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Abstract
Background  Bovine subclinical mastitis (SCM) remains a major constraint to dairy productivity and udder health 
in Kenya. However, most studies have not resolved non-aureus Staphylococcus (NAS) species beyond the genus 
level, limiting epidemiological understanding. We assessed Staphylococcus species diversity and modifiable pro-
duction-related risk factors associated with SCM across heterogeneous cattle production systems.
Methods  A cross-sectional study was conducted involving 436 composite milk samples collected from 436 lac-
tating cows in 152 herds. SCM was defined using somatic cell count thresholds and bacterial isolates were char-
acterized using matrix-assisted laser desorption/ionization-time of flight mass spectrometry. Risk factors were 
assessed using mixed-effects logistic regression models to account for herd-level clustering and unmeasured 
heterogeneity.
Results  SCM prevalence was 53.0% (229/436) at the cow-level and 73.0% (111/152) at the herd-level. Culture-
positive samples were 58.0% (251/436), yielding 174 bacterial isolates. NAS species accounted for 44.3% of 
isolates, exceeding S. aureus (35.6%). S. chromogenes was the predominant NAS species (19.0%), followed by 
S. succinus (5.2%). Additional pathogens included E. coli (19.5%) and P. aeruginosa (0.6%). Mixed bacterial 
growth occurred in 8.8% of culture-positive samples, with NAS present in 5.0%. The odds of having SCM were 
significantly higher in indigenous cattle compared with exotic cattle (adjusted odds ratio [aOR] = 2.51, 95% CI: 
1.16–5.57, p = 0.020), in cattle housed in temporary (aOR = 6.27, 95% CI:1.97–21.0, p = 0.002) or semi-perma-
nent structures (aOR = 4.63, 95% CI: 1.91–11.8, p < 0.001) compared with permanent housing, and in medium-
sized herds compared with small-sized herds (aOR = 2.43, 95% CI: 1.19–5.06, p = 0.016).
Conclusion  SCM remains prevalent across Kenyan cattle systems and is characterized by substantial Staphylo-
coccus spp. diversity, including S. aureus and multiple NAS species, with occasional mixed bacterial growth. 
In resource-limited settings, sustainable mastitis control strategies should prioritize system‑specific interven-
tions integrating scalable diagnostic tools with species‑level pathogen surveillance and targeted improvements in 
modifiable production‑related risk factors, particularly housing quality and herd management.
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Introduction

Bovine mastitis, an inflammation of the cow’s mammary gland commonly caused by an infection, remains one of 
the most consequential diseases affecting cattle production worldwide. Its economic burden is substantial, arising 
from reduced milk yield and quality, irreversible damage to udder tissue, veterinary costs (including antimicro-
bial use), discarded milk, and premature culling of chronically affected animals. Collectively, these losses amount 
to billions of dollars annually across the global dairy sector [1]. Beyond productivity constraints, mastitis also 
poses important public-health risks, as associated zoonotic pathogens and antimicrobial-resistant (AMR) bacteria 
may enter the milk value chain, particularly in settings where milk hygiene systems are weak and informal mar-
keting channels predominate [2]. These concerns are particularly relevant in low-resource settings, where dairy 
products constitute a major dietary component for vulnerable populations, including children under five years of 
age, and where consumption of raw or inadequately processed milk remains common [3].

Mastitis is not a single disease entity but occurs in two principal forms: clinical mastitis (CM) and subclinical 
mastitis (SCM). CM is less prevalent and readily identifiable, presenting with visible signs of udder inflamma-
tion such as swelling, heat, pain and redness, often accompanied by abnormal milk appearance, including clots, 
discoloration, blood, or purulent secretions. In contrast, SCM is far more prevalent yet difficult to detect as it pres-
ents without overt clinical signs. It is primarily diagnosed through elevated somatic cell counts (SCC), typically 
exceeding 200,000 cells/mL, which reflect an intramammary inflammatory response dominated by leukocytes 
regardless of the underlying causative agent. Although pen-side diagnostic tools such as the California Mastitis 
Test (CMT), White-side, surf field and bromothymol-blue tests are widely used for SCM detection [4–8], their 
implementation remains inconsistent in many resource-limited settings due to cost, availability, and operational 
constraints. Consequently, SCM frequently escapes farmer detection, persists within herds and contributes dis-
proportionately to production losses and pathogen transmission compared with CM [3–6, 8–10].

The aetiology of bovine mastitis is multifactorial, involving a diverse range of infectious agents, including 
bacteria, mycoplasmas, yeasts, algae and viruses [7, 11]. Among these, bacterial pathogens predominate and are 
broadly classified as either contagious or environmental pathogens based on their primary reservoirs and trans-
mission pathways. Contagious pathogens, including Staphylococcus aureus, Streptococcus agalactiae, Myco-
plasma spp., and Corynebacterium bovis, primarily reside within the udder and may spread between quarters 
and among cows, particularly during milking. In contrast, environmental pathogens such as Escherichia coli, 
Klebsiella spp., Streptococcus dysgalactiae, and Streptococcus uberis originate from bedding, soil, manure and 
housing environments. Consequently, mastitis infections may therefore occur as mono-or polymicrobial infec-
tions, reflecting simultaneous exposure to multiple ecological reservoirs and transmission routes [7, 12].

Within this broader bacterial landscape, non-aureus Staphylococcus (NAS) species, historically grouped as 
coagulase negative Staphylococci (CONS), have gained increasing attention in mastitis epidemiology. NAS are 
common commensals of the teat skin and bovine udder and were traditionally regarded as minor opportunist 
contaminants. However, accumulating evidence indicates that several NAS species can colonize the mammary 
gland, establish persistent intramammary infections and contribute to elevated SCC [13, 14]. Moreover, as con-
trol of major contagious pathogens such as S. aureus improves in some settings, NAS are increasingly emerging 
as mastitis-associated bacteria, including potential reservoirs of AMR genes [2, 13–15]. Studies from diverse 
regions, including South Africa and Bangladesh, have reported considerable heterogeneity in NAS species asso-
ciated with mastitis in dairy cattle and other livestock systems [14, 16], reinforcing the importance of species-
level characterization in epidemiological investigations.
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Despite this growing recognition, most SCM studies in many African settings including Kenya, have gener-
ally reported NAS at the genus level, thereby limiting epidemiological understanding. Previous research from 
selected regions in Kenya have documented high SCM prevalence and identified S. aureus, NAS species (often 
reported collectively), Strep. agalactiae and E. coli as common mastitis-associated pathogens [3, 17, 18]. The 
lack of species-level characterization of NAS obscures understanding of their diversity and AMR profiles, con-
strains evaluation of their associations with intramammary inflammation across breed types and cattle production 
systems, and limits comparability across studies in Kenya and the wider East African region. Enhancing species-
level characterization is therefore essential for strengthening mastitis surveillance and advancing understanding 
of the intramammary microbial diversity within a One Health framework.

