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Abstract	Comment by USER: Arial, Bold, 11 font, left aligned, caps)
India’s milk economy is often narrated through the lens of cattle, yet much of its dynamism—and a growing share of its product innovation—sits outside the bovine (cow) frame. This review synthesizes evidence on the expanding role of non-bovine milks and dairy products in India, focusing on buffalo, goats, camels, yaks, and emerging niche species (e.g., donkey), and on how these sectors interact with livelihoods, markets, processing technologies, and sustainability goals. We argue that India’s “non-bovine dairy revolution” is not a single transition but a portfolio of pathways: (i) buffalo dairying as the scale backbone supporting fat-rich traditional products and industrial ingredient streams; (ii) goat dairying as a smallholder- and enterprise-friendly diversification with strong nutrition and premium-market narratives; (iii) camel dairying as an arid-land resilience option constrained by processing challenges yet supported by a fast-developing functional-food discourse; and (iv) high-altitude (yak) and niche milks as geographically anchored micro-economies with high value-per-litre potential. Across species, compositional differences influence digestibility, product yield, and technological suitability, while governance and value-chain modernization shape safety, traceability, and farmer returns. The review highlights actionable priorities: species-sensitive quality standards, cold-chain and aggregation models tailored to dispersed production, validated health-claim pathways, and climate-resilient breeding and feeding strategies. Collectively, non-bovine dairying can strengthen India’s milk economy by widening income options, supporting region-specific dairy clusters, and enabling differentiated products—provided investment, evidence, and regulation advance together.	Comment by USER:  Arial 10
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1. Introduction	Comment by USER: 	Comment by USER: (Arial, Bold, 11 font, left aligned, caps)

India’s dairy sector is among the world’s largest food systems, deeply embedded in household nutrition, rural employment, and the political economy of prices and procurement. Yet, the category “milk” is not homogeneous. Species differences shape farm economics, product portfolios, processing feasibility, and consumer narratives around taste, digestibility, and functionality. In India, this diversity is particularly salient because a substantial share of milk and fat-based products come from species other than cows, while the fastest-growing premium segments often rely on differentiation (species, breed, production geography, or protein variant claims). 	Comment by USER:  Arial 10
 Aims ?
At the same time, market change is underway. Consumers are increasingly exposed to premium labels (e.g., A2 milk), functional-food positioning, and new retail channels that lower the transaction costs of selling small volumes of high-value milk. Such shifts create openings for non-bovine dairying—especially when it aligns with agro-ecological realities (arid, semi-arid, and high-altitude zones) and with the constraints of smallholder landholdings. However, these opportunities coexist with hard constraints: low per-animal yields for some species, fragmented supply, limited chilling/aggregation, and species-specific processing barriers that prevent conventional dairy plants from simply “substituting” cow milk lines. 
1.1 Scope and objectives	Comment by USER: (ARIAL, BOLD, 11 FONT, LEFT ALIGNED)
This review examines the emerging contributions of non-bovine dairy to the Indian milk economy across five linked dimensions:	Comment by USER: Arial 10
1. production systems and livelihood roles (with emphasis on smallholders, pastoralists, and region-specific dairying);
2. compositional and techno-functional properties that shape processing, safety, and product yield;
3. value-chain organization, modernization, and market differentiation;
4. sustainability and climate resilience; and
5. policy and research priorities needed for responsible scaling. 
1.2 Defining “non-bovine dairy” in the Indian context	Comment by USER: (ARIAL, BOLD, 11 FONT, LEFT ALIGNED)

In global usage, “bovine” often refers to cattle (cows), while “non-bovine milk” may include buffalo, goats, sheep, camels, equids (donkey/mare), and high-altitude species such as yak. This review adopts a cow-centric definition relevant to Indian discourse: non-bovine dairy refers to dairy systems and products derived from species other than cows, including buffalo (a cornerstone in India), goats, camels, yaks, and emerging niche species where economically relevant. 	Comment by USER: Arial 10
2. Materials and Methods	Comment by USER: (Arial, Bold, 11 font, left aligned, caps)


This article is a narrative review with explicit literature selection steps, designed to synthesize multidisciplinary evidence spanning animal production, food science, and agri-food economics.
2.1 Methods for literature selection	Comment by USER: (ARIAL, BOLD, 11 FONT, LEFT ALIGNED)

