


Review Article
An update on postpartum uterine involution and ovarian rebound activity in dairy cattle 
Abstract
Recovery of the reproductive tract after calving involves two processes that are usually studied separately: the structural and inflammatory resolution of the uterus, and the return of ovulatory ovarian function. Both determine whether a cow becomes pregnant within an economically acceptable interval, yet the literature continues to treat them as parallel timelines rather than as a coupled system. This critical narrative review examines the current evidence on postpartum uterine involution and the resumption of ovarian activity in dairy cattle, with particular attention to how the two processes influence one another and to whether the measurements used to describe them support the inferences drawn from them. Literature was identified through structured searching of PubMed and MEDLINE and Crossref Metadata Search, covering publications from 1980 to 2 June 2026, supplemented by record-level verification of bibliographic details. The synthesis indicates that the classical descriptive timeline of involution, derived largely from palpation and B-mode ultrasonography of tract dimensions, is reproducible but weakly informative about endometrial competence, and that the dimensional endpoint of involution is reached well before the endometrium is functionally restored. Evidence on ovarian rebound is more quantitatively developed, mainly because milk and plasma progesterone profiling and ultrasonographic follicular monitoring generate continuous phenotypes, but definitions of delayed cyclicity remain inconsistent across studies and systems. The most contested area concerns directionality. Observational studies associate early ovulation with faster tract recovery, whereas experimental suppression of ovulation has produced smaller uterine dimensions and less purulent discharge, which is difficult to reconcile with a simple facilitatory role of early oestradiol exposure. Inflammation appears to be the shared upstream driver, acting on both processes through metabolic, mineral and immune pathways, which offers a more parsimonious explanation for much of the apparent coupling than direct uterine to ovarian or ovarian to uterine causation. Priorities for research include harmonised phenotype definitions, designs capable of separating shared causes from reciprocal effects, and validation of continuously recorded on-farm measures against endometrial function rather than against tract size.
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1. Introduction
The interval between calving and the establishment of a subsequent pregnancy is the single most consequential period in the reproductive life of a dairy cow. Within it, the uterus must clear the physical and microbial consequences of parturition and rebuild an endometrium capable of supporting an embryo, while the ovary must escape the endocrine suppression of late gestation and resume ovulatory cycles. These two recoveries are commonly described under separate headings. Uterine involution is treated as a structural and inflammatory phenomenon, and the return of ovarian function is treated as an endocrine and metabolic one. The separation is convenient for teaching and for experimental design, but it is not obviously biologically correct, and it has shaped the literature in ways that constrain what can be concluded from it.
Uterine involution encompasses myometrial retraction, expulsion and resorption of lochial fluid, caruncular necrosis and sloughing, re-epithelialisation of the caruncular scars, and restoration of endometrial glandular architecture. Clinically it has usually been reduced to the diameter of the previously gravid uterine horn and the cervix, measured by transrectal palpation or B-mode ultrasonography, with a defined endpoint when dimensions cease to decline (Sheldon et al., 2000; Zhang et al., 2010). Bacterial contamination of the uterine lumen at calving is close to universal, and the distinction between contamination that resolves spontaneously and infection that progresses to disease depends on host response rather than on the mere presence of organisms (Sheldon et al., 2006; Sheldon et al., 2009). The standardised case definitions that separate puerperal metritis, clinical metritis, clinical endometritis and cytological or subclinical endometritis were an important advance, yet the thresholds that operationalise them remain contested and vary with the day of examination, the sampling method and the production system (Dubuc et al., 2010a; Kasimanickam et al., 2004; Madoz et al., 2013; Wagener et al., 2017).
Ovarian rebound after calving follows a different logic. Follicular waves resume within one to two weeks of parturition in most cows, so the limiting step is not follicle emergence but whether the first dominant follicle ovulates, becomes atretic or persists (Crowe, 2008; Crowe et al., 2014). That decision is governed principally by luteinising hormone (LH) pulse frequency and by the responsiveness of the follicle to gonadotrophic support, both of which are sensitive to energy status, insulin, and the somatotropic axis (Butler, 2000; Diskin et al., 2003; Llewellyn et al., 2007). Failure of the first dominant follicle to ovulate produces a heterogeneous set of anovulatory phenotypes, ranging from small quiescent follicles to persistent large structures and cystic follicles, which have different associations with metabolic status and different consequences for subsequent fertility (Monteiro et al., 2021; Vanholder et al., 2006).
The prevalence of impaired recovery remains substantial. Anovulation at approximately 50 to 60 days in milk has been reported at around 20 per cent of cows in temperate North American herds, with herd prevalence ranging from 5 to 45 per cent (Walsh et al., 2007), and at 28.5 per cent at 49 days in milk in a large single-herd Brazilian study (Monteiro et al., 2021). In a Japanese cohort of high-producing cows, almost two-thirds did not resume normal cyclicity within 45 days of calving, and prolonged luteal phases were as common as delayed first ovulation (Shrestha et al., 2004). Postpartum uterine disease, defined by purulent vaginal discharge or by endometrial cytology, affects a comparable fraction of cows and consistently extends the interval to pregnancy (Dubuc et al., 2010b; LeBlanc, 2008; LeBlanc, 2023). These figures have not improved markedly over two decades of intensified reproductive management, which suggests that the constraint is not primarily one of oestrus detection or insemination timing.
Existing reviews have addressed parts of this field with authority. The pathophysiology of postpartum uterine disease and its consequences for herd reproductive performance have been reviewed repeatedly and updated as immunological and microbiological evidence accumulated (Bogado Pascottini et al., 2023; Galvão et al., 2019; LeBlanc, 2023; Pascottini & LeBlanc, 2020; Sheldon et al., 2009). The endocrine and nutritional control of the resumption of cyclicity has likewise been reviewed comprehensively (Crowe, 2008; Crowe et al., 2014). More recent syntheses have emphasised inflammation as a unifying transition-period determinant of subsequent reproductive function (Bruinjé & LeBlanc, 2024; Bruinjé & LeBlanc, 2025). What these treatments share is a disciplinary centre of gravity. Reviews written from a uterine-health perspective describe ovarian function as a downstream consequence, and reviews written from an endocrine perspective treat uterine disease as one risk factor among several. Neither approach interrogates the measurement assumptions that make the two literatures difficult to integrate, and neither confronts directly the experimental evidence that contradicts the prevailing assumption that early ovulation assists uterine recovery.
Three developments make a reassessment timely. Metagenomic and transcriptomic characterisation of the postpartum endometrium has moved the field beyond culture-based descriptions of infection and has begun to describe repair and dysregulated repair at the level of tissue programmes (Foley et al., 2012; Rashid et al., 2025; Xie et al., 2026). Continuous on-farm measurement, through in-line milk progesterone and activity sensors, has replaced episodic sampling with dense longitudinal phenotypes that redefine what counts as delayed cyclicity (Bruinjé et al., 2019; Cerri et al., 2021; Lucy, 2025). Genomic evaluation of fertility has created cow populations that differ systematically in reproductive physiology, providing a form of natural experiment that was not previously available (Ma et al., 2019; Sitko et al., 2024). Each of these developments generates data that the older conceptual framework struggles to accommodate.
1.1 Scope, Research Gap and Objectives
This review concerns the lactating dairy cow from parturition to approximately 100 days in milk, and it addresses uterine involution and the resumption of ovulatory ovarian activity as a coupled system. Coverage includes the structural, inflammatory, microbial and endocrine dimensions of recovery, the measurement methods used to describe them, the determinants that modify their trajectory, and the interventions that have been tested against them. Dairy cattle managed in confinement and in pasture-based systems are both within scope, as are primiparous and multiparous animals.
The gap addressed is specific. The two recoveries are extensively described in parallel, but the evidence bearing on their mutual influence is fragmented, and the observational and experimental strands of that evidence point in opposite directions without having been reconciled. A second and related gap concerns measurement. The dimensional endpoints that define completed involution and the discrete progesterone thresholds that define resumed cyclicity were adopted for practical reasons and have rarely been validated against the biological states they are taken to represent, which limits the interpretability of associations built upon them.
The objectives are to define what current evidence supports about the timing and determinants of each process; to evaluate the methods used to phenotype them and the inferential limits those methods impose; to examine critically the evidence for reciprocal influence between uterine recovery and ovarian rebound, including findings that conflict with the dominant interpretation; to assess which management interventions are supported by evidence of adequate design; and to identify research priorities capable of resolving the principal ambiguities. Beef cattle, buffalo and other ruminant species are excluded except where comparative evidence is needed for interpretation, as are embryonic and fetal loss after establishment of pregnancy, male factors, and the economics of reproductive programmes.
2. Methods for Literature Selection
2.1 Review Design and Rationale
A critical narrative design was selected because the review question is interpretive rather than estimative. The central issues concern how phenotypes are defined, whether measurements support the causal language applied to them, and how contradictory experimental and observational findings should be weighed. Questions of that kind cannot be resolved by pooling effect estimates, and the underlying literature is heterogeneous in design, in outcome definition and in production context to a degree that would make quantitative synthesis misleading. A systematic review restricted to a narrowly comparable subset would exclude precisely the mechanistic and methodological studies that bear most directly on the question. Narrative synthesis nonetheless carries a real risk of selective citation, and the review was conducted so that its search, selection and appraisal steps are described in a form that permits assessment against published criteria for narrative review quality (Baethge et al., 2019; Sukhera, 2022). Transparency of process and explicit appraisal of evidence quality were treated as requirements, not as optional features of the format.
2.2 Information Sources
Two sources were searched directly. PubMed and MEDLINE were searched through the National Center for Biotechnology Information Entrez interface, which provides coverage of the veterinary, animal-science and biomedical literature relevant to this topic. Crossref Metadata Search was queried at record level to confirm bibliographic identity, journal, volume, issue, pagination or article number, publication year and the resolution of every Digital Object Identifier used, and to check for registered corrections, retractions or expressions of concern associated with each record. No subscription bibliographic database was accessible during the preparation of this review. Web of Science Core Collection, Scopus, CAB Abstracts, Embase and comparable resources were therefore not searched, and no claim is made regarding their coverage of this topic. No institutional or grey-literature repositories were searched.
2.3 Search Strategy and Search Period
Search concepts were developed from the review question and combined with Boolean operators. The uterine concept combined terms for the organ and the process, including uterine involution, puerperal uterus, postpartum uterus, cervical involution, endometritis, metritis, purulent vaginal discharge, endometrial cytology and uterine microbiota. The ovarian concept combined resumption of ovarian cyclicity, first postpartum ovulation, anovulation, anovular phenotype, luteal activity, follicular wave, cystic ovarian follicle and prolonged luteal phase. A determinant concept combined negative energy balance, non-esterified fatty acids, β-hydroxybutyrate, hyperketonaemia, insulin-like growth factor 1, calcium, body condition score, inflammation, haptoglobin, lameness and heat stress. An intervention and technology concept combined prostaglandin F2α, gonadotrophin-releasing hormone, ovulation synchronisation, intrauterine therapy, anti-inflammatory treatment, activity monitoring, in-line progesterone and genomic selection. Each concept was combined with a population concept comprising dairy cow, dairy cattle, Holstein and bovine. Representative strings included ("uterine involution" OR "puerperal uterus") AND (dairy OR cow OR cattle); ("resumption of ovarian cyclicity" OR "first postpartum ovulation" OR anovulation) AND (dairy AND postpartum); and ("subclinical endometritis" OR "endometrial cytology") AND (dairy AND reproductive performance). Searches were run without language limits at the search stage.