Kenya provides a particularly informative setting in which to examine these dynamics, given the diversity of 
its cattle production systems. These include extensive uncontrolled production systems (pastoralism), semi-inten-
sive production systems (agropastoralism), intensive controlled production systems (zero grazing), and extensive 
controlled production systems (ranching), as defined by FAO [19]. These systems differ markedly in herd size or 
structure, breed type or composition, housing quality, lactation and parity status, manure management practices, 
animal mobility, and access to veterinary services [3, 20–22]. Such differences are likely to influence both expo-
sure to mastitis-associated pathogens and variability in susceptibility to intramammary infection across produc-
tion contexts.

Against this backdrop, the present study aimed (i) to characterize Staphylococcus species diversity, with par-
ticular emphasis on NAS species, and (ii) to evaluate modifiable production-related risk factors associated with 
SCM across heterogeneous cattle production systems in Kenya.

Materials and methods

Study design and area

This cross-sectional observational study was conducted between October and December 2021 as part of a broader 
research program, for which detailed descriptions of the study sites, sampling frame, and sampling strategy have 
been described previously [23]. In brief, comprehensive sampling frames of all registered cattle farms with lactat-
ing cows in Machakos, Makueni and Narok counties were compiled with support from county veterinary officers. 
Farms or herds were subsequently stratified according to cattle production systems and projected herd sizes, after 
which 152 herds were randomly selected to ensure proportional and representative coverage across the produc-
tion systems and herd densities.

Sample size estimation

The required sample size of lactating cows was estimated using Fisher’s formula, assuming a SCM prevalence 
of a 50%, a 95% confidence level, and a 5% margin of error. Given a lactating cow population exceeding 10,000, 
the sample size was calculated as:

	 𝑵𝑵 𝑵 𝒛𝒛2𝑷𝑷𝑷𝑷
𝒆𝒆2

Where N represents the required sample size; P is the assumed SCM prevalence (0.5) across Kenyan cattle 
production systems; Q is variance/difference with the prevalence (1 − P) given as (0.5); Z is the Z‑value corre-
sponding to a 95% confidence level (1.96); and e is the allowable margin of error (0.05). This yielded a minimum 
required sample size of 385 lactating cows.
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Study questionnaire and data capture

Structured interviews were conducted with farm owners, managers, or designated representatives following 
explanation of the study objectives and provision of free verbal informed consent. Interviews were administered 
in English or Kiswahili, with vernacular translation provided where necessary to ensure accurate communication.

Data were collected using the validated International Livestock Research Institute Antimicrobial Management 
Use in Livestock Production - ILRI’s AMUSE questionnaire tool v2 [24], which was customized for this study. 
Modifications included the addition of a lactating cow-specific module to capture breed type, cow and calf ages, 
lactation and parity status, history of clinical mastitis, milking methods, housing characteristics and veterinary 
services including antimicrobial use and vaccine practices (see Supplementary file 1). Modules unrelated to cattle 
production were removed to enhance contextual relevance and reduce respondent burden.

The adapted tool was pilot‑tested in a subset of cattle herds in Machakos County. Minor refinements were sub-
sequently made to improve clarity and usability, without substantive structural changes. Final data collection was 
conducted electronically using Open Data Kit (ODK), enabling real-time data entry and quality control. Variables 
included in the analysis are summarized in Table 1.

Animal selection

Eligible study animals were lactating cows, with or without suckling calves, which showed no observable signs 
of CM at the time of sampling, had no history of systemic or intramammary antibiotic treatment within the pre-
ceding 14 days, and were physically present during the time of study visit. Importantly, no penside screening tests 
such as the California mastitis test (CMT) were used to guide cow selection, thereby minimizing outcome‑depen-
dent sampling bias. Cows were excluded if they exhibited signs of CM, had received recent antimicrobial treat-
ment, were non‑lactating, or were unavailable at the time of sampling.

Within‑herd, cow selection was conducted using systematic (kth) random sampling. In herds without written 
animal lists, all eligible lactating cows present at the time of the visit were ordered as they were presented for 
milking or handling. A random starting point between 1 and k was selected, after which every (kth) eligible cow 
was selected until the predetermined target number of cows per herd was achieved. In herds with only one or two 
eligible lactating cows present, those cows were selected by default.

To account for clustering, potential non-response and logistical constraints, a total of 436 lactating cows were 
sampled from 152 herds distributed across Machakos (32 herds, 78 cows), Makueni (18 herds, 44 cows), and 
Narok (102 herds, 314 cows) counties. Stratified sampling by county and dominant production system ensured 
representation of heterogeneous cattle production systems and herd densities.

Sample collection and handling

Following herd-level interviews and animal selection, the pre-selected lactating cows were humanely restrained 
using minimal manual force in a crush or, where unavailable, in an open field conditions. Sampling procedures 
were conducted without disrupting routine suckling practices to minimize animal stress and maintain farmer 
compliance.

All selected cows subsequently underwent physical examination for evidence of CM. Udder preparation fol-
lowed standard aseptic procedures: removal of gross debris (dirt, hair and bedding), washing with sterile distilled 
water, stripping and discarding of foremilk, and visual inspection and palpation of all quarters to exclude CM. 
Only cows without observable signs of CM signs proceeded to composite milk sampling, after which cow-spe-
cific epidemiological data were recorded.

Teat ends were disinfected using sterile cotton gauze soaked in 70% alcohol and allowed to air-dry for at least 
30 s in accordance with National Mastitis Council guidelines [25]. Composite milk samples were collected asep-
tically by pooling equal volumes from all four quarters into 50 mL conical centrifuge tubes (Falcon®, Corning, 
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Table 1  Stratified production systems and management variables of the sampled lactating cow population (n = 436), pre-
sented at the cow-level
Variables Extensive Controlled,

n = 29 1
Extensive Uncontrolled/
Pastoralism,
n = 170 1

Intensive-Zero grazing,
n = 87 1

Semi-Intensive/ Agropastoralism,
n = 150 1

p-value 2

Herd size/structure < 0.001
Small (1–20) 0 (0%) 34 (20%) 46 (53%) 97 (65%)
Medium (21–90) 7 (24%) 68 (40%) 37 (43%) 49 (33%)
Large (≥ 91) 22 (76%) 68 (40%) 4 (4.6%) 4 (2.7%)

Housing structure < 0.001
Temporary 11 (46%) 91 (100%) 4 (4.6%) 35 (57%)
Semi-permanent 3 (13%) 0 (0%) 40 (46%) 24 (39%)
Permanent 10 (42%) 0 (0% 43 (49%) 2 (3.3%)
No data 5 79 89

Manure management -
Composting 0 (0%) 15 (8.8%) 33 (38%) 2 (1.3%)
Dry stack 20 (69%) 93 (55%) 14 (16%) 70 (47%)
Stockpiling 9 (31%) 62 (36%) 40 (46%) 78 (52%)

