the 488 



 

satiety center decreasing feed intake. Furthermore, greater concentrations of BHB (a ketone 489 

body) can also suppress feed intake by hepatic oxidation (Allen and Piantoni, 2013).  490 

 491 

Relationships between milk composition, blood metabolites and energy balance 492 

The milk composition and blood metabolite data fully support the EB trends observed.  493 

Consistent across both primiparous and multiparous cows, those with a greater NEB during d 494 

4 to 21 DIM had a greater milk fat content. That PTA for milk fat did not differ between 495 

quartiles suggests that this was not a ‘genetic effect’. Rather, greater milk fat contents in early 496 

lactation, as observed previously by Gobikrushanth et al. (2019), is associated with cows 497 

mobilizing body tissue reserves, and the incorporation of longer chain length fatty acids into 498 

milk fat (Bauman and Griinari, 2001). This is supported by the blood metabolite data for this 499 

period, and is reflected in greater NEFA concentrations (arising from the mobilization of body 500 

fat reserves to produce glycerol for energy) and greater BHB concentrations (arising from the 501 

incomplete oxidation of NEFA to ketones) (Allen and Piantoni, 2013). Blood glucose 502 

concentrations followed the reverse trend, increasing with increasing EB, as observed by Gross 503 

et al. (2011). The decrease in milk protein content with decreasing EB is also as expected 504 

(Beever et al., 2001), and is likely due to a reduced supply of amino acids for milk protein 505 

synthesis due to insufficient energy supply for microbial protein synthesis, and for protein 506 

synthesis in mammary gland (Nousiainen et al., 2004). The differing trends in milk fat and milk 507 

protein contents were reflected in a decreasing FPR ratio with increasing EB. Fat-to-protein 508 

ratio is often highlighted as an indicator of energy status (Gross and Bruckmaier, 2019), with 509 

a FPR >1.5 claimed to be indicative of cows with sever metabolic stress (Heuer et al., 1999). 510 

While differences in mean BCS between quartiles in early lactation (4 – 21 DIM) appear small, 511 

the weekly trends presented in Figure 1 highlight distinct differences between primiparous and 512 

multiparous cows at this time. For example, while primiparous cows within all EB quartiles 513 



 

had a similar BCS at calving, the range in BCS for multiparous cows was much greater, cows 514 

with the highest BCS being in the lowest EB quartile, and vice versa for cows with the lowest 515 

BCS. Thus multiparous cows with greater BCS at calving were more prone to body tissue loss. 516 

While the magnitude of many of the differences between EB quartiles observed in early 517 

lactation decreased when observe over the entire experimental period, most differences did 518 

remain. This is hardly surprising given that differences in weekly EB, BCS and BW profiles 519 

between EB quartiles remained throughout the duration of the study.  Nevertheless, the large 520 

differences in milk fat content observed in early lactation had largely disappeared when 521 

examined over the entire experimental period (although still significant in multiparous cows). 522 

 523 

Effect of energy balance on incidence of uterine infection and hormone treatments 524 

The link between energy status and uterine infection has also been established, with 525 

Vercouteren et al. (2015) observing that cows that lost less BW had a lesser incidence of 526 

metritis, while Galvão et al. (2010) found the incidence of uterine diseases (both clinical and 527 

subclinical) to be positively correlated with increasing NEB. Thus the absence of an effect of 528 

EB quartile on the percentage of cows treated for uterine infection in the current study was 529 

surprising. It is possible that this is due to ‘treatment’ for infection being on the basis of visual 530 

observation followed by clinical examination, rather than a structured check of all cows. In 531 

addition, the percentage of cows observed with uterine infection in the current study was 532 

relatively low (13%), compared to 25% observed by Galvão et al. (2010) on commercial farms, 533 

perhaps reflecting a higher standard of management within a research environment than on 534 

commercial farms. 535 

That the percentage of cows treated with hormones was not affected by EB quartile is 536 

perhaps not surprising as interventions did not take place before 70 - 80 DIM in the majority 537 

of studies, a time when actual EB differences between quartiles were much smaller. 538 



 

Nevertheless, these cows were not included in the analyses of FOH due to the impact of human 539 

intervention, rather than natural onset of estrus (Lucy et al., 2004).  540 

 541 

Relationships between energy balance, start of luteal activity and first observed heat 542 