The search period extended from 1 January 1980 to 2 June 2026. The starting year was chosen because systematic ultrasonographic and radioimmunoassay-based characterisation of postpartum reproductive recovery in cattle became established during the early 1980s, and because the earliest studies relating cervical involution and genital discharge to subsequent fertility in a quantitative framework date from that period (Oltenacu et al., 1983). Publications earlier than that boundary were considered only where conceptually necessary, and none proved essential to the argument developed here.
2.4 Eligibility Criteria
Eligible publications were peer-reviewed journal articles reporting original research, systematic or narrative reviews, or methodological analyses, concerning postpartum uterine recovery or postpartum ovarian function in dairy cattle. Observational cohort studies, randomised and non-randomised intervention studies, controlled experimental studies including tissue and cell-based work directly interpretable in the context of postpartum physiology, and diagnostic accuracy or phenotype-definition studies were all eligible. Studies in beef cattle were eligible only where they provided comparative or mechanistic information not available from dairy cattle, and this restriction was applied explicitly at the point of citation.
Publications were excluded if they addressed species other than cattle without comparative relevance, if they concerned reproductive events after establishment of pregnancy only, if they were conference abstracts, theses, patents, promotional material or non-peer-reviewed commentary, if bibliographic details could not be verified against an authoritative record, or if the reported methods were insufficient to permit appraisal. Preprints were not used. Only publications available in English were used in the synthesis, which is acknowledged as a restriction rather than presented as a design feature.
2.5 Screening, Duplicate Handling and Study Selection
Records retrieved from the searches were screened at title and abstract level for relevance to the review question, and records passing that stage were assessed against the eligibility criteria using the abstract and, where available, the full text or the publisher record. Duplicate records arising from the same article appearing in more than one search were identified by Digital Object Identifier and by matched title and author string, and were reduced to a single entry before appraisal. Records for which a full text could not be obtained were retained only when the abstract and the verified bibliographic record together supported the specific claim for which the article was cited, and such records were used for descriptive rather than for quantitative claims. Because selection was purposive and iterative rather than exhaustive, no screening counts are reported and no flow diagram is presented, since either would imply a systematic selection process that was not undertaken.
2.6 Critical Appraisal and Evidence Synthesis
Each included study was appraised against criteria appropriate to its design: for observational work, the adequacy of the sampling frame, herd-level clustering, the handling of confounding by parity, disease and season, and the interval between examinations relative to the biological process being measured; for intervention studies, allocation method, blinding, sample size relative to the outcome, and whether the primary outcome was a physiological intermediate or a fertility endpoint; and for laboratory work, the physiological plausibility of the doses and exposures used and the relevance of the model to the postpartum state. Formal risk-of-bias instruments were not applied, because the heterogeneity of designs and the frequent absence of the required reporting detail would have produced scores with a false appearance of precision.
Synthesis proceeded thematically. Findings were grouped by the biological process or methodological problem they addressed rather than by study, and within each theme the strongest evidence was identified first, followed by evidence that conflicted with it. Where studies disagreed, the explanation was sought in differences of definition, timing of measurement, production system, parity structure or analytical approach before any conclusion was drawn about biological inconsistency. Confidence in each conclusion was assessed on the basis of consistency across independent groups, the directness of the outcome measured, and whether the design could in principle support the causal interpretation applied to it.
3. Conceptual Foundations: What Involution and Ovarian Rebound Actually Denote
3.1 Macroscopic involution and the problem of its endpoint
The macroscopic sequence of involution is well described and reasonably consistent across studies. Myometrial retraction reduces uterine volume rapidly during the first days after calving, lochia is discharged over roughly the first two weeks, caruncular necrosis and sloughing proceed over a similar period, and the diameter of the previously gravid horn declines asymptotically thereafter. Uterine blood flow follows a parallel course, with volumetric flow in the uterine arteries falling steeply during the first fortnight and reaching a plateau by approximately five to six weeks after calving (Heppelmann, Krüger, et al., 2013; Krueger et al., 2009). Dimensional endpoints derived from B-mode ultrasonography place completed involution of the previously gravid horn at around 25 to 40 days in clinically normal multiparous cows, with primiparous animals differing from multiparous animals in a direction that depends on the measure used and the nutritional context (Sheldon et al., 2000; Zhang et al., 2010).
The difficulty is that the dimensional endpoint is a convenience rather than a biologically defined state. When the previously gravid horn stops shrinking, the endometrium has not necessarily completed re-epithelialisation, resolved its inflammatory infiltrate or restored glandular secretory capacity. Studies that measure both dimension and inflammation illustrate the divergence. In one recent cohort examined between 21 and 29 days after calving, subclinical endometritis defined by more than 5 per cent endometrial polymorphonuclear cells showed no association with cervical or uterine horn diameters, while lower serum total calcium concentrations were associated with larger dimensions (Tobolski, Bogado Pascottini, et al., 2025). Dimension and inflammation are therefore not interchangeable indicators, and a cow may be dimensionally involuted while remaining cytologically inflamed. Treating tract size as a proxy for endometrial competence is one of the more consequential simplifications embedded in this literature.
Lactation itself complicates the picture in a way that runs against intuition. Primiparous Holstein cows dried off at calving had larger uterine body diameters and greater intrauterine fluid volumes than lactating herdmates between days 28 and 42, despite the lactating animals showing higher non-esterified fatty acids and β-hydroxybutyrate and lower glucose, insulin and insulin-like growth factor 1 (Scully et al., 2013). By day 49 the groups did not differ. If the metabolic load of lactation impaired involution in a straightforward manner, the opposite pattern would be expected. The result is more readily explained by the greater uterine mass and slower fluid resorption of animals not partitioning nutrients to the mammary gland, or by oxytocin release associated with milking, than by any protective effect of negative energy balance.
3.2 Endometrial repair, immune resolution and the limits of the infection framing
Recovery of the endometrium is an inflammatory and reparative programme rather than the passive elimination of bacteria. Transcriptomic profiling of the healthy postpartum endometrium shows transient immune activation followed by tissue proliferation and repair, with the temporal separation of these phases being a feature of normal recovery rather than an artefact of sampling (Foley et al., 2012). Expression of pro-inflammatory mediators in the endometrium of primiparous cows declines progressively over the first weeks after calving in animals that recover normally, and persistent expression characterises those that do not (Gabler et al., 2010). Peripartum modulation of uterine immune function is itself dynamic, with the capacity of polymorphonuclear leukocytes to migrate and to phagocytose changing across the transition period in ways that are partly determined by metabolic and mineral status (Pascottini & LeBlanc, 2020). Endometrial antimicrobial peptide expression is likewise sensitive to energy balance, providing a direct route by which nutritional state modifies local defence rather than merely correlating with it (Swangchan-Uthai et al., 2013).
Framing the postpartum uterus principally as an infected organ has consequences that are visible in the treatment literature. Culture-independent characterisation shows a succession of uterine bacterial communities from calving onward, with the communities of cows that develop metritis diverging from those that do not within the first days after parturition (Jeon et al., 2015). Shotgun metagenomic analysis of cows with clinical and subclinical endometritis has extended this to functional inference, describing microbial interactions and metabolic potential rather than taxonomic presence alone (Rashid et al., 2025). The genera repeatedly implicated include Escherichia, Trueperella, Fusobacterium, Bacteroides and Porphyromonas, and much of the older culture-based literature refers to the organism now designated Trueperella pyogenes under its earlier names, including Actinomyces pyogenes, which complicates direct comparison across decades (Mateus et al., 2002). Associations between the uterine and vaginal microbiota and subsequent purulent vaginal discharge vary with breed and parity, which argues against a single pathogenic community applicable across populations (Moore et al., 2023). Taken together, these findings support a model in which disease reflects failure of host regulation of a community that is present in almost all cows, rather than acquisition of a pathogen by a minority.
3.3 Ovarian rebound: phenotypes, thresholds and terminology
Resumption of ovarian activity is operationally defined in at least three incompatible ways across the literature: by ultrasonographic detection of a corpus luteum, by progesterone rising above a threshold in milk or plasma, and by the observation of ovulation itself. Each yields a different prevalence of the same underlying condition. A study classifying cows as cyclic or anovular from skim milk progesterone at 46 and 60 days in milk reported a cow-level anovulation prevalence of 19.5 per cent (Walsh et al., 2007), whereas a study using serial serum progesterone reported prevalences of 72, 44, 26 and 17 per cent at weeks 3, 5, 7 and 9 after calving (Dubuc et al., 2012). Ultrasonographic classification at 35 and 49 days in milk gave 28.5 per cent (Monteiro et al., 2021). These figures are not in conflict once the timing and criterion are specified, but they are frequently cited as though they were estimating a single quantity.
Delayed resumption is also heterogeneous in kind, not only in degree. Progesterone profiling in high-producing cows distinguished prolonged luteal phases from delayed first ovulation as distinct forms of abnormality, with the two occurring at broadly comparable frequency and being associated with different antecedents: abnormal cervico-vaginal discharge and incomplete involution accompanied prolonged luteal phases, whereas lower body condition score accompanied delayed first ovulation (Shrestha et al., 2004). Belgian field data using twice-weekly milk progesterone likewise separated delayed cyclicity from prolonged luteal phase and identified partly non-overlapping risk factors, with ketosis and clinical disease predicting delayed cyclicity and puerperal disturbance and early resumption predicting prolonged luteal phase (Opsomer et al., 2000). Anovular cows classified by the diameter of the largest follicle at 35 and 49 days in milk also form phenotypically distinct groups whose association with body condition and disease differs (Monteiro et al., 2021). Aggregating these categories into a single anovulatory outcome, as many studies do, discards information that is directly relevant to mechanism.
Behavioural expression adds a further layer. Ovulation and oestrus are not equivalent in early lactation. Among ovulations recorded from 10 to 13 weeks after calving in fertile cows, 37 per cent occurred without oestrous signs, mounting behaviour accompanied only about 1 per cent of first ovulations, and relapse into anoestrous ovulation occurred in cows that had already established cyclicity (Sakaguchi, 2010). Studies that infer resumption of cyclicity from observed oestrus therefore systematically underestimate it, and the magnitude of that underestimation is greatest precisely where the biological question is most acute.
Definitions used across the two literatures are summarised in Table 1, which shows that the operational criteria applied to nominally identical constructs differ substantially in what they measure and in the biological state they can support. The practical implication is that prevalence estimates and risk factor associations should be interpreted relative to their defining criterion rather than pooled across criteria.
Table 1. Operational definitions applied to postpartum uterine and ovarian recovery in dairy cattle, and the inferential limits of each
	Construct
	Common operational criterion
	What the criterion measures directly
	Principal inferential limitation
	Supporting references