Milkshed availability < 0.001
Present 16 (55%) 50 (31%) 60 (69%) 70 (47%)
Absent 13 (45%) 110 (69%) 27 (31%) 80 (53%)
No data 10

Milking method 0.004
Hand 29 (100%) 155 (97%) 75 (86%) 139 (93%)
Machine 0 (0%) 5 (3.1%) 8 (9.2%) 11 (7.3%)
Do not milk 0 (0%) 0 (0%) 4 (4.6%) 0 (0%)
No data 10

Breed type/composition < 0.001
Exotic 20 (69%) 44 (26%) 64 (74%) 61 (41%)
Indigenous 9 (31%) 126 (74%) 23 (26%) 89 (59%)

Cows’ Age 0.4
< 5years 16 (55%) 84 (49%) 53 (61%) 77 (51%)
≥ 5years 13 (45%) 86 (51%) 34 (39%) 73 (49%)

Lactation status < 0.001
Suckling calf 20 (69%) 141 (83%) 47 (54%) 116 (77%)
No suckling 9 (31%) 29 (27%) 40 (46%) 34 (23%)

Calves’ age > 0.9
≤ 6 months 13 (65%) 91 (65%) 28 (60%) 73 (63%)
≥ 7 months 7 (35%) 50 (35%) 19 (40%) 43 (37%)
No data 9 29 40 34

Parity status > 0.9
Primiparous 8 (28%) 45 (26%) 23 (26%) 115 (77%)
Multiparous 21 (72%) 125 (74%) 64 (74%) 35 (23%)

Clinical mastitis history 0.013
Has history 7 (24%) 22 (13%) 22 (27%) 17 (12%)
No history 22 (76%) 146 87%) 59 (73%) 121(88%)
No data 2 6 12

Exotic and crossbreed cattle were classified together as exotic breeds, while indigenous cattle were categorized separately to represent locally 
adapted or pure indigenous breeds. Housing structures were categorized as permanent, semi-permanent or temporary based on their level of 
permanence and presumed hygiene standards.1 Values are presented as number (n) and percentage (%)2 Statistical comparisons were performed 
using Pearson’s Chi-squared test or Fisher’s exact test, where appropriate
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USA), beginning with the nearest teat and proceeding to the farthest, while avoiding contact between the teat and 
container rim.

Samples were properly labelled, placed immediately on ice, transported at 4 °C in insulated cooler boxes, and 
processed within 8 h of collection. Milk volumes ranged from < 2 mL to 4 mL; 122 samples yielded < 2 mL, pri-
marily due to low milk availability at the time of sampling. Each enrolled lactating cow (n = 436) contributed one 
composite milk sample; thus, a total of 436 composite milk samples were collected and processed as described in 
the laboratory sample processing (Figs. 1 and 2) and data analysis sections.

Laboratory analysis

Somatic cell counts (SCC)

To determine SCM status, SCC were measured for all samples (n = 436) using an automated fluorescence-based 
cell counter (Luna II, Logos Biosystems, Anyang, South Korea), operated in accordance with the manufacturer’s 
instructions and routine calibration procedures. Fresh milk samples (1 µL) were diluted 1:99 (100-fold) in methy-
lene blue stain to a final volume of 100 µL (0.1mL). A 10 µL (0.01mL) aliquot of the stained suspension was 
loaded onto a disposable counting slide and analyzed immediately.

Samples with SCC values > 200,000 cells/mL were classified as SCM-positive, whereas those with SCC val-
ues ≤ 200,000 cells/mL were classified as SCM-negative [4–6, 8–10, 26]. In this study, SCM was operationally 
defined as an elevated SCCs (> 200,000 cells/mL) in a composite milk sample obtained from a lactating cow 
without CM at the time of sampling. This standardized case definition enabled consistent comparison of SCM 
occurrence across individual cows, herds and diverse cattle production systems.

Fig. 1  Flowchart illustrates the number of composite milk samples collected and the subsequent analytical steps undertaken 
in this study. (Abbreviations: SCC–Somatic cell counts; CMT–California mastitis test; SCM–Subclinical mastitis (posi-
tive); MALDI-TOF MS–Matrix-assisted laser desorption/ionization-time of flight mass spectrometry; R v.4.5.2)
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California mastitis test (CMT)

The CMT was performed on composite milk samples with sufficient residual milk volume (≥ 2 mL; n = 314) using 
the ImmuCell California Mastitis Test Kit (ImmuCell Corporation, Portland-Oregon, USA) in accordance with 
manufacturer’s instructions. Samples with insufficient residual milk volumes (< 2 mL; n = 122), which may yield 
unreliable results,

For each assay, equal volumes (2 mL) of milk and CMT reagent were dispensed into pre-sterilized paddle cups 
and mixed by gentle circular rotation on a horizontal plane for approximately 15 s. Samples showing visible gel 
formation or increased viscosity were classified as SCM‑positive, whereas absence of gel formation was consid-
ered negative.

Bacteriological culture analysis

To characterize bacterial diversity, with particular emphasis on Staphylococcus species, bacteriological culture 
was performed on all composite milk samples (n = 436). Importantly, culture results were not used for SCM clas-
sification but solely for pathogen identification.

All samples were cultured directly, without enrichment using standard bacteriological procedures. Mannitol 
Salt Agar (MSA) was used for presumptive isolation of Gram-positive Staphylococcus spp., while MacConkey 
agar (MAC) for Gram-negative lactose fermenting E. coli, and non-lactose fermenting P. aeruginosa (Figs. 1 

Fig. 2  Workflow illustrating the bacteriological culture, isolation and identification of bacterial species from primary cul-
tures using selective media and MALDI-TOF MS. Arrows indicate successive subculturing steps performed to obtain pure 
presumptive bacterial isolates. Numbers denote the number of samples or isolates obtained at each stage of the workflow. 
(Abbreviations: MAC–MacConkey; MSA–Mannitol Salt Agar; PAB-Pseudomonas gar base; NA–Nutrient Agar; MALDI-
TOF MS–Matrix-assisted laser desorption/ionization-time of flight mass spectrometry)
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and 2). All media were prepared according to the manufacturer’s instructions (Oxoid Limited, Hampshire, UK). 
Strep. agalactiae and Strep. uberis were not investigated because they were outside the scope of the present study.

Briefly, 100 µL of each composite milk sample was aseptically inoculated and incubated aerobically at 37 °C 
for 18–24 h. Presumptive colonies were selected by colony morphology and medium reaction, then archived in 
Trypticase Soy Broth (TSB) supplemented with 20% glycerol at − 80 °C (Fig. 2). For purification, presumptive 
Staphylococcus spp. were subcultured on MSA; lactose fermenting isolates on CHROMAgar for E. coli, and non-
lactose fermenting isolates onto Pseudomonas agar base (PAB) for P. aeruginosa. All isolates were subsequently 
subcultured onto Nutrient agar (NA) to obtain pure cultures prior to definitive species identification. Quality 
control reference strains (S. aureus ATCC 29213, E. coli ATCC 25922 and P. aeruginosa ATCC 27853) were 
included throughout the procedure to ensure analytical validity.