Databases searched: Scopus, Web of Science, PubMed, CAB Abstracts, and Google Scholar.
Search strings (illustrative):
· (“buffalo milk” AND (India OR “South Asia”) AND (processing OR value chain OR economy))
· (“goat milk” AND India AND (dairy farming OR enterprise OR processing OR “value chain”))
· (“camel milk” AND (processing constraints OR techno-functional OR dairy products))
· (“yak milk” AND (Himalaya OR “high altitude”) AND (processing OR health benefits))
· (“donkey milk” AND (composition OR processing OR functional))
· (“A2 milk” AND (detection OR quantification OR market trends)) 
Date range: January 2014 to December 2025 (with selective inclusion of foundational older work where essential for technological suitability concepts). 
Inclusion criteria: peer-reviewed journal articles (reviews and high-quality original studies) in English; relevance to at least one of (i) India’s dairy economy/value chains, (ii) species-differentiated milk composition/processing, or (iii) sustainability/climate resilience in dairy systems.
Exclusion criteria: non-peer-reviewed web content, unverified health-claim articles without scientific framing, and studies unrelated to dairy use (e.g., non-food uses without economic linkage).
2.2 Synthesis approach	Comment by USER: (ARIAL, BOLD, 11 FONT, LEFT ALIGNED)

Evidence was organized into thematic clusters: (i) species roles and production geographies; (ii) composition/digestive dynamics; (iii) processing and product innovation; (iv) value chains and market organization; and (v) sustainability and climate resilience. Cross-cutting constraints (quality/safety, aggregation, and standards) were emphasized because they largely determine whether non-bovine dairy remains niche or scales into formal markets.

3. India’s non-bovine dairy landscape: why “revolution” is plausible	Comment by USER: ??
 Results ?	Comment by USER: arial
3.1 Demand-side differentiation and the premiumization engine	Comment by USER: idem
Calling India’s non-bovine dairy shift a “revolution” is plausible because the market is no longer driven only by volumes and undifferentiated liquid milk. Instead, value is increasingly created through attributes that consumers can recognize and pay for: species identity (buffalo/goat/camel), region-linked authenticity, processing style, and credence claims connected to digestibility or functionality. This premiumization logic is visible in the broader “A2” interface, where consumers pay for perceived protein-variant differences and brands invest in testing and traceability to defend price premiums (Dantas et al., 2023). While A2 labeling is not synonymous with non-bovine dairying, it illustrates the same economic mechanism: differentiation can convert small, dispersed supply into viable business models when trust systems and consistent quality are in place. In that sense, a revolution is plausible because the market can reward “less milk, more margin,” which suits several non-bovine species whose comparative advantage is not maximum yield but product distinctiveness.	Comment by USER: idem
3.2 Agro-ecological fit, risk management, and livelihood strategy	Comment by USER: idem
A second driver is the alignment of species portfolios with India’s agro-ecologies and household risk realities. In many regions, non-bovine dairying is not a lifestyle choice but a resilience strategy: species are selected to match fodder availability, water constraints, and heat stress exposure. Buffalo dairying, for instance, underpins a large share of India’s milk output, yet it is also notably sensitive to heat stress, implying that climate adaptation investments directly shape the stability of the milk economy (Balhara et al., 2017). Goats, by contrast, often function as flexible assets within smallholder systems, enabling diversification where land and capital are constrained; the “revolution” here is the growing shift from opportunistic rearing to more organized dairy-goat development, entrepreneurship, and market-facing production models (Singh et al., 2023). The plausibility of a non-bovine transition therefore rests on a structural reality: climate variability and land fragmentation are not temporary, and species-diverse dairying offers a practical way to distribute risk and sustain rural incomes.	Comment by USER: idem
3.3 Processing feasibility as the real bottleneck and the real opportunity	Comment by USER: idem
Revolutions in dairy do not scale on farm potential alone; they scale when processing lines can convert milk into stable, safe, and desirable products. Species differences in composition and techno-functional behavior determine what is easy versus difficult to manufacture at consistent quality. Comparative evidence shows that milk from different species varies in nutritional profile and technological suitability, affecting heat stability, fermentation performance, and coagulation outcomes—factors that ultimately govern which value-added products can be produced reliably (Barłowska et al., 2011). Camel milk makes this point sharply: despite strong consumer narratives and arid-zone relevance, conventional processing can be constrained by camel milk’s distinct physicochemical behavior, limiting product diversity unless tailored technologies are developed (Arain et al., 2024). Conversely, niches such as donkey milk illustrate another pathway: extremely high value-per-litre categories can emerge, but they remain tightly dependent on safety controls, credible positioning, and processing know-how (Meena et al., 2024). In short, the “revolution” is plausible because processing innovation is catching up to species diversity, but it is also conditional—without species-specific R&D and suitable plant configurations, growth will remain confined to fragmented informal markets.	Comment by USER: idem
3.4 Trust, evidence governance, and the institutional conditions for scaling	Comment by USER: idem
Finally, a revolution is plausible only if institutions reduce “trust costs.” As non-bovine dairy becomes premiumized, the penalty for adulteration, inconsistent quality, or exaggerated health claims rises sharply. The same market dynamics that enable premiums can quickly destroy them if verification systems are weak. The A2 experience again serves as a cautionary parallel: once claims become central to pricing, credible testing, traceability, and truthful labeling become market infrastructure rather than optional extras (Dantas et al., 2023). For non-bovine species, this means species-sensitive standards, hygienic aggregation, and validation pathways that separate promising biofunctional research from overstated medical claims. If these governance conditions improve, India’s non-bovine dairy landscape can evolve from being primarily a set of regional traditions into a modern, differentiated, and climate-relevant growth frontier—hence the plausibility of describing current change as a “revolution.”	Comment by USER: idem