Data on SLA was available from a sub-set of cows, with SLA occurring an average of 12.7 543 

d earlier than FOH. This is not unexpected as progesterone priming influences how estradiol 544 

stimulates the hypothalamus, and consequently estrus expression (Sauls et al., 2017). Also,  545 

poor energy status during early lactation may decrease estradiol production in the pre-ovulatory 546 

follicle, and reduce the sensitivity of the hypothalamus to estradiol resulting in ‘silent 547 

ovulations’ (Ranasinghe et al., 2010). The effects of EB in early lactation on both SLA and 548 

FOH were fully aligned, both of these events occurring earlier with improved early lactation 549 

energy status. In addition, the percentage of cows showing both SLA and FOH before 42 DIM 550 

increased, or tended to increase, with increasing EB in both primiparous cows and multiparous 551 

cows, respectively.  The overall effect of the latter is clearly highlighted in Figure 2A and 2B. 552 

A number of authors (Windig et al., 2008; Patton et al., 2007) have observed that increasing 553 

NEB during early lactation is highly correlated with the increase in interval to first ovulation. 554 

This effect was quantified by De Vries and Veerkamp (2000), who observed that each 10 MJ 555 

decrease in nadir EB (NEL/d) in primiparous cows corresponded to a delay in ovulation of 1.25 556 

d. Similarly, within the current study each 10 MJ decrease in daily EB (ME basis) (approx. 6.4 557 

MJ/d on a NEL basis) in early lactation increased the delay to FOH by 1.2 and 0.8 d in 558 

primiparous and multiparous cows, respectively, suggesting that the former were more 559 

sensitive to NEB. This may reflect the fact that primiparous cows also have a significant 560 

competing demand for energy for growth (Wathes et al., 2007; Macmillan et al., 2018).  561 

Cows with improved EB and earlier SLA also had greater milk progesterone concentrations 562 

at SLA, supporting the observations of Spicer et al. (1993) of a positive correlation between 563 



 

EB and progesterone concentration during the first estrous cycle. While Windig et al. (2008) 564 

observed that cows with a greater milk production had lesser peak progesterone concentrations, 565 

as observed in the current study, Moore et al. (2014) noted that greater circulating progesterone 566 

concentrations are primarily due to greater corpus luteum synthetic capacity (rather than 567 

differences in progesterone clearance rates). 568 

The relationships observed between EB and each of SLA and FOH, are aligned with many 569 

of the trends in the production data, and findings of earlier studies.  For example, as d to SLA 570 

and FOH decreased, total DMI increased while milk yield decreased, in agreement with the 571 

findings of Kadokawa et al. (2006), Patton et al. (2007) and Macmillan et al. (2018). Similarly, 572 

as in the current study, previous research has identified relationships between the early 573 

resumption of reproductive activity and greater milk protein content (Patton et al., 2007), lesser 574 

milk fat content (Kadokawa et al., 2006), and consequently a lesser FPR. 575 

A number of studies have observed strong relationships between BCS loss and SLA. For 576 

example, Gobikrushanth et al. (2019) found SLA to be delayed in cows that lost more than 0.75 577 

BCS unit (scale 1-5) before 35 DIM, while Barletta et al. (2017) found that greater loss of BCS 578 

during the transition period was a key factor in delaying the initiation of ovarian activity after 579 

calving. Furthermore, in a study involving 19 Northern Ireland dairy farms (McCoy et al., 580 

2006) SLA was delayed in cows with a lesser BCS during the first 100 d of lactation, while 581 

Buckley et al. (2003) observed a reduced likelihood of submission for breeding in cows with 582 

greater BW loss in early lactation and a lesser nadir BCS.  While BCS profiles in Figure 1 583 

suggest that BCS loss was relatively modest with cows in all EB quartiles, even in Q1, the EB 584 

profiles suggest that these cows were mobilizing substantial quantities of body tissue reserves. 585 

Thus it is likely that these cows were mobilizing significant amounts of abdominal adipose 586 

tissue, something which is more likely to occur with cows in relatively low BCS, as in the 587 

current study.  588 



 

The relationships between blood metabolites and SLA and FOH in the current study agree 589 

with earlier findings.  For example, Dubuc et al. (2012) and Bossaert et al. (2008) observed a 590 

relationship between lesser NEFA concentrations and earlier FOH, while Kawashima et al. 591 

(2012) observed a similar effect with greater blood glucose concentration, and lesser blood 592 

NEFA concentration. Similarly, Macmillan et al. (2018) observed that cows that had ovulated 593 

before 35 DIM had a greater glucose, and lesser NEFA and BHB concentrations compared 594 

with cows that ovulated after 35 DIM. It has been suggested that cows with greater serum 595 