	Completed uterine involution
	Cessation of decline in diameter of the previously gravid uterine horn or cervix on transrectal ultrasonography or palpation
	Gross organ dimension
	Dimension is not associated with endometrial cytological inflammation in clinically healthy cows, so it cannot indicate endometrial competence
	Sheldon et al. (2000); Tobolski, Bogado Pascottini, et al. (2025); Zhang et al. (2010)

	Uterine involution (functional)
	Uterine blood flow indices or intrauterine fluid volume
	Perfusion or residual luminal content
	Plateau of blood flow occurs later than dimensional endpoint and has not been validated against fertility outcomes
	Heppelmann, Krüger, et al. (2013); Krueger et al. (2009); Mateus et al. (2002)

	Clinical endometritis
	Purulent or mucopurulent vaginal discharge after a defined day postpartum, by vaginoscopy or gloved examination
	Character of vaginal content
	Discharge grade and endometrial inflammation classify overlapping but non-identical populations
	Dubuc et al. (2010a); Tobolski, Krupa, et al. (2025)

	Subclinical or cytological endometritis
	Proportion of endometrial polymorphonuclear cells above a threshold, by cytobrush or lavage
	Local leukocyte infiltration at one time point
	Threshold varies with day postpartum, sampling method and production system, and no single cut-off is generalisable
	Kasimanickam et al. (2004); Madoz et al. (2013); Wagener et al. (2017)

	Resumed ovarian cyclicity
	Progesterone above a threshold in milk or plasma at defined sampling times
	Presence of luteal tissue at sampling
	Sampling interval determines apparent prevalence, and short or missed luteal phases are not detected
	Bruinjé et al. (2019); Dubuc et al. (2012); Walsh et al. (2007)

	Resumed ovarian cyclicity (ultrasonographic)
	Corpus luteum detected at one or more examinations
	Ovarian structure at examination
	Detection depends on examination frequency and does not distinguish ovulatory from luteinised structures
	Monteiro et al. (2021)

	Delayed cyclicity subtypes
	Prolonged luteal phase versus delayed first ovulation versus anovular follicular phenotype
	Pattern of luteal function or follicle size
	Subtypes have partly distinct risk factors and should not be aggregated into a single outcome
	Monteiro et al. (2021); Opsomer et al. (2000); Shrestha et al. (2004)

	Oestrus
	Standing to be mounted or mounting activity, or sensor-derived activity increase
	Behavioural expression
	A substantial proportion of early postpartum ovulations are behaviourally silent, so oestrus underestimates cyclicity
	Cerri et al. (2021); Sakaguchi (2010)


Note. Constructs are those most frequently used in the reviewed literature. The table describes criteria as applied in the cited studies and does not endorse any single criterion as a standard.
4. Measurement and Phenotyping: What the Available Methods Can and Cannot Support
4.1 Transrectal palpation and B-mode ultrasonography
Palpation and B-mode ultrasonography remain the dominant tools for assessing involution, and their principal virtue is practicality. Both are inexpensive, repeatable within an operator and applicable on commercial farms. Their principal weakness is that they capture a coarse structural variable that changes slowly and asymptotically, so that the estimated endpoint depends heavily on examination frequency. Studies examining cows at intervals of seven to ten days will necessarily locate the endpoint less precisely than those examining every three to four days, and this alone accounts for part of the variation in reported involution intervals across the literature. Sonomicrometry, in which crystals implanted in the uterine wall record continuous dimensional change, was developed specifically to overcome the intermittency of ultrasonographic assessment and demonstrated that involution can be followed at far higher temporal resolution than conventional examination permits (Heppelmann et al., 2015). That such an invasive approach was needed to obtain continuous data illustrates the underlying measurement problem rather than solving it for field application.
4.2 Doppler and perfusion-based indices
Doppler assessment of uterine arterial blood flow provides a physiologically distinct measure that declines steeply during the puerperium and stabilises later than uterine dimensions (Krueger et al., 2009). In heifers, the first fortnight after parturition shows the most rapid change, indicating that the informative window for perfusion-based measurement is early (Heppelmann, Krüger, et al., 2013). Perfusion measures respond to acute pharmacological intervention, since exogenous oxytocin alters uterine blood flow in a manner that depends on days after parturition and on the presence of retained fetal membranes (Magata et al., 2013). These techniques therefore detect functional change that dimensional measurement misses. Their limitation is evidential rather than technical: no adequately powered study has established that perfusion indices predict subsequent fertility better than simpler measures, and until that comparison is made their additional value remains an inference from plausibility.
4.3 Cytological and clinical classification of uterine health
Endometrial cytology introduced a quantitative dimension to the diagnosis of uterine inflammation and was validated initially against reproductive outcomes in North American herds (Kasimanickam et al., 2004). Subsequent work established that the threshold proportion of polymorphonuclear cells that best discriminates impaired fertility is not fixed. In grazing cows, the cut-off varied with stage of the oestrous cycle and with day postpartum, and applying a threshold derived from one context to another misclassifies a non-trivial proportion of animals (Madoz et al., 2013). The persistence of disagreement about definition, diagnosis and underlying pathomechanism has been documented explicitly, and the disagreement is substantive rather than semantic, since different thresholds identify populations with different prognoses (Wagener et al., 2017).
Comparative application of alternative classification schemes to the same cows demonstrates the practical scale of the problem. When Polish Holstein cows examined between 21 and 29 days after calving were classified under two diagnostic models differing in how vaginal discharge grade and endometrial polymorphonuclear percentage were combined, the resulting health categories differed in their associations with tract dimensions, milk yield and reproductive performance (Tobolski, Krupa, et al., 2025). The choice of model is therefore not neutral with respect to the conclusions drawn, and studies that report associations with subclinical endometritis without specifying the full classification rule are difficult to interpret.
4.4 Endocrine and sensor-based phenotyping of ovarian rebound
Milk and plasma progesterone profiling remains the reference method for characterising luteal activity, and its resolution depends entirely on sampling frequency. In-line milk progesterone systems have changed this constraint by generating near-daily profiles under commercial conditions, permitting the derivation of parameters such as the interval to commencement of luteal activity, the number and duration of luteal phases, and the occurrence of atypical profiles, several of which are associated with subsequent fertility (Bruinjé et al., 2019). Continuous profiling reveals short and interrupted luteal phases that fortnightly or monthly sampling cannot detect, and it demonstrates that the categorical distinction between cyclic and anovular conceals substantial variation in luteal quality. Luteal insufficiency, characterised by inadequate progesterone output rather than by absence of luteal tissue, is a recognised clinical entity whose detection depends on this kind of resolution (López-Gatius & Garcia-Ispierto, 2022).
Activity and behaviour sensors address a different phenotype. Sensor-derived oestrus detection has been linked to underlying physiology, with the intensity and duration of activity increases relating to circulating oestradiol and to subsequent fertility, so that these systems provide graded rather than binary information (Cerri et al., 2021). The technologies available for oestrus detection have proliferated, and their comparative performance depends strongly on herd management, housing and the definition of the reference standard used for validation (Sankarganesh et al., 2026). For the specific question of ovarian rebound, sensor systems are informative about behavioural oestrus and only indirectly about ovulation, which limits their capacity to characterise the silent ovulations that dominate the early postpartum period.
Machine learning applied to sensor streams has been proposed for the earlier detection of postpartum disease, and analyses of metritis prediction show that performance depends as much on data pre-processing choices as on the learning algorithm selected (Vidal et al., 2023). This finding is methodologically important, since it implies that reported accuracies are not readily comparable across studies and that apparent superiority of one approach may reflect pipeline decisions rather than model capability.
Table 2 compares the principal phenotyping approaches across both processes, and the comparison makes clear that the methods with the greatest temporal resolution are generally those with the least direct relationship to endometrial or oocyte competence. That inverse relationship between resolution and biological directness is a central obstacle to progress in this field, and it is not addressed by increasing the frequency of measurement alone.
Table 2. Comparison of methods used to phenotype postpartum uterine involution and ovarian rebound in dairy cattle
	Method
	Process assessed
	Temporal resolution
	Principal strength
	Principal limitation
	Supporting references