4. Buffalo dairy: India’s scale anchor beyond cow-centric narratives	Comment by USER: idem
4.1 Scale anchor and product portfolio
India’s dairy economy cannot be explained through a cow-only lens, because buffalo milk is structurally embedded in the country’s product demand and processing logic. Buffalo milk’s naturally higher solids content creates a technological and economic advantage for products where fat and total solids directly determine yield, texture, and profitability. This makes buffalo milk an intrinsic “scale anchor” for India’s concentrated and heat-processed dairy portfolio, including ghee, khoa-based sweets, paneer, and fat-forward culinary applications. Such positioning means buffalo milk is not a marginal “alternative”; rather, it is a foundational raw material that stabilizes household nutrition, smallholder income, and processing throughput. Importantly, the anchor effect becomes stronger where payment systems reward fat and solids, because buffalo milk converts feed into market value efficiently and predictably in those pricing regimes.
The plausibility of a buffalo-driven “revolution” lies less in novelty and more in the capacity to formalize what already exists at scale. When procurement and processing systems treat buffalo milk as a distinct industrial input—rather than as “cow milk with higher fat”—they can develop buffalo-specific quality standards and pricing formulas that better reflect its technological behavior in products. The outcome is not only better farmgate incentives but also clearer pathways for differentiated branding around culinary performance and richness. This is consistent with the broader call that non-cow milk sectors require species-sensitive quality and value-chain design rather than one-size-fits-all regulation.
4.2 Composition, bioactives, and microstructure as sources of differentiated value
Buffalo milk’s advantage is not only compositional; it is also structural. A cross-species synthesis shows that differences in casein fractions, fat globule properties, and protein-to-fat ratio influence gastric curd formation and thereby alter the kinetics of nutrient delivery and digestion (Roy et al., 2020). These digestion dynamics are relevant for India because they intersect with consumer perceptions of satiety, “heaviness,” and tolerance—perceptions that often shape household preference for buffalo milk in specific demographic groups. At the microstructural level, detailed structural investigations of buffalo milk fat globules and their biological membranes show that globule architecture and membrane composition differ in ways that can influence emulsion stability and processing outcomes (Nguyen et al., 2015). In practical terms, microstructure becomes a hidden lever behind why buffalo milk often delivers distinct sensory and functional performance in traditional Indian products even before any fortification or reformulation is attempted.
Beyond bulk nutrients, buffalo milk is increasingly framed as a carrier of bioactive metabolites that can support health-oriented value propositions. A recent comprehensive review highlights compounds such as δ-valerobetaine and acetyl-L-carnitine, and emphasizes that buffalo milk functionality is sensitive to processing—thermal treatments may reduce certain antimicrobial factors, while enzymatic or non-thermal strategies may enhance bioactivity (Liao et al., 2025). Mechanistic evidence strengthens this argument: buffalo milk δ-valerobetaine has been reported to exhibit antioxidant and anti-inflammatory activities in experimental models, suggesting plausible pathways for functional product positioning if supported by further clinical validation (D’Onofrio et al., 2019). Together, these findings imply that buffalo milk can support both traditional richness-based demand and emerging functional dairy narratives.
4.3 Processing and preservation: species-specific optimization from heat to “gentle” technologies
Because buffalo milk is commonly produced in warm climates and often moves through uneven cold-chain conditions, thermal processing remains central to safety and shelf-life. However, heating does more than microbial inactivation; it changes whey protein–casein interactions, alters micellar structure, and can shift downstream performance in concentration, coagulation, and texture formation. A focused review of buffalo milk thermal processing argues strongly for species-specific process optimization, cautioning that parameters derived for cow milk cannot be assumed optimal for buffalo milk because the baseline solids and protein organization are different (Mejares et al., 2022). The broader processing literature similarly emphasizes that buffalo milk’s functional qualities—including bioactivity—are modulated by process selection, strengthening the case for designing buffalo-specific thermal and non-thermal treatment strategies rather than borrowing cow-milk defaults (Liao et al., 2025).
Alongside heat optimization, fermentation and “gentle” technologies provide a scalable route to value addition. Buffalo milk is increasingly viewed as a promising substrate for probiotic dairy development due to its compositional richness and microbial ecology, but successful commercialization depends on strain selection, safety evaluation, and maintaining probiotic viability through storage (Habiba et al., 2025). This is particularly relevant in India, where fermented dairy consumption is already culturally normalized, meaning innovation can proceed through upgrading familiar product forms rather than inventing entirely new categories. In this framing, buffalo milk can anchor both traditional processing systems and new functional innovations—provided processing choices are engineered for buffalo milk’s distinctive composition and structure.
4.4 Quality variability, climate resilience, and circularity in buffalo systems
A buffalo-centered dairy future must still solve the problem of consistency. Buffalo milk composition varies by season, feeding regime, lactation stage, and management, and large-scale evidence shows that these factors can shift fat, protein, total solids, and somatic cell count over the year (Viana et al., 2025). For India, such variability matters because it affects product yield, standardization costs, and the credibility of quality-linked procurement. Species-specific baselines and transparent testing infrastructure are therefore not optional; they determine whether buffalo milk can be scaled through formal markets without losing quality reliability or farmer trust.
Climate resilience also supports buffalo’s plausibility as a long-term anchor. Evidence from India’s major milk-producing states emphasizes that buffalo systems face climate-change pressures and require adaptation across feeding, housing, and water management (Balhara et al., 2017). Finally, sustainability competitiveness increasingly depends on circularity. Buffalo dairy processing generates streams such as whey and other residues that can be valorized into foods, ingredients, or bioproducts, and a global assessment of buffalo-chain byproduct recovery highlights the scope for value addition through cleaner production and waste-to-resource strategies (Pantoja et al., 2022). When combined—quality stabilization, climate adaptation, and circular valorization—these levers make it plausible that buffalo dairy can extend beyond cow-centric narratives and remain a central pillar of India’s evolving milk economy.