NEFA, BHB and lesser glucose concentrations have a greater risk of prolonged postpartum 596 

anovulation and consequently lesser reproductive efficiency, and as such might benefit from 597 

targeted preventive therapy (Wathes, 2012; Vercouteren et al., 2015). 598 

Greater yielding dairy cows make ‘metabolic decisions’ about the utilization of scarce 599 

resources such as energy, and in early lactation nutrients are preferentially directed to milk 600 

production rather than to initiate pregnancy (Friggens, 2003). The delay in FOH and SLA 601 

between Q1 and Q4 in primiparous cows (9.8 and 10.2 d delay, respectively) and multiparous 602 

cows (7.4 and 5.9 d delay, respectively) reflect the difference in mean EB profiles (range from 603 

-67 to +14 MJ/d in primiparous cows, and -104 to -6 MJ/d in multiparous cows), and is likely 604 

due to the impact of energy on activity of the hypothalamic-pituitary-ovarian axis (HPO) 605 

(Wathes, 2012). The effects of energetic stress on the function of the HPO axis have been 606 

examined primarily at the hypothalamus and anterior pituitary, and the loss of pulsatile LH 607 

secretion has been shown to result from prolonged inadequate intake of dietary energy (Beam 608 

and Butler, 1999; Bisinotto et al., 2012). The underlying mechanism by which NEB reduces 609 

LH release is likely to involve the supply of energy to neurons, and hormonal modulation of 610 

hypothalamic and pituitary cells (Schneider, 2004). For example, glucose and insulin are the 611 

substances that are most likely to exert an impact on HPO, and to influence GnRH secretion, 612 

consequently reducing LH pulse and causing a delay in the resumption of reproductive activity 613 



 

(Leroy et al., 2008). In addition, glucose is the preferred energy substrate for neuron 614 

metabolism, and lesser concentrations of glucose can inhibit the GnRH pulse generator 615 

(Schneider, 2004). In the current study plasma glucose increased as d to FOH and SLA 616 

decreased (Q1 to Q4: from 3.20 to 3.47 mmol/l in primiparous cows, and from 2.89 to 3.08 617 

mmol/l in multiparous cows).  618 

 619 

Energy balance and fertility outcomes 620 

There were no differences between quartiles in the number of cows treated with hormones 621 

prior to first AI, with these treated cows excluded from the subsequent analysis. Nevertheless, 622 

for those cows that were cycling normally, interval from calving to first AI was still determined 623 

in part by management decisions. For example, a minimum voluntary waiting period of 42 d 624 

was adopted for all cows, while for many cows a longer ‘delay’ occurred to align with the 625 

breeding season start dates (namely early December and early April for autumn and spring 626 

calving ‘herds’, respectively). This helps explain why, despite differences between quartiles in 627 

interval to FOH, there were no differences in interval to first AI between quartiles (which 628 

occurred at a mean of 70.4 and 70.0 d in primiparous and multiparous cows, respectively).  629 

A key finding of this study was that mean conception rate to first AI, the percentage of cows 630 

pregnant by 21, 42 and 84 d after start breeding season, and the percentage of non-pregnant 631 

cows over the first 150 d of lactation were unaffected by early lactation EB. In contrast, Patton 632 

et al. (2007) and Gümen et al. (2005)found that cows with a severe NEB in early lactation had 633 

a reduced conception rate at time of breeding.  Similarly, a number of studies have established 634 

relationships between changes in BCS in early lactation, and pregnancy outcomes. For 635 

example, Middleton et al. (2019) found that cows that maintained or gained BCS during the 636 

first 30 DIM had increased conception at first AI than those that lost BCS. Similarly, Barletta 637 

et al. (2017) observed a greater conception rate (47%) in cows that gained (+0.35 units) BCS 638 



 

in early lactation compared to those that either maintained BCS (33% conception rate) or lost 639 

(-0.38 units) BCS (18% conception rate). Carvalho et al. (2014) observed poorer quality 640 

embryos in cows that had lost BCS in early lactation.   641 

Nevertheless, in the current study there was a tendency for primiparous cows in Q4 to have 642 

an increased pregnancy rate at 84 d after the start of the breeding season, while data in Figure 643 