	Transrectal palpation
	Uterine and cervical size, uterine tone
	Low, episodic
	Requires no equipment, applicable at scale
	Operator-dependent, insensitive to inflammation
	Oltenacu et al. (1983); Silvestre et al. (2009)

	B-mode ultrasonography
	Horn and cervical diameter, intrauterine fluid
	Low to moderate, episodic
	Quantitative, visualises luminal fluid and ovarian structures
	Endpoint estimate depends on examination interval; poor correlate of endometrial inflammation
	Scully et al. (2013); Sheldon et al. (2000); Zhang et al. (2010)

	Sonomicrometry
	Continuous uterine dimensional change
	High, continuous
	Removes intermittency of episodic examination
	Invasive and unsuitable for commercial application
	Heppelmann et al. (2015)

	Doppler sonography
	Uterine arterial perfusion
	Moderate, episodic
	Detects functional change not visible dimensionally
	No demonstrated advantage for predicting fertility
	Heppelmann, Krüger, et al. (2013); Krueger et al. (2009); Magata et al. (2013)

	Vaginoscopy and discharge scoring
	Character of vaginal content
	Low, episodic
	Directly relevant to clinical case definition
	Grading systems differ, and category boundaries alter reported associations
	Moraes et al. (2021); Rojas Canadas et al. (2023); Tobolski, Krupa, et al. (2025)

	Endometrial cytology
	Local leukocyte infiltration
	Low, episodic
	Quantitative measure of endometrial inflammation
	Thresholds are context-specific and not transferable between systems
	Kasimanickam et al. (2004); Madoz et al. (2013); Wagener et al. (2017)

	Endometrial transcriptomics and metagenomics
	Tissue programmes and microbial community function
	Low, episodic
	Describes mechanism rather than presence
	Costly, small sample sizes, limited to research settings
	Foley et al. (2012); Rashid et al. (2025); Xie et al. (2026)

	Periodic progesterone assay
	Luteal presence
	Low, episodic
	Simple and widely used
	Apparent prevalence of anovulation depends on sampling schedule
	Dubuc et al. (2012); Walsh et al. (2007)

	In-line milk progesterone
	Luteal function over time
	High, near-daily
	Detects short and atypical luteal phases and quantifies luteal quality
	Requires installed infrastructure; assay drift and missing records
	Bruinjé et al. (2019); López-Gatius and Garcia-Ispierto (2022)

	Activity and behaviour sensors
	Behavioural oestrus
	High, continuous
	Graded phenotype linked to oestradiol and fertility
	Silent ovulations are missed, so cyclicity is underestimated early postpartum
	Cerri et al. (2021); Sakaguchi (2010); Sankarganesh et al. (2026)