Species-level characterization

All pure presumptive isolates (n = 174), comprising 139 Staphylococcus spp., 34 E. coli, and one P. aeruginosa 
(Fig. 2) were subjected to species-level identification using Matrix-assisted laser desorption/ionization-time of 
flight mass spectrometry (MALDI-TOF MS) following the manufacturer’s instructions (MALDI Biotyper Invitro 
Diagnosis Bruker v.10, Karlsruhe, Germany). MALDI-TOF MS was selected due to its rapid turnaround time, 
high analytical accuracy and superior species‑level resolution compared with conventional biochemical methods. 
This enhanced resolution is particularly critical for distinguishing closely related NAS species, which are often 
difficult to differentiate using phenotypic assays [27–30].

For protein profiling, two sample preparation strategies were applied depending on bacterial group. A direct 
spotting method was used for Gram-negative E. coli and P. aeruginosa isolates. Fresh overnight colonies were 
spotted on MSP 96 sterile target plates, air-dried for approximately 5 min, overlaid with 1µL of α-Cyano-4-
hydroxycinnamic acid (HCCA) matrix to facilitate protein crystallization and air-dried before analysis. An indi-
rect (formic‑acid extraction) method was applied for Gram-positive Staphylococcus spp., whereby 1µL formic 
acid was applied to the dried colony spot on sterile plates, air-dried, then overlaid with 1µL HCCA matrix and 
air-dried before analysis.

Protein spectra generated using both preparation methods were analyzed using the MALDI Biotyper MTB IVD 
reference library, which contains spectra from over 4,230 bacterial species across more than 680 genera. Identifi-
cation scores ≥ 2.0 were considered high‑confidence species, while scores between 1.7 and 1.99 were regarded as 
acceptable species‑level identifications in line with published validation studies [27]. Scores < 1.7 were deemed 
unreliable and re‑analyzed. For this study, scores ≥ 1.7 were accepted as valid species-level assignments.

Data analysis

Data curation and variable definition

All statistical analyses were performed using R (v4.5.2) under relevant packages. Two datasets were analyzed: (i) 
the primary dataset comprising 436 composite milk samples with SCC and bacteriological culture results, and (ii) 
a subset of 314 samples additionally tested using the CMT (Figs. 1 and 2). Predictor variables were defined and 
categorized a priori based on biological relevance and empirical data distribution (Table 1).

Herd size (or herd structure) was categorized as small (1–20 cattle), medium (21–90 cattle) or large (≥ 91 
cattle) based on the interquartile range (IQR = 70) to account for skewness and ensure analytically meaningful 
groupings. Breed type was grouped as indigenous or exotic, with cross‑bred cattle classified as exotic. Housing 
structures were categorized according to structural durability and presumed hygiene conditions into permanent 
(e.g., concrete), or semi-permanent (e.g., wood or bamboo), or temporary (e.g., stick-based structures) [19]. Cow 
and calf ages were categorized as < 5 years vs. ≥5 years, and ≤ 6 months vs. ≥7 months, respectively while parity 
status was grouped as primiparous (one calf) or multiparous (≥ 2 calves).
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Descriptive and concordance analyses

Cow- and herd-level SCM prevalence estimates were derived using SCC-based classifications and presented as 
proportions with 95% confidence intervals (CI). Cow-level prevalence was defined as the proportion of SCM-
positive cows, while herd-level prevalence was defined as the proportion of herds with at least one SCM-positive 
cow. Group differences were assessed using Pearson’s Chi-squared tests or Fisher’s exact tests, where appropriate.

Agreement between CMT- and SCC-based SCM classifications was assessed in the subset of samples (n = 314) 
using a 2 × 2 contingency table, and the agreement beyond chance quantified using Cohen’s Kappa (κ) statistic 
and interpreted using standard benchmarks [31]. Additional diagnostic performance metrics (e.g., sensitivity, 
specificity or regression-based diagnostic comparisons) were not pursued. Instead, concordance findings were 
interpreted descriptively to illustrate the complementary performance of SCC and CMT in field‑based SCM 
surveillance rather than diagnostic validation. Interpretation was further contextualized using composite milk 
samples, which limit quarter-level inference.

Multicollinearity assessment

Prior to multivariable modelling, collinearity among explanatory variables was assessed, with particular attention 
to production systems, housing types, manure management practices and herd size due to their conceptual and 
structural interrelatedness. Variance inflation factors (VIF) were calculated from a fixed-effects logistic regres-
sion model excluding herd random effects. A VIF threshold of < 5 was considered acceptable collinearity [32]. 
Where moderate pairwise correlations (0.40 > r > 0.69) were identified [33], variables were retained only if they 
were biologically distinct and contributed independently to model performance. Otherwise, the variable with the 
greatest epidemiological relevance and interpretability was prioritized for inclusion in the final model.

Mixed‑effects logistic regression modelling

Risk factors associated with SCC-defined SCM were evaluated using mixed-effects logistic regression to account 
for clustering of cows (level 1) within herds (level 2). Herd was included as a random intercept in all models to 
account for within-herd clustering and unmeasured herd-level heterogeneity. SCM status (positive vs. negative) 
was modelled as a binary outcome assuming a binomial error distribution using the glmer function.

Variable selection and model building

Each hypothesized explanatory variable (Table 1) was initially screened using univariate mixed-effects logistic 
regression models. Variables with a likelihood ratio test p–value ≤ 0.20 were considered for inclusion in the mul-
tivariable analysis. In addition, biologically plausible covariates and potential confounders, including cow age, 
calf age, history of clinical mastitis, lactation and parity status and milking methods, were considered irrespective 
of their univariate significance to ensure adequate control of confounding.

Multivariable model refinement followed a manual backward stepwise elimination approach, guided by likeli-
hood ratio tests (p–value ≤ 0.20, Akaike Information Criterion (AIC), confounding assessment (> 20% change in 
effect estimates), acceptable multicollinearity (VIF < 5), and biological plausibility. Variables with substantial 
missingness or sparse observations (e.g., calf age, cow age, history of clinical mastitis and parity status) were 
excluded where they produced unstable parameter estimates. Milking methods (machine vs. hand vs. do not 
milk) were excluded because of quasi-complete separation caused by the small number of machine-milked cows 
(n = 24). Penalized likelihood methods (e.g., Firth correction) were not applied, as inclusion of this variable did 
not materially contribute to the primary epidemiological objectives and or yield stable, interpretable estimates.