3B suggests a greater long term pregnancy rate in Q4 multiparous cows. The absence of a clear 644 

effect in the current study are likely due to the delay in interval to first AI, and the fact that 645 

cows had moved to a less severe metabolic state at the time of AI (on average, 71 DIM). This 646 

was highlighted when mean data for the entire experimental period was examined, with all 647 

cows having a much-improved EB during this period, with this reflected in the much smaller 648 

differences between EB quartiles in milk fat content, milk fat-to-protein ratio and blood 649 

metabolites. With regards the latter, in a large scale study Chapinal et al. (2012) observed no 650 

relationship between early lactation NEFA and BHB concentration, and subsequent pregnancy 651 

rate to first AI. In contrast, Ospina et al. (2010) found a 16% decrease in risk of pregnancy for 652 

cows with high (≥ 0.72 mmol/L) NEFA concentrations, with this level only slightly greater 653 

than that observed in Q1 cows in early lactation in the current study (0.63 and 0.70 mmol/L for 654 

primiparous and multiparous, respectively). The latter is important as it is known that increased 655 

NEFA concentrations can adversely affect oocyte quality (Leroy et al. 2005 and 2008). In 656 

addition, adequate blood glucose levels are necessary for proper functioning of, and preparation 657 

of the ovary, oviducts and uterus (Wathes et al., 2011: Garverick et al., 2013).  658 

Within the current dataset PTA for fertility in primiparous cows increased by 2.2 units 659 

between Q1 and Q4, with each 1 unit increase expected to reduce calving interval by 660 

approximately 0.6 d and to improve non-return rate by 0.25% (AHDB Dairy, 2020). While this 661 

may have made a small contribution to the earlier FOH observed, this was not reflected in a 662 

difference in fertility outcomes.  Nevertheless, given that PTA for fertility for primiparous cows 663 



 

within the overall dataset ranged from -14 to +11.9, and that there was very considerable 664 

overlap in PTA values between quartiles, the relative absence of a genetic-phenotypic 665 

relationship is unsurprising. PTA for fertility did not differ between quartiles in multiparous 666 

cows, in agreement with the absence of an effect on fertility outcomes observed.  667 

A number of possible reasons why clear relationships between EB and fertility outcomes 668 

were not observed in this study have been discussed. However, the potential limitations of 669 

numbers of cows involved in the analysis must also be considered. Although numbers were 670 

substantially greater than in many other studies, the number of cows within each EB quartile 671 

was 122 and 255 cows for primiparous and multiparous cows, respectively.  672 

 673 

CONCLUSION 674 

Dairy cows with more severe NEB during early lactation (4 to 21 DIM) had a lesser DMI 675 

and greater ECM yields, while more severe NEB was also reflected in greater milk fat content, 676 

and increased concentrations of NEFA and BHB in serum. In addition, increasing NEB in early 677 

lactation was associated with a delay in FOH and postpartum SLA. For each 10 MJ/d increase 678 

in mean NEB (ME basis) during 4-21 DIM, FOH was delayed in by 1.2 and 0.8 d in 679 

primiparous and multiparous cows, respectively. However, early lactation EB had no effect on 680 

conception to first service. 681 
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Table 1. Predicted transmitting ability (PTA) for primiparous and multiparous cows within each EB quartile, with quartiles based on mean daily 990 

energy balance during 4 to 21 DIM  991 
 992 

 Quartiles (mean daily energy balance during 4 to 21 DIM)    

Primiparous cows 

Q1 

(-120 to -49 MJ/d) 

Q2 

(-49 to -24 MJ/d) 

Q3 

(-24 to -3 MJ/d) 

Q4 

(-3 to 92 MJ/d) SED P-value 

  PTA milk (kg) 18.5 -9.2 -15.8 -43.9 26.93 0.208 

  PTA milk fat (kg) 6.4 5.3 4.3 3.7 0.98 0.065 

  PTA milk protein (kg) 6.0 5.2 4.7 4.2 0.71 0.117 

  PTA milk fat (%) 0.07 0.07 0.06 0.06 0.012 0.842 

  PTA milk protein (%) 0.06 0.07 0.06 0.07 0.006 0.545 

  PTA fertility  -1.6a -0.7ab -0.6ab 0.6b 0.66 0.025 

  Profitable Lifetime Index (£) 86.6 83.9 70.7 79.9 16.30 0.777 

Multiparous cows 

Q1 

(-191 to -79 MJ/d) 

Q2 

(-79 to -48 MJ/d) 

Q3 

(-48 to -22 MJ/d) 