Note. Temporal resolution refers to the frequency with which the method can practically be applied in the cited studies rather than to a theoretical maximum.
5. Determinants of the Involution Trajectory
5.1 Parity, calving events and lactational context
Parity modifies involution, although the direction reported depends on the measure and on the nutritional background. Under conditions in which dry matter intake, body condition score and milk yield did not differ among parity groups, primiparous Chinese Holstein cows required more days for involution of the previously gravid horn than biparous or multiparous animals, and also took longer to reach first and second ovulation with more follicular waves preceding first ovulation (Zhang et al., 2010). Controlling nutrition in this way is unusual and is what makes the observation informative, since in most field studies parity is confounded with intake capacity, social competition and disease incidence. Calving-related events exert stronger and more consistent effects. Dystocia, twinning and retained fetal membranes increase the risk of metritis and of delayed recovery, and the association is robust across production systems (Dubuc et al., 2010b; Walsh et al., 2007). Type of parturition and character of genital discharge were related to cervical involution and to subsequent reproductive performance in early work that established the clinical framework still used today (Oltenacu et al., 1983).
The comparison of lactating and non-lactating cows discussed earlier indicates that lactation is not simply an impediment to involution (Scully et al., 2013). This matters for interpretation of the many studies that report negative associations between milk yield and reproductive recovery, since such associations may reflect the metabolic and management correlates of high yield rather than an effect of milk secretion itself. Genetic analyses reinforce this caution, in that antagonism between production and fertility traits is a property of the selection history rather than an inevitable physiological trade-off, and adaptability of the cow to her production environment is itself a heritable characteristic (Berry, 2018; Lucy, 2001; Ma et al., 2019).
5.2 Metabolic and mineral status
Negative energy balance during early lactation influences uterine recovery through several routes that are individually well supported. Elevated non-esterified fatty acids and β-hydroxybutyrate around calving are associated with increased incidence of periparturient disease and with impaired reproductive performance, and meta-analytic synthesis confirms the association across many herds and systems (Abdelli et al., 2017; Ospina et al., 2013; Raboisson et al., 2014). Elevated milk β-hydroxybutyrate during the first six weeks of lactation is likewise associated with reduced reproductive performance (Alemu et al., 2023). Mechanistic support comes from evidence that endometrial expression of the antimicrobial peptides S100A8 and S100A9 responds to energy balance, indicating a direct nutritional influence on local defence rather than a purely correlative relationship (Swangchan-Uthai et al., 2013). The broader interaction between negative energy balance, metabolic disease, uterine health and immune response has been described as an integrated syndrome rather than a set of independent effects (Esposito et al., 2014).
Mineral status has emerged as an underappreciated determinant. Blood total calcium concentration in the fourth week after calving was associated with uterine and cervical dimensions in clinically healthy cows, independently of subclinical endometritis status (Tobolski, Bogado Pascottini, et al., 2025). Since calcium is required for myometrial contractility, an effect on the mechanical component of involution is physiologically coherent, and the wider literature on periparturient mineral metabolism identifies consequences for health and productivity that extend well beyond clinical hypocalcaemia (Vieira-Neto et al., 2024). Confidence in a causal interpretation is nonetheless limited, because the reported association is cross-sectional and calcium status covaries with feed intake, disease and the inflammatory response.
Lameness provides a further illustration of how metabolic and non-metabolic determinants interact. Lame multiparous cows with clinically healthy puerperium had higher non-esterified fatty acid concentrations at day 14, delayed involution of both the cervix and the formerly pregnant horn, lower ovulation rates by day 50 and higher rates of follicular atresia or cyst formation than sound herdmates, and elevated non-esterified fatty acids predicted the ovarian outcomes independently of lameness status (Praxitelous et al., 2023). The design does not separate the mechanical and nutritional consequences of lameness from its inflammatory consequences, but it demonstrates that a condition anatomically remote from the reproductive tract alters both recoveries in the same direction.
5.3 Inflammation and the microbial community as a joint determinant
Inflammation is the most consistently supported determinant of impaired recovery, and its influence extends beyond the uterus. Systemic markers measured in the first weeks of lactation predict the subsequent development of chronic reproductive tract disease, and case-control comparison shows that inflammatory and metabolic markers separate affected from unaffected cows before the disease is clinically apparent (Bruinjé et al., 2026). Reviews synthesising this evidence place inflammation upstream of both uterine and ovarian outcomes and argue that transition-period health, rather than any single organ-level process, sets the trajectory of reproductive function (Bruinjé & LeBlanc, 2024; Bruinjé & LeBlanc, 2025).
The microbial contribution is real but has been overstated as an independent cause. Community succession from calving distinguishes cows that develop metritis from those that do not within days of parturition, which is consistent either with a causal microbial role or with early divergence in host control (Jeon et al., 2015). Functional metagenomic characterisation of cows with clinical and subclinical endometritis identifies differences in microbial interaction networks and metabolic potential rather than a single agent (Rashid et al., 2025), and the association between the postpartum microbiota and subsequent purulent vaginal discharge differs by breed and parity (Moore et al., 2023). Endometrial transcriptomic profiling of cows with clinical and subclinical endometritis further indicates that the two conditions are not simply different severities of one tissue response (Xie et al., 2026). Placing host regulation upstream of community composition explains these observations more economically than a model in which particular taxa initiate disease in a susceptible minority (Bogado Pascottini et al., 2023; Galvão et al., 2019).
Production context modifies both incidence and pattern. In high-altitude tropical herds, the incidence, clinical patterns and risk factors of postpartum uterine disease differed from those reported in temperate confinement systems (Vallejo-Timaran et al., 2021), and in seasonally calving grazing cows supplemented with concentrates the prevalence of periparturient disease and its effects on fertility followed a distinct profile (Ribeiro et al., 2013). Evidence for pasture-based systems remains sparse relative to confinement systems, and the geographical concentration of the literature in North America and Western Europe is a genuine constraint on generalisability rather than a formality.
6. Determinants and Mechanisms of Ovarian Rebound
6.1 Energy balance, insulin and the somatotropic axis
Follicular waves resume in most cows within one to two weeks of calving, so the question is what determines whether the first dominant follicle ovulates. Luteinising hormone pulse frequency, which is suppressed by the metabolic and endocrine environment of early lactation, is the proximate constraint, and its recovery is closely tied to energy balance and to circulating insulin and insulin-like growth factor 1 (Butler, 2000; Crowe, 2008; Diskin et al., 2003). Direct evidence for a follicle-level mechanism comes from analysis of the insulin-like growth factor system in pre-recruitment follicles of cows in negative energy balance, which showed altered expression of components of that system before follicles reach the size at which dominance is established (Llewellyn et al., 2007). Nutritional factors regulating ovulation of the dominant follicle during the first postpartum wave have been characterised in high-producing cows, with metabolic indicators measured before the ovulatory decision being informative about its outcome (Kawashima et al., 2012).
Intervention studies provide the strongest causal evidence. Administration of propylene glycol altered energy balance and metabolic status and modified the first postpartum ovarian follicle wave, demonstrating that manipulation of glucogenic supply changes ovarian outcomes rather than merely correlating with them (Butler et al., 2006). Metabolic and energy status during the dry period, not only after calving, is associated with the resumption of ovarian activity, which shifts part of the causal window before parturition (Castro et al., 2012). Ketone body status in the early postpartum period is related to the timing of first ovulation (Reist et al., 2000), and supplementation with rumen-protected glucose in early lactation was reported to hasten involution and increase ovarian follicle numbers, although with a small sample and physiological rather than fertility endpoints (Karimi et al., 2023). Nutritional management before and after calving in confinement systems has been reviewed as a coherent strategy for supporting fertility, and the evidence supports moderating the depth and duration of negative energy balance rather than any specific supplement (Drackley & Cardoso, 2014).
Body condition provides the integrating field measure. Body condition score and its change are associated with productivity, health and welfare across a large body of work, and both very low condition and excessive prepartum condition with subsequent rapid mobilisation are unfavourable (Roche et al., 2009). In the study distinguishing types of delayed resumption, cows with delayed first ovulation had lower body condition scores from five weeks after calving onward, while cows with prolonged luteal phases were distinguished instead by abnormal discharge and incomplete involution (Shrestha et al., 2004). This pattern is consistent with metabolic constraint acting principally on the ovulatory decision and inflammatory constraint acting principally on luteal lifespan, and it is one of the clearer instances in which phenotype subdivision yields mechanistic insight.
6.2 The ovulatory decision, its failure modes and its consequences
Failure of the first dominant follicle to ovulate does not produce a uniform state. Classification of anovular cows by the maximal diameter of the largest follicle at 35 and 49 days in milk identified groups with different associations with body condition, milk yield, dry period length and disease, supporting the hypothesis that anovular phenotypes have different aetiologies (Monteiro et al., 2021). At one extreme, small quiescent follicles indicate insufficient gonadotrophic drive; at the other, persistent large follicles and cystic structures indicate a failure of the ovulatory surge mechanism in the presence of adequate follicular growth. Cystic ovarian disease has been reviewed extensively, and current models emphasise altered hypothalamic-pituitary feedback together with intra-ovarian changes in inflammation, angiogenesis and steroidogenic regulation rather than a single lesion (Ortega et al., 2015; Stassi et al., 2022; Vanholder et al., 2006).
The consequences of delayed rebound for fertility are real but time-limited and management-dependent. Anovular cows within herds using ovulation synchronisation were inseminated at the same interval after calving as cyclic herdmates and showed a reduction of about six percentage points in the probability of pregnancy at first service, whereas in herds breeding on observed oestrus anovular cows were inseminated eight days later and showed a reduction of about ten percentage points; time to pregnancy was delayed by approximately 30 days overall, and the daily probability of pregnancy became similar to that of cyclic cows by around 165 days in milk (Walsh et al., 2007). The interaction with breeding strategy is important, because it indicates that a substantial part of the fertility penalty attributed to anovulation is a detection and timing penalty rather than an intrinsic gamete or uterine deficit. Prolonged anovulation to 63 days was associated with cytological endometritis, increased haptoglobin and greater non-esterified fatty acid concentrations, whereas early ovulation by 21 days was associated with season, parity, lower haptoglobin and lower non-esterified fatty acids (Dubuc et al., 2012). Inflammation and metabolic load therefore appear on both sides of the same axis.
Early resumption is not uniformly advantageous. In Belgian herds, resumption of ovarian cyclicity before 19 days after calving increased the risk of prolonged luteal phases before service relative to resumption after 32 days (Opsomer et al., 2000). Behavioural data show that early ovulations are largely silent and that cows may relapse into anoestrous ovulation after having cycled (Sakaguchi, 2010). The notion that earlier is simply better therefore requires qualification, and the optimum is more plausibly a window than a minimum.
6.3 Genetic and genomic contributions
Genetic variation in the interval from calving to first ovulation was demonstrated three decades ago, with heritability low but non-zero, establishing that the trait is amenable to selection in principle (Darwash et al., 1997). Genetic analysis of postpartum luteal activity measures confirmed this and identified moderate genetic correlations with conventional fertility traits (Petersson et al., 2007), and endocrine fertility traits derived from in-line milk progesterone profiles have since been shown to be heritable in commercial populations (Tarekegn et al., 2019). Genetic merit for production interacts with feeding system, so that the cyclicity of primiparous cows of differing production merit diverges more under some feeding regimens than others, which cautions against extrapolating genetic effects across management contexts (Bedere et al., 2016).
Genomic evaluation now permits a more direct test. Cows differing in genomic merit for fertility differed in biomarkers, uterine health, endocrine status, oestrus expression and response to ovarian synchronisation, indicating that the genetic effect on fertility operates through several physiological intermediates rather than a single pathway (Sitko et al., 2024). This design comes closer than most observational work to isolating a cause, since genotype precedes the postpartum period. It does not, however, identify which intermediate carries the effect, and the study populations remain small relative to the number of intermediates examined.
Reported phenotypes of ovarian rebound across production systems and definitions are compared in Table 3, which makes visible the extent to which apparent disagreement among studies reflects differences in criterion and timing rather than in biology. The comparison also shows that the highest reported prevalences of impaired rebound come from studies with the most frequent sampling, which is the expected consequence of detecting transient abnormality.
Table 3. Representative evidence on the timing and prevalence of impaired ovarian rebound in dairy cattle, by definition and production context
	Study context
	Population and system
	Criterion and timing
	Reported finding
	Interpretive caution
	Supporting references

	Temperate North America
	1,341 cows, 18 commercial herds, confinement
	Skim milk progesterone at 46 and 60 days in milk
	Anovulation in 19.5 per cent of cows, herd range 5 to 45 per cent
	Two sampling points cannot detect short or interrupted luteal phases
	Walsh et al. (2007)

	Temperate North America
	2,178 Holstein cows, 6 commercial herds
	Serum progesterone at weeks 3, 5, 7 and 9
	Anovulation in 72, 44, 26 and 17 per cent respectively
	Prevalence is strongly time-dependent, so single figures are not comparable across studies
	Dubuc et al. (2012)

	Brazil, single large herd
	942 lactating Holstein cows
	Ultrasonography at 35 and 49 days in milk
	28.5 per cent anovular, with phenotypes differing by largest follicle diameter
	Single-herd design limits generalisability despite large sample
	Monteiro et al. (2021)

	Japan, subtropical, high-producing
	54 cows, commercial farms
	Twice-weekly milk progesterone
	63 per cent had delayed resumption beyond 45 days; prolonged luteal phase 31.5 per cent and delayed first ovulation 24.1 per cent
	Small sample, but frequent sampling detects subtypes that coarser schemes merge
	Shrestha et al. (2004)

	Belgium, high-yielding herds
	334 cows, 6 well-managed herds
	Twice-weekly milk fat progesterone from day 10
	Delayed cyclicity and prolonged luteal phase identified as distinct entities with partly separate risk factors
	Observational design cannot separate shared causes from sequential effects
	Opsomer et al. (2000)

	Ireland, seasonal pasture-based
	Seasonal-calving cows
	Vaginal discharge score with fertility phenotypes
	Discharge score associated with genetic traits, metabolic status and reproductive performance
	Grazing systems differ in nutritional and disease profile from confinement systems
	Rojas Canadas et al. (2023)

	Japan, grazing
	92 lactations, 368 ovulations
	Direct observation of ovulation and oestrus to 13 weeks
	37 per cent of ovulations were behaviourally silent; relapse to anoestrous ovulation occurred after cyclicity was established
	Behavioural criteria substantially underestimate ovarian activity
	Sakaguchi (2010)

	Northern Europe, genetic evaluation
	Commercial Swedish Red and Holstein populations
	In-line milk progesterone profiles
	Endocrine fertility traits are heritable and estimable at population scale
	Requires installed sensor infrastructure, which selects for particular herd types
	Tarekegn et al. (2019)