The final multivariable model prioritized parsimony and interpretability, retaining herd-level variables (pro-
duction system, herd size/structure, housing type, milkshed availability and manure management practices) 
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alongside key cow-level variables (breed type and lactation status). Model coefficients were exponentiated and 
reported as adjusted odds ratios (aOR) with 95% CI, describing the association between each predictor and the 
likelihood of having SCM. Regression outputs were summarized (Table 3) using the tbl_regression function from 
the gtsummary package. Statistical significance was defined at α = 0.05.

Random-effects variance and intra-class correlation (ICC)

Between-herd variability was quantified from the variance of the random intercept of the final multivariable 
model. The ICC was estimated using the icc () from the performance package to assess the proportion of total 
variance attributable to herd-level clustering and justify the use of mixed-effects modelling.

Results

Characteristics of cattle production systems

The number of lactating cows sampled (Table 1) per herd ranged from 1 to 10 (mean = 2.87; median = 3). Accord-
ing to FAO’s production‑system classifications, cattle were managed predominantly under extensive uncon-
trolled/pastoralism (38.9%, 170/436), followed by semi-intensive/agropastoralism (34.4%, 150/436), intensive 
controlled/zero grazing (20.0%, 87/436) and extensive controlled/ranching systems (6.7%, 29/436). Herd level 
distribution was comparable, with the highest proportion of herds classified as agropastoralism (41.4%, 63/152), 
followed by pastoralism (35%, 53/152), intensive-zero grazing (17.1%, 26/152) and ranching (6.6%, 10/152).

Marked heterogeneity was observed in housing characteristics across production systems. In intensive-zero 
grazing systems, cattle were predominantly housed in permanent or semi-permanent housing (49% vs. 46%). In 
contrast, temporary housing predominated in pastoral (100%) and agropastoral (57%) systems.

Similarly, herd structure, used as a proxy for cattle contact intensity, varied across the production systems. 
Medium-sized herds were most common overall. Maximum herd cattle interactions represented by large-herd 
size was more common in extensive controlled/ranching (76%) and pastoral systems (40%). Small herds were 
more frequently kept in agropastoral (65%) and intensive zero‑grazing systems (53%).

Breed type or composition also differed systematically by production systems with indigenous cattle pre-
dominated within pastoral systems (74%), whereas exotic cattle were more common in intensive zero‑grazing 
(74%) and extensive controlled/ranching systems (69%). Agropastoral systems exhibited mixed breed composi-
tion (59% indigenous; 41% exotic). Additional summaries are presented in Table 1.

Prevalence of bovine SCM

Based on SCC assessments, the overall cow-level prevalence of SCM was 53.0% (229/436; 95% CI: 48–57) 
while 73.0% of herds (111/152; 95% CI: 66–80) had at least one SCC‑defined SCM‑positive lactating cow. 
Among the subset of cows additionally tested using CMT, CMT-defined SCM prevalence was 58.0% (183/314; 
95% CI: 53–64).

When stratified by production systems, SCC-defined SCM prevalence was highest in extensive uncontrolled/
pastoralism (57%; 95% CI: 50–65), followed by semi-intensive/agropastoralism (55%; 95% CI: 47–63). Preva-
lence was 52% (95% CI: 35–69) in extensive controlled/ranching and lowest in intensive-zero grazing (40%; 
95% CI: 31–52). Notably, within intensive zero‑grazing systems, SCM prevalence differed by diagnostic method, 
with CMT-based classification yielding higher estimates (62%; 95% CI:51–73) compared with SCC-defined 
prevalence(40.0%; 95% CI: 31–52).
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Staphylococcus species relative abundance

Bacteriological culture growth occurred in 58.0% (251/436; 95% CI: 53–63) of the composite milk samples, 
yielding 174 bacterial isolates identified by MALDI-TOF MS (Figs. 1, 2 and 3). Staphylococcus species predomi-
nated, accounting for 79.9% (139/174) of the isolates. From this group, NAS species represented 44.3% (77/174) 
exceeding S. aureus (35.6%; 62/174).

Among NAS, S. chromogenes were the most prevalent species (19%; 33/174), followed by S. succinus (5.2%; 
9/174). Mammaliicoccus sciuri (formerly Staphylococcus sciuri [34] and Staphylococcus saprophyticus each 
accounted for 4% (7/174). Among non-staphylococcal pathogens, the environmental bacterium E. coli accounted 
for 19.5% (34/174) of the isolates, while P. aeruginosa was infrequently detected (0.6%; 1/174).

Comparison of SCC, CMT and bacteriological culture outcomes

Comparison of SCC-defined SCM status with bacteriological culture outcomes (growth vs. no growth) showed 
that 60% (138/229) of SCC‑positive samples yielded bacterial growth, while 40% (91/229) showed no growth. 
Conversely, among SCC‑negative samples, 55% (113/207) were culture‑positive and 45% (94/207) had no 
detectable growth. Overall, the likelihood of bacterial isolation did not differ significantly between SCC-positive 
and SCC-negative samples (OR = 1.26, 95% CI: 0.86–1.85; p = 0.23).

Agreement between CMT- and SCC-defined SCM classifications was limited. The overall agreement was 
60.2% (189/314), comprising 111 true positives and 78 true negatives. Cohen’s kappa statistics indicated slight 
concordance between the two diagnostic methods (κ = 0.20; 95% CI: 0.09–0.31).

Fig. 3  Distribution of bacterial isolates showing relative abundance of Staphylococcus spp. diversity and Gram-negative 
lactose fermenting and non-lactose fermenting bacteria (n = 174). Bars represent the percentage contribution of each bacte-
rial species to the total number of isolates. Staphylococcus species constituted 79.9% of all isolates, of which non-aureus 
Staphylococcus (NAS) species accounted for 44.3%
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Pathogen distribution across the cattle production systems

Bacterial isolates were predominantly recovered from cattle reared under extensive uncontrolled/pastoral systems 
(51.1%; 89/174) and semi‑intensive/agropastoral systems (32.7%; 57/174). Lower proportions of isolates were 
obtained from intensive zero‑grazing (10.3%; 18/174) and extensive controlled/ranching systems (5.7%; 10/174).

NAS were detected in cattle across production systems. Within pastoral systems, S. aureus, S. chromogenes, 
E. coli and S. succinus were the most frequently isolated organisms. Overall, S. aureus was the predominant 
pathogen in both pastoral (16.1%, 28/174) and semi‑intensive/agropastoral systems (14.9%, 26/174). A detailed 
breakdown of pathogen distribution across production systems is presented in Fig. 4.

Breed–wise distribution of Staphylococcus spp

NAS species were detected in both indigenous and exotic cattle, although their distribution differed between 
breed groups. S. chromogenes was more frequently isolated from indigenous cattle (13.2%; 23/174) than exotic 
cattle (5.7%; 10/174). S. succinus occurred in low proportions in both exotic cattle (2.9%; 5/174) and indigenous 
cattle (2.3%; 4/174). Similarly, S. saprophyticus was detected in low frequencies in exotic cattle (2.3%; 4/174) 
and indigenous cattle (1.7%; 3/174). M. sciuri showed a comparable pattern, accounting for 2.9% (5/174) of iso-
lates from exotic cattle and 1.7% (3/174) from indigenous cattle.