Q4 

(-22 to 93 MJ/d) SED P-value 

  PTA milk (kg) -64.9 -55.8 -43.4 -39.2 11.23 0.140 

  PTA milk fat (kg) 2.4 2.5 3.0 3.2 0.32 0.085 

  PTA milk protein (kg) 3.2 3.4 3.6 3.8 0.27 0.227 

  PTA milk fat (%) 0.06 0.06 0.06 0.06 0.002 0.973 

  PTA milk protein (%) 0.07 0.07 0.07 0.07 0.001 0.434 

  PTA fertility -0.5 -0.7 -0.5 -0.5 0.17 0.270 

  Profitable Lifetime Index (£) 40.6a 45.2ab 55.8b 58.7b 6.83 0.048 
a,b Values within a row with different superscript lowercase letters differ at P < 0.05. 993 
  994 



 

Table 2. Concentrate proportion in the diet, performance indicators and biological responses of primiparous cows during 4 to 21 DIM, and during  995 

4 to 150 DIM, with quartiles based on mean daily energy balance during 4 to 21 DIM1 996 
 997 

 Quartiles (mean daily energy balance during 4 to 21 DIM)1    

Item2 

Q1 

(-120 to -49 MJ/d) 

Q2 

(-49 to -24 MJ/d) 

Q3 

(-24 to -3 MJ/d) 

Q4 

(-3 to 92 MJ/d) SED P-value 

Days 4 to 21 in milk       
   Concentrate proportion in diet 0.50 0.53 0.54 0.52 0.015   0.123 

   Total DMI (kg/d) 11.5a 12.7b 13.2c 14.3d 0.22 <0.001 

   Total ME intake (MJ/d) 140a 154b 161c 175d 2.71 <0.001 

   Milk yield (kg/d) 25.2d 24.0c 22.2b 21.1a 0.44 <0.001 

   ECM (kg/d) 28.4d 26.0c 23.4b 22.0a 0.48 <0.001 

   ECM/DMI 2.52d 2.01c 1.79b 1.55a 0.020 <0.001 

   EB (MJ/d) -67a -35b -15c 14d 0.86 <0.001 

   Milk fat (g/kg) 49.4c 45.6b 43.4a 42.4a 0.80 <0.001 

   Milk protein (g/kg) 34.0a 34.8b 35.2b 35.3b 0.37   0.008 

   FPR  1.46c 1.32b 1.24a 1.21a 0.024 <0.001 

   BW (kg) 521 514 507 511 5.72   0.123 

   BCS  2.74 2.69 2.73 2.70 0.036   0.484 

   Plasma NEFA (mmol/mL) 0.63c 0.53b 0.51b 0.43a 0.041 <0.001 

   Plasma BHB (mmol/l) 0.75b 0.61a 0.54a 0.52a 0.055 <0.001 

   Plasma glucose (mmol/l) 3.20a 3.33b 3.43c 3.47c 0.053 <0.001 

Days 4 to 150 in milk       
   Concentrate proportion in diet 0.50 0.52 0.52 0.52 0.015   0.242 

   Total DMI (kg/d) 15.4a 16b 16.2b 16.7c 0.24 <0.001 

   Total ME intake (MJ/d) 187a 195b 197b 204c 3.12 <0.001 

   Milk yield (kg/d) 28.7c 27.8c 26.2b 24.9a 0.54 <0.001 

   ECM (kg/d) 29.5d 28.3c 26.6b 25.6a 0.50 <0.001 

   ECM/DMI 1.95d 1.79c 1.65b 1.53a 0.019 <0.001 

   EB (MJ/d) -22a -7b 3c 17d 2.39 <0.001 

   Milk fat (g/kg) 41.6 41.0 40.7 41.4 0.59 0.435 



 

   Milk protein (g/kg) 32.5a 33.0ab 33.2bc 33.7c 0.29 0.002 

   FPR  1.28b 1.25a 1.23a 1.23a 0.017 0.005 

   BW (kg) 512 514 516 520 5.5 0.535 

   BCS  2.51a 2.52a 2.59b 2.62b 0.027 <0.001 

   Plasma NEFA (mmol/mL) 0.44b 0.41b 0.37a 0.36a 0.023 0.008 

   Plasma BHB (mmol/l) 0.66b 0.60a 0.59a 0.58a 0.024 0.004 

   Plasma glucose (mmol/l) 3.26a 3.37b 3.45c 3.49c 0.026 <0.001 
a,b,c,d Values within a row with different superscript lowercase letters differ at P < 0.05. 998 
1Excludes cows where first observed heat followed hormone intervention. 999 
2ECM= energy corrected milk; ECM/DMI= gross feed efficiency; EB= energy balance; FPR= milk fat-to-protein-ratio; NEFA= non-esterified 1000 

fatty acids; BHB= β-hydroxybutyrate.  1001 



 