Note. Percentages are reproduced as reported by the cited studies. Differences between studies reflect criterion, sampling frequency and production context as well as any true difference in prevalence.
7. Coupling Between Uterine Recovery and Ovarian Rebound
7.1 The conventional account and the observational evidence supporting it
The prevailing account holds that early resumption of ovarian cyclicity assists uterine recovery. The mechanistic rationale is that oestradiol produced by a growing dominant follicle enhances uterine blood flow, myometrial contractility and local immune competence, and that luteal progesterone thereafter is permissive of bacterial persistence, so that an early ovulatory cycle clears the uterus before progesterone dominance is established. Observational data are broadly consistent with this account. Cows with a follicle larger than 8 mm in the ovary ipsilateral to the previously gravid horn between 14 and 28 days after calving had a shorter calving to conception interval than cows without such a follicle, and the ipsilateral ovary showed fewer corpora lutea and fewer large follicles than the contralateral ovary, with the asymmetry declining as involution progressed (Sheldon et al., 2000). Puerperal uterine infection retarded involution assessed by uterine body diameter and intrauterine fluid volume, and ovarian activity was more frequently abnormal in cows with severe endometritis, including prolonged anoestrus, prolonged luteal phases and ovarian cysts (Mateus et al., 2002). Incomplete involution accompanied prolonged luteal phases in high-producing cows (Shrestha et al., 2004). The two recoveries clearly travel together.
The authors of the ipsilateral follicle study were explicit that their design could not determine direction, asking whether the follicle influenced the uterus or the uterus influenced the follicle (Sheldon et al., 2000). That question has not been satisfactorily answered in the intervening quarter century, and the observational literature has largely proceeded as though it had been.
7.2 Experimental suppression of ovulation and its inconvenient result
Two experimental approaches have suppressed early ovulation and measured involution, and both produced results that are difficult to reconcile with a simple facilitatory role for early ovarian activity. Transvaginal follicular puncture of follicles larger than 6 mm delayed first ovulation from about day 21 to about day 50 in cows without uterine disease and from about day 16 to about day 48 in cows with uterine disease. Healthy cows in which ovulation was suppressed had smaller uterine horn and cervical diameters than unsuppressed controls, and in cows with uterine disease suppression reduced the prevalence of purulent vaginal discharge and uterine size assessed by palpation, with no detriment to calving to conception interval or first-service conception rate (Heppelmann, Brömmling, et al., 2013). Suppression of ovarian activity with a deslorelin implant administered at two days after calving prevented corpus luteum formation and reduced the diameters of the previously pregnant horn, the non-pregnant horn and the cervix while increasing uterine tone, and treated cows more frequently showed clear cervical discharge (Silvestre et al., 2009). Increasing doses of a degradable implant produced comparable effects.
These results cannot be dismissed as anomalies. Two independent groups, using pharmacological and mechanical suppression respectively, obtained the same direction of effect on the primary outcome, and the deslorelin study included a substantially larger second experiment. The most straightforward reading is that early ovulation and the subsequent luteal phase are not necessary for uterine involution, and may impede aspects of it, presumably because progesterone dominance in the second and third weeks after calving is unfavourable at a time when the endometrium is still resolving inflammation. An alternative reading is that suppression of ovulation removes the follicular oestradiol that would otherwise be present but also removes progesterone, and that the net effect observed reflects the progesterone component. Distinguishing these possibilities requires designs that dissociate follicular oestradiol from luteal progesterone, which the published studies do not do.
A further consideration is that the observational and experimental literatures measure different things. The observational studies that support the conventional account use fertility endpoints or dimensional endpoints in cows whose ovarian status was determined by their own physiology, so cows that ovulate early are also cows that are metabolically and inflammatorily well placed to involute. The experimental studies impose ovarian status independently of the cow's condition and therefore break exactly the confounding that generates the observational association. Read this way, the two literatures are not in conflict about biology at all; they are in conflict about what the observational association means. Early ovulation would then be a marker of favourable systemic status rather than a cause of uterine recovery.
7.3 Uterine inflammation acting on ovarian function
The reverse direction has stronger mechanistic support. Lipopolysaccharide and inflammatory mediators of uterine origin reach the ovary and act directly on follicular cells. Follicular fluid endotoxin concentrations were higher in cows whose first dominant follicle failed to ovulate than in cows in which it ovulated, and elevated systemic haptoglobin distinguished non-ovulatory from ovulatory cows despite similar uterine bacterial contamination and similar circulating endotoxin (Cheong et al., 2017). The same study found that cows mounting a strong initial uterine inflammatory response, with polymorphonuclear leukocyte recruitment of at least 35 per cent and lower uterine pH on the day of calving, were more likely to have an ovulatory first dominant follicle, which indicates that vigorous early inflammation is favourable while persistent systemic inflammation is not. This distinction between an appropriate acute response and a failure to resolve is one of the more useful organising ideas available in this field.
Cell-level evidence supports a direct effect. Lipopolysaccharide suppressed expression of follicle development markers and enhanced cytokine expression in bovine granulosa cells, impairing proliferation in developing follicles (Yamamoto et al., 2023), and the mechanisms by which lipopolysaccharide induces ovarian dysfunction in cows with uterine inflammatory disease have been reviewed (Magata, 2020). Follicular fluid from preovulatory follicles of repeat breeder cows with subclinical endometritis impaired oocyte developmental competence in vitro, extending the effect from the follicle to the gamete (Heidari et al., 2019). Consistent with this, prolonged anovulation to 63 days after calving was associated with cytological endometritis in a large field study, alongside inflammatory and metabolic markers (Dubuc et al., 2012).
Confidence in this direction is nonetheless bounded. The concentrations of lipopolysaccharide used in cell-based work are not always matched to those measured in follicular fluid in vivo, and the field associations remain compatible with shared upstream causation. The most defensible statement is that uterine inflammation is capable of suppressing ovarian function through demonstrated mechanisms, and that this capability contributes to, but does not fully explain, the field-level association.
7.4 Reconciling the directional claims
A model in which transition-period inflammation and metabolic status act as a common cause of both impaired involution and delayed ovarian rebound accounts for most of the evidence with fewer assumptions than either unidirectional model. It explains why the two recoveries covary in observational data, why suppressing ovulation experimentally does not impair and may improve involution, why systemic haptoglobin predicts both ovarian and uterine outcomes, and why the lameness study found both delayed involution and reduced ovulation rates in animals whose primary lesion was in the foot (Bruinjé et al., 2026; Cheong et al., 2017; Praxitelous et al., 2023). Superimposed on this common cause is a genuine directed effect of uterine inflammation on ovarian function, supported by mechanism, and a weaker or possibly absent directed effect of early ovarian activity on uterine involution.
Two implications follow. Studies that adjust for uterine disease when estimating determinants of anovulation, or the reverse, are adjusting for a variable that may be a collider or a mediator depending on the assumed structure, and the resulting estimates are not straightforwardly interpretable. Interventions that target ovarian status in order to improve uterine outcomes rest on the weakest link in the causal chain, whereas interventions that target inflammation and metabolic status address the shared upstream determinant. Table 4 sets out the principal apparent contradictions and the explanations that best accommodate them.
Table 4. Apparently conflicting findings on the relationship between ovarian rebound and uterine involution, with plausible explanations
	Observation
	Contrasting observation
	Design difference
	Most parsimonious explanation
	Residual uncertainty
	Supporting references

	A follicle larger than 8 mm ipsilateral to the previously gravid horn at 14 to 28 days is associated with shorter calving to conception interval
	Experimental suppression of ovulation to about day 50 did not lengthen calving to conception interval
	Observational versus experimental assignment of ovarian status
	Follicular activity marks favourable systemic status rather than causing uterine recovery
	Neither study dissociated follicular oestradiol from luteal progesterone
	Heppelmann, Brömmling, et al. (2013); Sheldon et al. (2000)

	Early ovulation is assumed to accelerate uterine clearance through oestradiol
	Suppression of ovulation reduced uterine horn and cervical diameters and reduced purulent vaginal discharge
	Imposed versus spontaneous ovarian status
	Early luteal progesterone is unfavourable while the endometrium is still resolving inflammation
	Contribution of removed oestradiol cannot be separated from removed progesterone
	Heppelmann, Brömmling, et al. (2013); Silvestre et al. (2009)

	Earlier resumption of cyclicity is treated as desirable
	Resumption before 19 days increased the risk of prolonged luteal phase before service
	Different outcome measured: interval to first ovulation versus subsequent cycle quality
	The relationship between timing of rebound and fertility is a window rather than a monotonic gradient
	Confounding by puerperal disease was present in the observational design
	Opsomer et al. (2000); Walsh et al. (2007)

	Strong uterine inflammation is regarded as harmful
	Robust early polymorphonuclear recruitment predicted an ovulatory first dominant follicle
	Acute response at calving versus persistent inflammation later
	An appropriate acute response is protective; failure to resolve is harmful
	The threshold separating appropriate from excessive response is undefined
	Cheong et al. (2017); Pascottini and LeBlanc (2020)

	Uterine disease is associated with delayed ovarian rebound in field studies
	Cytological endometritis showed no association with uterine or cervical dimensions in clinically healthy cows
	Fertility and endocrine endpoints versus dimensional endpoints
	Inflammation and organ size are distinct phenotypes with different determinants
	Cross-sectional sampling in the dimensional study limits inference
	Dubuc et al. (2012); Tobolski, Bogado Pascottini, et al. (2025)