S. aureus was more frequently isolated from indigenous cattle (23.6%; 41/174) than in exotic cattle (12.1%; 
21/174). Likewise, E. coli was detected more in indigenous cattle (13.2%; 23/174) compared to exotic cattle 
(6.3%; 11/174). Overall bacterial isolation frequency was higher in indigenous cattle (61.0%; 106/174) than from 
exotic cattle (39.0%; 68/174).

Mixed bacterial growth

Mixed bacterial growth was inferred when two or more distinct colony morphotypes were recovered from a 
single composite milk sample and was interpreted conservatively (Table 2). Mixed growth was identified in 8.8% 
(14/160) of culture‑positive samples (after species identification) and occurred exclusively as two-species combi-
nations, whereby NAS species-E. coli combinations accounted for 5% (8/160), while S. aureus-E. coli combina-
tions accounted for 3.8% (6/160). When stratified by breed type, mixed bacterial growths were more frequently 
observed in indigenous cattle (6.3%; 10/160) than in exotic cattle (2.5%; 4/160). Notably, no mixed bacterial 
growth was detected among cattle managed under intensive zero‑grazing systems (Table 2).

Production-related risk factors associated with SCC

Prior to multivariable modelling, all explanatory variables demonstrated acceptable collinearity (VIF range = 1.41–
5.21, Supplementary file 2), indicating no evidence of problematic multicollinearity that could bias parameter 
estimates. Substantial clustering at the herd-level was observed (adjusted ICC = 0.29, 95% CI: 0.10–0.50), justi-
fying the use of a mixed‑effects logistic regression model with herd included as a random intercept.

After accounting for herd-level clustering, unmeasured heterogeneity and confounding, several herd- and 
cow-level factors were significantly associated with SCC-defined SCM (Table  3). Housing conditions dem-
onstrated the strongest association with SCM occurrence. Compared with permanent structures, cattle reared 
under semi-permanent structures were associated with 4.63-fold higher odds of having SCM (adjusted odds ratio 
[aOR] = 4.63, 95% CI: 1.91–11.8, p < 0.001), while those in temporary structures had the highest odds of having 
SCM (aOR = 6.27, 95% CI: 1.97–21.0, p = 0.002).

Breed type and herd size were also independently associated with SCM. Indigenous cattle had more than twice 
the odds of having SCM compared with exotic breeds (aOR = 2.51, 95% CI: 1.16–5.51, p = 0.020). Medium-sized 
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herds were associated with increased odds of SCM relative to small herds (aOR = 2.43, 95% CI: 1.19–5.06, 
p = 0.016), whereas large herd size showed no significant association (p = 0.70).

Several variables, including milkshed availability, lactation status, manure management, and production sys-
tems (semi-intensive/agropastoralism and extensive uncontrolled/pastoralism) were associated with SCM at the 
univariable analyses but were not retained as independent predictors in the final adjusted model. Additionally, 
biologically relevant covariates screened using the univariable model, including calf age (≤ 6 months vs. ≥7 
months; OR = 1.68, 95% CI: 1.05–2.69, p = 0.030), parity status (primiparous vs. multiparous; OR = 1.36, 95% CI: 
0.88–2.09, p = 0.2), cow age (< 5years vs. ≥5years; OR = 1.39, 95% CI: 0.95–2.02, p = 0.091), history of clinical 

Fig. 4  Abundance and distribution of bacterial species across cattle production systems (n = 174). The outer ring is subdi-
vided into segments representing bacterial species (e.g., E. coli, S. aureus, S. chromogenes) and cattle production systems 
(e.g., pastoralism). Chord thickness reflects the number of isolates, with thicker indicating higher counts. Arc length is pro-
portional to occurrence frequency, with longer arcs representing greater species abundance

 



Article in Press

BMC Microbiology

https://doi.org/10.1186/s12866-026-05745-7

Table 3  Mixed-effect logistic regression model estimating the odds of having SCC–defined bovine SCM at the cow- and 
herd-levels in Kenya, 2021
Levels Variables Univariable Multivariable

OR 95% CI p-value aOR 95% CI p-value
Herd Production systems

Intensive controlled (Zero grazing) 1 1
Extensive controlled (Ranching) 1.59 0.68–3.74 0.3 2.42 0.68–8.77 0.2
Semi-intensive (Agropastoralism) 1.79 1.05–3.08 0.033 1.34 0.51–3.50 0.6
Extensive uncontrolled (Pastoralism) 1.97 1.17–3.36 0.011 1.61 0.49–5.25 0.4
Herd size/structure
Small (1-20) 1 1
Medium (21-90) 1.88 1.22–2.91 0.004 2.43 1.19–5.06 0.016
Large (>91) 1.46 0.89–2.40 0.13 0.85 0.32–2.22 0.7
Housing structure
Permanent 1 1
Semipermanent 3.19 1.52–6.94 0.003 4.63 1.91–11.8 <0.001
Temporary 4.05 2.10–8.12 <0.001 6.27 1.97–21.0 0.002
Milkshed availability
Absent 1 1
Present 0.60 0.41–0.88 0.009 1.51 0.79–2.97 0.2
Manure management
Composting 1 1
Dry stack 1.90 1.01–3.61 0.047 0.70 0.22–2.20 0.5
Stockpiling 1.65 0.88–3.15 0.12 2.15 0.78–6.20 0.15

Cow or animal Breed type/composition
Exotic 1 1
Indigenous 1.85 1.26–2.71 0.002 2.51 1.16–5.51 0.020
Lactation status
Without suckling calf 1 1
With suckling calf 2.27 1.47–3.56 <0.001 0.92 0.45–1.89 0.8

OR = crude Odds Ratio, aOR = adjusted crude Odds Ratio, CI = Confidence Interval, Bold p-values were considered statistically significant 
(p≤0.05)

Barcode Staph spp. Id E. coli Id Breed type Production system
FMK000092 S. epidermidis E. coli Exotic Semi-intensive/Agropastoralism
FMK000159 S. chromogenes E. coli Exotic Semi-intensive/Agropastoralism
FMK000062 S. succinus E. coli Indigenous Semi-intensive/Agropastoralism
FMK000297 S. aureus E. coli Indigenous Extensive uncontrolled/Pastoral
FMK000533 S. xylosus E. coli Exotic Extensive uncontrolled /Pastoral
FMK000551 S. aureus E. coli Indigenous Semi-intensive/Agropastoralism
FMK000458 S. hyicus E. coli Indigenous Extensive controlled/Ranching
FMK000422 S. xylosus E. coli Indigenous Extensive uncontrolled/Pastoral
FMK000552 S. sciuri E. coli Exotic Extensive uncontrolled/ Pastoral
FMK000342 S. chromogenes E. coli Indigenous Extensive uncontrolled/ Pastoral
FMK000516 S. aureus E. coli Indigenous Extensive uncontrolled/Pastoral
FMK000450 S. aureus E. coli Indigenous Extensive uncontrolled/Pastoral
FMK000515 S. aureus E. coli Indigenous Extensive uncontrolled/Pastoral
FMK000530 S. aureus E. coli Indigenous Extensive uncontrolled/Pastoral