Table 3. Concentrate proportion in the diet, performance indicators and biological responses of multiparous cows during 4 to 21 DIM, and during  1002 

4 to 150 DIM, with quartiles based on mean daily energy balance during 4 to 21 DIM. 1003 

 1004 

 Quartiles (mean daily energy balance during 4 to 21 DIM)1    

Item2 

Q1 

(-191 to -79 MJ/d) 

Q2 

(-79 to -48 MJ/d) 

Q3 

(-48 to -22 MJ/d) 

Q4 

(-22 to 93 MJ/d) SED P-value 

Lactation number (upper and  

lower confidence limit) 

3.3 

(3.00 – 3.59) 

2.9 

(2.66 – 3.20) 

2.9 

(2.62 – 3.15) 

2.8 

(2.50 – 3.03) 

-   0.021 

Days 4 to 21 in milk       
   Concentrate proportion in diet 0.52 0.52 0.50 0.50 0.009   0.785 

   Total DMI (kg/d) 15.5a 16.8b 16.8b 18.0c 0.24 <0.001 

   Total ME intake (MJ/d) 188a 204b 205b 219c 3.01 <0.001 

   Milk yield (kg/d) 37.2d 35.4c 32.2b 29.5a 0.50 <0.001 

   ECM (kg/d) 41.9d 38.3c 34.7b 30.9a 0.54 <0.001 

   ECM/DMI 2.73d 2.28c 2.10b 1.75a 0.017 <0.001 

   EB (MJ/d) -103a -61b -34c -5d 0.91 <0.001 

   Milk fat (g/kg) 49.6c 46.0b 45.3b 42.6a 0.58 <0.001 

   Milk protein (g/kg) 34.8a 35.3b 35.7bc 36.0c 0.26 <0.001 

   FPR  1.43c 1.30b 1.27b 1.19a 0.017 <0.001 

   BW (kg) 609d 598c 579b 565a 5.6 <0.001 

   BCS 2.58b 2.53b 2.45a 2.45a 0.029 <0.001 

   Plasma NEFA (mmol/mL) 0.70d 0.58c 0.52b 0.42a 0.028 <0.001 

   Plasma BHB (mmol/l) 0.82c 0.74b 0.69b 0.61a 0.038 <0.001 

   Plasma glucose (mmol/l) 2.89a 2.97b 3.00b 3.08c 0.036 <0.001 

Days 4 to 150 in milk       

   Concentrate proportion in diet 0.51 0.51 0.51 0.51 0.009   0.818 

   Total DMI (kg/d) 19.8 20.1 19.9 20.3 0.21   0.086 

   Total ME intake (MJ/d) 241 245 242 247 2.70   0.053 

   Milk yield (kg/d) 38.7d 37.1c 35.1b 29.5a 0.50 <0.001 

   ECM (kg/d) 39.9d 37.7c 35.7b 33.7a 0.47 <0.001 



 

   ECM/DMI 2.03d 1.89c 1.80b 1.68a 0.022 <0.001 

   EB (MJ/d) -35a -17b -7c 11d 2.23 <0.001 

   Milk fat (g/kg) 42.6b 41.5a 41.4a 41.2a 0.39   0.002 

   Milk protein (g/kg) 32.6a 33.0b 33.3b 33.8c 0.17 <0.001 

   FPR  1.31c 1.25b 1.24ab 1.22a 0.011 <0.001 

   BW (kg) 602b 595b 585a 578a 4.8 <0.001 

   BCS  2.37 2.39 2.39 2.40 0.020   0.654 

   Plasma NEFA (mmol/mL) 0.45d 0.37c 0.34b 0.28a 0.013  <0.001 

   Plasma BHB (mmol/l) 0.69c 0.64b 0.63ab 0.60a 0.016 <0.001 

   Plasma glucose (mmol/l) 3.13a 3.18b 3.19b 3.25c 0.017 <0.001 
a,b,c,d Values within a row with different superscript lowercase letters differ at P < 0.05. 1005 
1Excludes cows where first observed heat followed hormone intervention. 1006 
2ECM= energy corrected milk; ECM/DMI= gross feed efficiency; EB= energy balance; FPR= milk fat-to-protein-ratio; NEFA= non-esterified 1007 

fatty acids; BHB= β-hydroxybutyrate.  1008 



 