	Lactation is expected to impair involution through metabolic load
	Non-lactating cows had larger uterine body diameter and greater fluid volume than lactating cows to day 42
	Randomised drying off at calving versus observational comparison of yield
	Mechanical and endocrine effects of lactation partly offset its metabolic cost
	Small sample of primiparous cows only
	Scully et al. (2013)


Note. The table summarises interpretive positions supported by the cited studies and does not imply that any single explanation has been experimentally confirmed.
8. Translating the Evidence into Management
8.1 Hormonal, ecbolic and antimicrobial intervention
Interventions directed at the early postpartum uterus have a long history and a modest evidence base. Ecbolic therapy intended to promote uterine evacuation in the early postpartum period was evaluated against involution and reproductive health outcomes and did not produce the benefits that its rationale predicts (Stephen et al., 2019). Early administration of prostaglandin F2α to cows with acute puerperal metritis influenced involution and fertility in an older controlled study (Melendez et al., 2004), but a randomised clinical trial comparing antibiotic and prostaglandin treatments for uterine health and reproductive performance found that the benefit depended on the disease phenotype treated rather than applying generally (Dubuc et al., 2011). One or two treatments with prostaglandin F2α before timed insemination did not improve fertility in cows with subclinical endometritis (Lima et al., 2013). The pattern across these studies is that ecbolic and luteolytic approaches have repeatedly failed to deliver benefits proportionate to their physiological rationale, which is more consistent with the reinterpretation proposed above than with the conventional account.
Treatment of clinical metritis with systemic antimicrobials remains standard, and a randomised comparison of ketoprofen with ceftiofur addressed the question of whether anti-inflammatory treatment could substitute for antimicrobial treatment (Paiano et al., 2024). Anti-inflammatory intervention more broadly has been tested against systemic inflammation, immune function and endometrial health in postpartum cows, with effects on intermediate markers that did not translate consistently into improved uterine health (Pascottini et al., 2020). These trials are among the better designed in the field, and their largely null or conditional results are informative: they suggest that by the time inflammation is clinically apparent, the determinants of the trajectory have already operated.
Gonadotrophin-releasing hormone and prostaglandin F2α administered in the fifth week after calving affected the incidence of cystic ovarian follicles and persistent corpora lutea and altered fertility parameters (Lüttgenau et al., 2016), and presynchronisation strategies before timed insemination improve fertility at first service through better control of follicular and luteal status at the time of insemination (Souza et al., 2008). These ovarian interventions have a clearer evidence base than the uterine ones, but they act on the breeding decision rather than on recovery itself. Extending the voluntary waiting period from 60 to 88 days in cows receiving timed insemination altered reproductive performance, herd exit dynamics and lactation performance, illustrating that the timing of first service is itself a manipulable determinant of outcomes rather than a fixed constraint (Stangaferro et al., 2018).
8.2 Nutritional, metabolic and preventive strategies
Preventive approaches have the strongest theoretical claim, because they address the shared upstream determinant. Nutritional management before and after calving aimed at moderating the depth and duration of negative energy balance is supported by mechanistic and intervention evidence (Butler et al., 2006; Drackley & Cardoso, 2014), and dry-period metabolic status is itself associated with the subsequent resumption of ovarian activity (Castro et al., 2012). Management of body condition across the dry period and early lactation follows from the same evidence (Roche et al., 2009). Mineral management has acquired additional justification from the association between fourth-week calcium concentration and involution and from the wider evidence on periparturient mineral metabolism (Tobolski, Bogado Pascottini, et al., 2025; Vieira-Neto et al., 2024).
More specific nutritional interventions have weaker support. Rumen-protected glucose hastened involution and increased follicle numbers in a small trial with physiological endpoints (Karimi et al., 2023), and intravaginally administered lactic acid bacteria were reported to expedite involution and modify hormonal profiles (Deng et al., 2015). Neither has been replicated at a scale, or with fertility endpoints, sufficient to justify recommendation. Heat stress mitigation has a stronger claim, since whole-body adaptations to heat stress have well-described reproductive consequences that extend into the postpartum period (Rhoads, 2023), although the direct evidence linking cooling strategies specifically to involution and to first ovulation is thinner than the evidence linking them to conception outcomes.
8.3 Monitoring, genetics and the shape of future programmes
Monitoring strategies now permit earlier and more precise identification of cows at risk. Inflammatory and metabolic markers measured in the first weeks of lactation discriminate cows that will develop chronic reproductive tract disease before it is clinically evident (Bruinjé et al., 2026), and targeted reproductive management informed by transition-cow health has been articulated as a coherent framework (Bruinjé & LeBlanc, 2024). Sensor-based prediction of metritis is feasible, with the caveat that reported performance is sensitive to data-processing choices (Vidal et al., 2023). In-line progesterone data support both individual management and population-level genetic evaluation (Bruinjé et al., 2019; Tarekegn et al., 2019). The broader technological trajectory of dairy reproductive management has been characterised as an intersection between biological understanding and continuous measurement (Lucy, 2025).
Genetic approaches offer the only intervention that acts before the transition period begins. Fertility traits are heritable and have been incorporated into genomic evaluation (Ma et al., 2019), cows differing in genomic merit for fertility differ in postpartum physiology (Sitko et al., 2024), and the interaction between genetic merit and feeding system means that genetic gain must be evaluated within the system in which it is to be expressed (Bedere et al., 2016; Berry, 2018). The concept of a self-reinforcing cycle in which cows that recover well and conceive early enter the next lactation in better condition provides a useful frame for integrating genetic, nutritional and management interventions, although it should be treated as an organising heuristic rather than a demonstrated mechanism (Fricke et al., 2023).
Table 5 summarises the interventions for which controlled evidence exists, together with the outcome on which each was tested and the strength of the supporting evidence. The distribution is instructive: interventions acting on the breeding decision and on transition-period nutrition have the better evidence, while those acting directly on the involuting uterus have repeatedly failed to demonstrate benefit against fertility endpoints.
Table 5. Interventions evaluated against postpartum uterine or ovarian recovery, with the outcome tested and strength of supporting evidence
	Intervention
	Target process
	Outcome on which tested
	Direction of reported effect
	Strength of evidence and limitation
	Supporting references

	Ecbolic therapy in the early puerperium
	Uterine evacuation
	Involution and reproductive health
	No consistent benefit
	Moderate; controlled study but limited to intermediate endpoints
	Stephen et al. (2019)

	Prostaglandin F2α for acute puerperal metritis
	Uterine clearance
	Involution and fertility
	Benefit reported in cows with clinical disease
	Moderate; older design and effect conditional on phenotype treated
	Dubuc et al. (2011); Melendez et al. (2004)

	Prostaglandin F2α before timed insemination in subclinical endometritis
	Uterine inflammation
	Pregnancy per artificial insemination
	No benefit
	Strong; randomised design with fertility endpoint
	Lima et al. (2013)

	Systemic anti-inflammatory treatment
	Systemic and endometrial inflammation
	Inflammatory markers, immune function, endometrial health
	Effects on markers without consistent clinical benefit
	Moderate to strong; well-controlled but intermediate endpoints
	Pascottini et al. (2020)

	Ketoprofen compared with ceftiofur for clinical metritis
	Uterine inflammation and infection
	Clinical cure and reproductive outcomes
	Comparative rather than superiority finding
	Strong; randomised clinical trial
	Paiano et al. (2024)

	Suppression of early ovulation by follicular puncture or deslorelin implant
	Ovarian activity, tested against uterine outcome
	Uterine and cervical dimensions, vaginal discharge
	Improved uterine measures without fertility detriment
	Moderate; small samples, mechanistic rather than practical intent
	Heppelmann, Brömmling, et al. (2013); Silvestre et al. (2009)

	Gonadotrophin-releasing hormone or prostaglandin F2α at week 5
	Ovarian structures
	Cystic follicles, persistent corpora lutea, fertility parameters
	Altered incidence of ovarian abnormality
	Moderate; single-study design
	Lüttgenau et al. (2016)

	Presynchronisation before timed artificial insemination
	Follicular and luteal status at insemination
	Pregnancy at first service
	Improved fertility
	Strong; replicated across studies and herds
	Souza et al. (2008)

	Extended voluntary waiting period
	Timing of first service
	Reproductive performance, herd exit, lactation performance
	Altered outcomes with trade-offs
	Strong; large controlled study, herd-specific economics
	Stangaferro et al. (2018)

	Glucogenic supplementation in early lactation
	Energy balance and follicular development
	First follicle wave; involution and follicle numbers
	Favourable effects on physiological endpoints
	Moderate for propylene glycol, weak for rumen-protected glucose; small samples
	Butler et al. (2006); Karimi et al. (2023)

	Intravaginal lactic acid bacteria
	Uterine microbial environment
	Involution and hormonal profiles
	Favourable effects reported
	Weak; single study, no fertility endpoint, not replicated
	Deng et al. (2015)

	Transition nutrition and body condition management
	Depth and duration of negative energy balance
	Health and reproductive performance
	Favourable
	Strong as a body of evidence; specific protocols vary by system
	Drackley and Cardoso (2014); Roche et al. (2009)