Table 2  Mixed bacterial 
growth involving Staphy-
lococcus spp. and E. coli 
across the cattle breed types 
and production systems

Mixed bacterial growth was 
identified in 8.8% (14/160) of 
culture–positive samples and 
was conservatively interpreted 
as representing contamination 
rates. Barcodes represent indi-
vidual composite milk samples; 
(Staph spp.–Staphylococcus 
species; M. sciuri/S. sciuri; 
Pastoral–Pastoralism)
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mastitis (no history vs. previous occurrence; OR = 0.73, 95% CI: 0.43–1.23, p = 0.2) and milking method (hands 
vs. machines), were excluded in the final adjusted model due to substantial sparse data or model instability, nota-
bly quasi‑complete separation for milking method.

Discussion

Advancing the understanding of bovine SCM increasingly depends on species-level pathogen characterization, 
including that of NAS species, which enables a more precise characterization of bacterial diversity beyond estab-
lished aetiological frameworks. Such enhanced characterization strengthens the evidence base for development 
of context-specific and sustainable mastitis control strategies, especially in resource-limited settings.

In the present study, SCM was prevalent at both the cow (53%) and herd (73%) levels, consistent with previous 
reports from Kenya [3, 17, 18], and neighbouring East African countries, including Rwanda [35], Uganda [36] 
and Ethiopia [21]. Stratification by production systems revealed a substantial SCM burden across all systems, 
with prevalence highest in pastoral (57%) followed by agropastoral (55%), extensive controlled/ranching (52%) 
and intensive zero-grazing (40%). Given that Kenya’s cattle production systems broadly reflect those across 
sub-Saharan Africa, these observations may have wider regional relevance for bovine mastitis epidemiology. 
Collectively, the findings suggest that SCM is not merely an isolated cow- or herd-level condition, but rather a 
widespread and endemic constraint across diverse production systems, potentially reflecting persistent gaps in 
mastitis prevention, biosecurity implementation and overall herd health management practices [37, 38]. Never-
theless, variation in reported cow-level SCM prevalence across a few studies, including lower estimates (33% 
vs. 16.3%) from certain regons of Kena [39] and Zimbabwe [40] respectively, may be attributable to differences 
in diagnostic methods, seasonal conditions and management intensity, rather than to substantial epidemiological 
divergence.

The multifactorial aetiology and largely asymptomatic nature of SCM further complicate its detection and 
interpretation. Even in relatively well-managed herds, low-level intramammary infections may persist undetected 
[1, 37, 38, 41]. This may influence herd-level SCM classification in the present study, such that herds classified 
as SCM-negative, particularly those with limited within-herd sampling (< 3 lactating cows), may still have har-
boured undetected intramammary infections. Thus, the observed 27% of herd-level SCM-negative status likely, 
at least in part, reflects constraints in sampling sensitivity rather than the true absence of intramammary infection. 
In contrast, the higher SCM burden observed in pastoral and agropastoral systems is biologically plausible and 
aligns with previous studies associating elevated mastitis risk with suboptimal hygiene practices, limited access 
to veterinary services, frequent inter-herd interactions and mobility-related stress linked to extensive livestock 
movement [3, 21, 37, 42, 43]. Together, these factors may increase exposure to mastitis-associated pathogens and 
facilitate their transmission and persistence within herds.

Within this epidemiological context, species‑level characterization of Staphylococcus diversity offers criti-
cal insights into the aetiology of bovine staphylococcal mastitis in Kenya. S. aureus remained the predominant 
pathogen, particularly in pastoral and agropastoral systems, consistent with its well-established epidemiologi-
cal role as one of the primary contagious mastitis agent. Its biological capacities for chronic intramammary 
colonization, intracellular persistence, and reduced responsiveness to commonly used antimicrobials, particu-
larly β-lactams such as penicillins [7, 44], provide a mechanistic basis for its sustained circulation. These traits 
are likely amplified in settings characterized by close animal contact, suboptimal milking hygiene, and limited 
feasibility of test‑and‑cull strategies due to the absence of compensation mechanisms, as commonly occurs in 
resource‑constrained pastoral and agropastoral production systems [3]. Inadequate antimicrobial stewardship and 
limited access to veterinary services in pastoral and smallholder systems [23], may further reinforce pathogen 
persistence and transmission.

Notably, substantial diversity was observed among NAS species, with S. chromogenes (19%) as the predomi-
nant NAS species, followed by S. succinus (5.2%), and lower frequencies in S. saprophyticus and M. sciuri. 
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Comparable NAS profiles have been documented across diverse geographical settings in South Africa, Canada, 
Belgium, USA, Cambodia, and among cattle in Bangladesh [2, 14–16, 45], supporting the broader external valid-
ity of these findings. Collectively, these observations reinforce growing evidence that NAS do not constitute a 
homogeneous group but rather comprise species with distinct ecological niches, host associations and pathogenic 
potential, including the capacity to act as reservoirs of AMR genes [2, 13–15]. The predominance of S. chromo-
genes is particularly noteworthy given its documented ability to establish persistent intramammary colonization 
and its association with elevated SCC [13, 14, 46, 47]. Moreover, the widespread detection of NAS species across 
production systems and cattle breeds suggests the presence of both environmental and host-associated reservoirs, 
underscoring their emerging epidemiological importance in bovine staphylococcal mastitis [2, 14, 45]. These 
findings further highlight the value of species-level resolution, particularly in contexts where improved control 
of major contagious pathogens may shift the relative importance of historically under-recognized pathogens such 
as NAS species.

With the emerging epidemiological importance of NAS species in bovine staphylococcal mastitis, inferred 
mixed bacterial growth involving E. coli in combination with NAS species or S. aureus was detected in a minority 
of samples (8.8%). Comparable mixed infections involving NAS and other mastitis-associated pathogens have 
been reported elsewhere [45, 48]. However, given the use of composite milk sampling and targeted culture-based 
approach, these observations should be interpreted cautiously and may reflect concurrent colonization, early 
or transient infections, or bacteria originating from different quarters rather than confirmed intramammary co-
infections. Nonetheless, recovery of two or more bacterial species from the same sample is consistent with an 
increasingly recognized polymicrobial component of bovine mastitis [7, 11, 12]. This microbial complexity has 
practical implications for diagnostics and therapy, as reliance on a single-pathogen diagnostic tool may underes-
timate disease complexity and contribute to suboptimal treatment outcomes, particularly in production systems 
where polymicrobial infections and environmental pathogen exposure are more likely to occur.