Table 4. Mean fertility performance of primiparous cows within EB quartiles based on mean daily energy balance during 4 to 21 DIM (for binomial 1009 

data, upper and lower confidence limit in parenthesis) 1010 
 1011 

 Quartiles (mean daily energy balance during 4 to 21 DIM)    

Item1  

Q1 

(-120 to -49 MJ/d) 

Q2 

(-49 to -24 MJ/d) 

Q3 

(-24 to -3 MJ/d) 

Q4 

(-3 to 92 MJ/d) SED 

P-

value 

Percentage of cows treated for uterine infection 

(entire dataset)2  

14 

(7 - 27) 

11 

(5 - 23) 

18 

(9 - 33) 

10 

(4 -21) 

-   0.283 

Percentage of cows where FOH followed hormone 

intervention (entire dataset)2  

17 

(9 - 30) 

13 

(7 - 24) 

9 

(4 - 17) 

9 

(4 - 17) 

-   0.273 

Days to FOH3 
 47.7b 42.6ab 41.4ab 37.9a 2.38   0.049 

Percentage of cows with FOH pre d 423 

 

46 

(31 – 62) 

58 

(43 – 72) 

54 

(38 – 68) 

72 

(57 – 84) 

-   0.019 

Percentage of cows where first AI followed 

hormone intervention (entire dataset)2 

20 

(10 - 34) 

20 

(11 - 34) 

12 

(6 - 23) 

14 

(7 - 26) 

-   0.360 

Days to first AI3 72.4 71.1 68.9 69.3 3.31   0.735 

 

Conception to first AI (percentage)4 

 

32 

(24 - 43 

 

30 

(21 - 39) 

 

32 

(23 - 41) 

 

31 

(22 - 40) 

-  

  0.974 

Cows pregnant during 

 

      

First 21 d of breeding season (percentage) 33 

(24 - 43) 

24 

(16 - 33) 

28 

(20 - 38) 

26 

(18 -36) 

- 0.507 

First 42 d of breeding season (percentage) 48 

(39 - 58) 

40 

(31 - 49) 

52 

(42 - 60) 

46 

(37 - 56) 

- 0.355 

First 84 d of breeding season (percentage) 70 

(61 - 78) 

66 

(56 - 74) 

79 

(70 - 86) 

78 

(70 - 86) 

- 0.072 

For sub-set of cows with progesterone data available5 
    

Interval from calving to SLA 34.6c 28.8b 31.6bc 24.4a 1.59 <0.001 

Peak progesterone concentration at SLA (ng/mL) 26.7a 33.6bc 30.5ab 34.2c 1.95 <0.001 

Percentage of cows with SLA pre d 42  69 

(51 - 83) 

83 

(69 - 92) 

74 

(57 - 85) 

91 

(79 - 96) 

-   0.009 



 

a,b,cValues within a row with different superscript differ at P < 0.05. 1012 
1FOH= first observed heat; SLA= start of luteal activity; AI= artificial insemination. 1013 
2Based on entire data set: actual energy balance range during 4 to 21 DIM for each of Q1 – Q4 within the entire data set were -120 to -50, -50 to -1014 

24, -24 to -3 and -3 to 92 MJ/d, respectively 1015 
3Excludes cows where first observed heat followed hormone intervention. 1016 
4Excludes cows were first AI followed hormone intervention: actual energy balance range during 4 to 21 DIM for each of Q1 – Q4 were -111 to -1017 

50, -50 to -24, -24 to -4 and -4 to 92 MJ/d, respectively. 1018 
5Excludes cows where SLA followed hormone intervention: actual energy balance range during 4 to 21 DIM for each of Q1 – Q4 within the data 1019 

sub-set were -120 to -50, -50 to -25, -25 to -3 and -3 to 69 MJ/d, respectively.  1020 



 

Table 5. Mean fertility performance of multiparous cows within EB quartiles based on mean daily energy balance during 4 to 21 DIM (for binomial 1021 

data, upper and lower confidence limit in parenthesis 1022 
 1023 

 Quartiles (mean daily energy balance during 4 to 21 DIM)    

Item1  

Q1 

(-191 to -79 MJ/d) 

Q2 

(-79 to -48 

MJ/d) 

Q3 

(-48 to -22 MJ/d) 

Q4 

(-22 to 93 MJ/d) SED P-value 

Percentage of cows treated for uterine infection 

(entire dataset)2 

15 

(9 - 22) 

11 

(6 - 18) 

14 

(9 - 22) 

13 

(8 -21) 

- 0.741 

Percentage of cows where FOH followed hormone 

intervention (entire dataset)2 

17 

(10 - 27) 