Note. Strength of evidence refers to the design and endpoint of the cited studies rather than to a formal grading system. Interventions are described as tested and are not treatment recommendations.
9. Future Directions
The first priority is resolution of the directional question that has remained open since it was posed explicitly a quarter of a century ago. The unresolved problem is whether early ovarian activity exerts a causal effect on uterine recovery, whether uterine inflammation exerts a causal effect on ovarian rebound, or whether both associations arise principally from shared upstream determinants. Current evidence is inadequate because the observational studies that generate the association cannot break the confounding, and the two experimental suppression studies removed follicular oestradiol and luteal progesterone together (Heppelmann, Brömmling, et al., 2013; Sheldon et al., 2000; Silvestre et al., 2009). The appropriate design is a factorial experiment in which follicular oestradiol exposure and luteal progesterone exposure during the second to fourth weeks after calving are manipulated independently, using ovulation suppression with and without controlled exogenous oestradiol or progesterone replacement, in cows stratified by transition-period inflammatory status. Outcomes should include endometrial cytology and transcriptomic markers of repair rather than tract dimensions alone, with sufficient animals per cell to detect differences in cytological rather than dimensional endpoints. Work of this kind would materially advance the field because it addresses the assumption on which a substantial part of postpartum intervention practice rests.
A second immediate priority is validation of involution endpoints against endometrial function. The problem is that dimensional endpoints are used as though they indicated readiness for pregnancy, while the one recent study comparing them directly with cytological inflammation in clinically healthy cows found no association (Tobolski, Bogado Pascottini, et al., 2025). What is required is a prospective cohort in which tract dimensions, uterine perfusion, endometrial cytology and endometrial transcriptomic or proteomic markers are measured serially in the same animals, with pregnancy at first service and time to pregnancy as endpoints, and with analysis designed to establish which measure carries independent predictive information. Such a study should be multicentre to capture variation in system and breed, and it should report the incremental predictive value of each measure rather than testing each in isolation. The outcome would either justify continued use of dimensional endpoints or, more probably, replace them.
Harmonisation of phenotype definitions is a third priority and is a precondition for cumulative progress. The prevalence of anovulation reported in the literature varies between roughly 17 and 72 per cent depending on the day and criterion of assessment, and cytological thresholds for subclinical endometritis vary with day postpartum, sampling method and production system (Dubuc et al., 2012; Madoz et al., 2013; Wagener et al., 2017). Progress requires consensus reporting standards specifying the day of assessment, the criterion, the sampling method and the classification rule in full, together with reanalysis of existing datasets under common definitions where the raw data permit. The methodological work needed here is not expensive relative to its value, since much of it involves reanalysis rather than new data collection, and it would allow the many well-conducted studies already published to be compared meaningfully.
A fourth priority concerns continuous phenotyping and its interpretation. In-line milk progesterone and activity sensors generate dense longitudinal data that reveal short luteal phases, atypical profiles and silent ovulations invisible to episodic sampling (Bruinjé et al., 2019; Sakaguchi, 2010). What has not been established is which features of these continuous profiles predict fertility independently of the categorical phenotypes they replace, or whether sensor-derived features can substitute for invasive measures of endometrial inflammation. Studies should combine continuous endocrine and behavioural monitoring with periodic cytological and, where feasible, molecular assessment of the endometrium in the same animals, and should report predictive performance with explicit description of data pre-processing, since prediction accuracy in this domain is sensitive to processing choices (Vidal et al., 2023). The relevant timescale is a full lactation, and the relevant outcome measures are pregnancy per artificial insemination and time to pregnancy rather than intermediate classifications.
Longer-term priorities include the extension of mechanistic work from tissue to systemic integration, and the correction of geographical imbalance. Cell-based evidence that lipopolysaccharide and inflammatory mediators impair granulosa cell function and oocyte competence is convincing at the level of mechanism but has not been connected quantitatively to the concentrations and durations of exposure that occur in cows with subclinical disease (Heidari et al., 2019; Magata, 2020; Yamamoto et al., 2023). Dose-matched in vivo work, in which follicular fluid endotoxin and cytokine concentrations are measured alongside ovulatory outcome and subsequent embryo quality, would establish whether the demonstrated mechanism operates at physiologically relevant intensities. In parallel, the concentration of evidence in temperate confinement systems limits confidence in its application elsewhere. Studies from high-altitude tropical and seasonal grazing systems show different incidence patterns and risk factor structures (Ribeiro et al., 2013; Rojas Canadas et al., 2023; Vallejo-Timaran et al., 2021), and equivalent characterisation is needed in tropical smallholder systems, in crossbred populations and under conditions of heat stress, where the interaction between thermal load and postpartum recovery remains poorly quantified (Rhoads, 2023).
Finally, genetic and genomic approaches deserve targeted rather than general investment. Endocrine fertility traits derived from continuous progesterone monitoring are heritable and estimable at population scale, and cows differing in genomic merit for fertility differ in several postpartum physiological intermediates (Sitko et al., 2024; Tarekegn et al., 2019). The unresolved question is which intermediate carries the genetic effect, since that determines whether selection and management act on the same pathway or on different ones. Mendelian randomisation-style analyses using genomic merit as an instrument, applied to large cohorts with detailed postpartum phenotyping, would allow the effect of specific intermediates on fertility to be estimated with less confounding than conventional observational designs permit. Given the interaction between genetic merit and feeding system, such work must be replicated across production environments before its conclusions are applied generally (Bedere et al., 2016).
10. Conclusions
Postpartum uterine involution and the resumption of ovulatory ovarian activity in dairy cattle are well described as parallel processes and poorly understood as a coupled system. The evidence supports several conclusions with reasonable confidence. The macroscopic sequence of involution is consistent and reproducible, and its dimensional endpoint is reached within approximately four to six weeks in clinically normal cows, but that endpoint does not indicate that the endometrium has completed repair or resolved inflammation. Resumption of ovarian cyclicity is limited not by follicular growth, which resumes within one to two weeks in most cows, but by whether the first dominant follicle ovulates, and this decision is governed principally by gonadotrophic support that is itself sensitive to energy balance, insulin and the somatotropic axis. Impaired recovery of both kinds remains common, and the proportion of cows affected has not fallen appreciably despite two decades of intensified reproductive management.
The strongest and most consistent finding across the literature is that transition-period inflammation and metabolic status influence both recoveries. Inflammatory and metabolic markers measured in the first weeks of lactation predict subsequent chronic reproductive tract disease and prolonged anovulation alike, and conditions anatomically remote from the reproductive tract, such as lameness, alter both processes in the same direction. Uterine inflammation is additionally capable of suppressing ovarian function through mechanisms demonstrated at the level of the follicle and the oocyte, and this directed effect is supported by evidence of adequate quality. The reciprocal claim, that early ovarian activity accelerates uterine involution, rests principally on observational associations that experimental suppression of ovulation has failed to confirm and has in some respects contradicted. A model placing shared upstream determinants above both processes, with an additional directed effect running from uterus to ovary, accommodates the available evidence more economically than either unidirectional account.
Two conclusions are more tentative and should be treated as such. The interpretation that early luteal progesterone is unfavourable during the period when the endometrium is still resolving inflammation is consistent with the suppression experiments but has not been tested by designs that separate progesterone from oestradiol. The proposition that dimensional endpoints should be replaced by functional measures of endometrial competence follows logically from the dissociation observed between tract size and cytological inflammation, but rests at present on a small number of studies.
The practical significance of this synthesis lies in where intervention effort is directed. Treatments applied to the involuting uterus, whether ecbolic, luteolytic or anti-inflammatory, have repeatedly produced effects on intermediate markers without corresponding improvements in fertility, which is what would be expected if the determinants of the trajectory operate before the clinical phenotype appears. Interventions acting on transition-period nutrition, mineral status and inflammation, and those acting on the breeding decision through synchronisation and the timing of first service, have better support. The broader implication for research is that progress now depends less on additional description of either recovery and more on designs capable of distinguishing shared causation from reciprocal effect, and on phenotypes validated against the biological states they are taken to represent rather than against convenience.
11. Limitations
This review is a narrative synthesis and carries the limitations intrinsic to that format. Study identification and selection were purposive rather than exhaustive, appraisal was conducted by structured judgement rather than by a validated instrument, and the weighting of conflicting evidence reflects interpretive decisions that another reviewer might reasonably make differently. Selection bias in favour of studies that support the interpretive framework developed here cannot be excluded, although the framework was revised in response to the experimental suppression findings rather than constructed in advance of them. The transparency of the search and appraisal process reduces but does not eliminate this risk.
Access to bibliographic resources was incomplete. Only two sources were searched directly, and no subscription database was available, so relevant literature indexed exclusively in resources such as agricultural and veterinary subject databases may not have been retrieved. Backward and forward citation searching was not performed systematically, which further limits the completeness of retrieval. Only publications available in English were used, and given that substantial dairy research is published in other languages, this restriction is likely to have reduced representation of work from several important production regions. Some records were used on the basis of the abstract and verified bibliographic record where the full text could not be obtained, and such records supported descriptive rather than quantitative claims.
The evidence base itself imposes constraints. Studies differ widely in the definitions applied to nominally identical phenotypes, in the frequency of measurement, in parity structure and in production system, which limits comparability and precludes quantitative synthesis. Much of the evidence on the relationship between the two recoveries is observational, so causal interpretation is constrained by confounding that the designs cannot address. Several of the intervention studies that bear most directly on the central argument used small numbers of animals and physiological rather than fertility endpoints. Geographical representation is uneven, with the literature concentrated in temperate confinement systems of North America and Western Europe and comparatively sparse for tropical, subtropical and smallholder contexts. Long-term evidence is scarce, since most studies follow cows for a single lactation or less, and carryover effects across lactations are consequently poorly characterised. Publication bias in favour of positive intervention results is plausible in this field, and the repeated appearance of null findings in the more recent and better designed trials may indicate that earlier positive reports were selectively published. Finally, the field is developing rapidly in the areas of continuous monitoring and molecular characterisation, so conclusions drawn about those technologies are provisional and will require revision as larger validation studies appear.
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