Beyond microbial diversity, several production‑related risk factors were independently associated with SCM, 
underscoring the central role of husbandry practices in disease occurrence. Housing quality emerged as one of 
the strongest and most consistent production-related risk factors for SCM. Cattle housed in temporary or semi-
permanent structures had significantly higher odds of having SCM compared with those in permanent facilities. 
Such suboptimal housing conditions may increase exposure to moisture, manure and bedding contaminations, 
particularly during wet seasons, thereby creating conducive conditions to pathogen survival and transmission 
[20]. These findings identify housing improvement as a key, practical and modifiable intervention, especially 
within resource-limited pastoral and agropastoral systems where infrastructural constraints are common and 
structured mastitis control programs are often limited or absent.

In addition to housing, herd size or structure also showed a clear association with SCM occurrence, with 
medium-sized herds exhibiting the highest risk. Expanding herd size may increase animal density and frequency 
of inter-animal interactions while simultaneously placing greater demands on hygiene practices and veterinary 
support, thereby facilitating pathogen transmission. Similar associations between herd size and mastitis risk have 
been reported in Ethiopia and other settings [21, 22], supporting herd structure as a key epidemiological deter-
minant. This underscores the importance of aligning herd expansion with proportional improvements in manage-
ment capacity and biosecurity to mitigate increased disease risk.

Breed was also associated with SCM occurrence, with indigenous cattle showing higher odds of having SCM 
than exotic cattle. This observation contrasts with reports from high-input dairy systems, where increased mastitis 
susceptibility has been described among high‑producing exotic cattle, often attributed to udder or teat confor-
mation and production‑related stress [39, 49]. In the present setting, however, the observed association is more 
plausibly explained by context‑specific production conditions rather than inherent breed‑level genetic resistance. 
Exotic cattle were more commonly managed under intensive production systems characterized by improved 
housing qualities and more standardized milking routines, conditions that likely reduced environmental expo-
sure and pathogen transmission. In contrast, indigenous cattle were more frequently managed under pastoral 
or semi-intensive agropastoral systems, where prolonged lactation periods, greater exposure to contaminated 



Article in Press

BMC Microbiology

https://doi.org/10.1186/s12866-026-05745-7

environments and inconsistent milking hygiene may increase exposure and susceptibility to both contagious 
and environmental mastitis pathogens [50]. Nonetheless, residual confounding related to seasonality, nutrition, 
access to veterinary services, composite sampling dilution effects and exclusion of streptococcal pathogens may 
also have influenced the observed breed-associated patterns, including differences in bacterial recovery and 
distribution.

Methodological considerations are also important in interpreting these findings. Differences between CMT- and 
SCC-based prevalence estimates, particularly in intensive zero-grazing systems, likely reflect inherent method-
ological differences between the two assays, including variation in sensitivity and the subjective nature of CMT 
scoring compared with the quantitative, threshold-based SCC measurements. Discordance between SCC-defined 
SCM status and bacteriological culture outcomes may additionally reflect intermittent bacterial shedding, prior 
antimicrobial exposure, low-level intramammary infections below culture detection thresholds, host‑adapted 
infections, absence of pre‑enrichment, exclusion of streptococcal pathogens, involvement of non‑bacterial or 
mixed aetiologies. Similar sources of disagreement between CMT results and bacteriological culture have been 
reported previously [3]. In addition, the use of composite milk samples may dilute quarter-level infections, under-
estimate pathogen diversity and limit quarter-level inference thereby complicating interpretation of mixed bacte-
rial growth. Collectively, these factors provide a plausible explanation for the observed low concordance between 
CMT- and SCC-based classifications (overall agreement = 60.2%; κ = 0.20). This limited agreement underscores 
the constraints of relying on a single field-based diagnostic method and supports the use of SCC and CMT as 
complementary rather than interchangeable tools for SCM surveillance. Furthermore, composite milk sampling 
remains a pragmatic approach for large-scale surveillance in resource-limited settings where quarter-level sam-
pling is logistically and financially prohibitive.

The present study is not without limitations. The primary limitation was the targeted focus on Staphylococ-
cus spp., which precluded comprehensive characterization of other important mastitis pathogens, particularly 
Streptococcus spp. Consequently, inference on the full aetiological spectrum of mastitis and overall intramam-
mary microbial diversity is necessarily limited. This restriction may also have influenced the proportion of SCC-
positive culture-negative samples and the interpretation of mixed bacterial growth patterns. However, the focused 
design enabled detailed species-level characterization of Staphylococcus spp., particularly NAS species, within 
available resources. The cross-sectional design precludes causal inference and limits assessment of temporal or 
seasonal dynamics; observed associations should therefore be interpreted conservatively as epidemiological cor-
relates of management conditions rather than causal effects. Additionally, limited within-herd sampling may have 
resulted in misclassification of herds as SCM-negative, particularly where classification was based on a relatively 
small number of sampled lactating cows.

Despite these constraints, this study provides one of the most detailed species‑level resolution of NAS in 
Kenyan cattle to date, integrating SCC‑defined SCM classification, complementary CMT-based SCM screening, 
and MALDI‑TOF MS-based bacterial identification across diverse production systems. The combined use of 
quantitative inflammatory markers and high‑resolution microbial identification strengthens inference on SCM 
epidemiology across heterogeneous cattle production in Kenya, while also highlighting the value of aligning 
phenotypic and microbiological approaches in field-based surveillance. Future longitudinal studies should build 
on these findings by incorporating larger within herds sample sizes, quarter-level sampling, AMR profiling, and 
culture-independent and omics–based approaches (e.g., whole-genome sequencing, metagenomics, phylogenom-
ics, functional profiling) to more comprehensively define intramammary microbial diversity. Emphasis should 
be placed on comprehensive characterization of Streptococcus spp. and other non-staphylococcal pathogens to 
better capture the full spectrum of mastitis aetiology in Kenya.
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Conclusions

In summary, SCM in Kenyan cattle systems remains prevalent and continues to constrain dairy productivity. The 
condition is characterized by substantial Staphylococcus diversity, encompassing both S. aureus and multiple 
NAS species, particularly S. chromogenes and S. succinus, with occasional evidence of mixed bacterial pres-
ence. SCM occurrence was independently associated with modifiable production-related risk factors, particularly 
housing quality and herd structure, whereas observed breed-associated differences likely reflected variations in 
management practices rather than intrinsic biological susceptibility. Effective control in resource-limited settings 
should therefore prioritize system-specific interventions that integrate accessible diagnostic tools with targeted 
improvements in housing, hygiene and herd management. In addition, continued species-level surveillance will 
be critical for supporting sustainable, context‑appropriate mastitis control strategies and addressing emerging 
challenges, including antimicrobial resistance.
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