15 

(9 - 24) 

14 

(8 - 22) 

17 

(10 - 27) 

- 0.766 

Days to FOH3 49.0b 44.9ab 42.9a 41.6a 2.07 0.012 

Percentage of cows with FOH pre d 423 41 

(29 - 53) 

49 

(38 - 61) 

55 

(43 - 66) 

58 

(46 - 69) 

- 0.038 

Percentage of cows where first AI followed 

hormone intervention (entire dataset)2 

19 

(12 - 29) 

21 

(14 - 31) 

16 

(9 - 24) 

19 

(12 - 29) 

- 0.445 

Days to first AI4 72.7 69.9 68.9 68.6 3.04 0.557 

Conception to first AI (percentage)4 28 

(22 - 35) 

29 

(24 - 36) 

26 

(21 - 33) 

33 

(26 - 40) 

- 0.672 

Cows pregnant during 

 

      

First 21 d of breeding season (percentage) 22 

(16 - 29) 

20 

(15 - 27) 

25 

(19 - 33) 

24 

(18 -32) 

- 0.629 

First 42 d of breeding season (percentage) 43 

(35 - 50) 

45 

(38 - 53) 

39 

(32 - 47) 

45 

(37 - 53) 

- 0.554 

First 84 d of breeding season (percentage) 73 

(65 - 80) 

75 

(68 - 82) 

68 

(50 - 75) 

78 

(70 - 84) 

- 0.087 

For sub-set of cows with progesterone data available5 
 

Interval from calving to SLA 35.7b 29.4a 31.0a 29.8a 1.29 0.003 

Peak progesterone concentration at SLA (ng/mL) 24.4a 25.9ab 27.4b 28.1b 2.14 0.026 



 

Percentage of cows with SLA pre d 42  70 

(59 - 80) 

83 

(75 - 90) 

78 

(68 - 86) 

79 

(69 - 86) 

- 0.103 

a,bValues within a row with different superscript differ at P < 0.05. 1024 
1FOH= first observed heat; SLA= start of luteal activity; AI= artificial insemination. 1025 
2Based on entire data set: actual energy balance range during 4 to 21 DIM for each of Q1 – Q4 within the entire data set were -191 – -80, -80 – -1026 

47, -47 – -22 and -22 – 93 MJ/d, respectively. 1027 
3Excludes cows where first observed heat followed hormone intervention. 1028 
4Excludes cows were first AI followed hormone intervention: actual energy balance range during 4 to 21 DIM for each of Q1 – Q4 were -191 – -1029 

79, -79 – -48, -48 – -21 and -21 – 93 MJ/d, respectively. 1030 
5Excludes cows where SLA followed hormone intervention: actual energy balance range during 4 to 21 DIM for each of Q1 – Q4 within the data 1031 

sub-set were -185 – -71, -71 – -43, -43 – -16 and -16 – 93 MJ/d, respectively.  1032 



 

 1033 

 1034 
Figure 1.  Least squares means (weekly basis, from 4 to 150 DIM), for body condition score 1035 

(Figures 1A and 1B, primiparous and multiparous cows respectively), body weight (Figures 1036 

1C and 1D, primiparous and multiparous cows respectively), and daily energy balance (Figures 1037 

1E and 1F, primiparous and multiparous cows respectively) for cows within EB quartiles (Q1, 1038 

Q2, Q3, and Q4) during early lactat1039 



 

 1040 
 1041 

Figure 2. Survival curves showing the effect of EB quartile (based on mean daily EB during 4 to 21 DIM) on the proportion of (A) primiparous 1042 

(P < 0.001: Q1 – 4,   -120 to -49, -49 to -24, -24 to -3 and -3 to 92 MJ/d, respectively) and (B) multiparous cows (P < 0.002: Q1 – 4, -191 to -79, 1043 

-79 to -48, -48 to -21 and -21 to 93 MJ/d, respectively) without an observed heat during the first 80 DIM. 1044 



 

 1045 
 1046 
Figure 3. Survival curves showing the effect of EB quartile (based on mean daily EB during d 4 to 21 DIM) on the proportion of (A) primiparous 1047 

(P > 0.05)]: Q1 – 4, -120 to -50, -50 to -24, -24 to -3 and -3 to 92 MJ/d, respectively) and (B) multiparous cows (P > 0.05): Q1 – 4, -191 to -80, -1048 

80 to -47, -47 to -22 and -22 to 93 MJ/d, respectively) that were not pregnant during the first 200 DIM.  1049 
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