5. Goat dairy: diversification, enterprise potential, and premium markets
5.1. Why goats matter for India’s dairy diversification pathway
Goat dairy is increasingly being discussed as a meaningful diversification pathway within India’s milk economy because it aligns with two structural realities: (i) goats are already embedded in smallholder and land-constrained livelihood systems, and (ii) caprine milk can occupy differentiated “high-value” spaces that are not always well-served by mass, commodity-style liquid milk supply. In practical terms, goats lower entry barriers for first-generation livestock entrepreneurs because herd sizes can be built incrementally and management can be integrated with crop residues and common-property grazing where available. This “small asset, scalable enterprise” logic helps explain why a goat-dairy expansion narrative is plausible even without displacing buffalo and cow dominance in absolute volumes. The most credible scenario is not a sudden volumetric takeover, but a steady increase in organized collection, quality assurance, and value-added processing that converts dispersed production into bankable, premium-ready supply chains (Singh et al., 2023).
A second reason diversification is plausible is that goat dairying can provide a resilience option for regions where climatic stress, land fragmentation, or feed constraints make high-input bovine dairying difficult to sustain. From a sectoral perspective, the strategic value of goat dairy lies in portfolio diversification: adding another milk stream that can serve specialized markets (e.g., infant/clinical nutrition concepts, digestive-comfort positioning, artisanal fermented products) while also supporting rural incomes through localized processing and direct-to-consumer models (Mishra et al., 2026; Singh et al., 2023). In that sense, goat milk is best framed as a “value-led” contributor rather than a purely volume-led competitor.
5.2. Product differentiation: digestibility narratives, proteins, and functional positioning
Premiumization requires a technically defensible story about why the product is different. For goat milk, differentiation is often anchored in compositional and structural features that can influence digestive dynamics and consumer tolerance, although the strength of evidence varies by outcome and population. Reviews comparing milks across species highlight that coagulation behavior in the stomach, fat globule and casein micelle characteristics, and protein profiles can shape digestion kinetics; these mechanisms are frequently used to explain why some consumers report greater comfort with non-cattle milks (Roy et al., 2020). Importantly, such evidence supports “plausible mechanism” claims, but it should not be overtranslated into universal clinical promises.
At the ingredient level, goat milk proteins are also discussed for functional properties relevant to new product development—such as emulsifying or foaming behavior—and for bioactivity narratives (e.g., immunomodulatory or antioxidant-related pathways), which are attractive for premium positioning when communicated responsibly (ALKaisy et al., 2023). For India’s premium markets, this matters because goat dairy’s growth is likely to be driven by branded differentiation rather than anonymous bulk trade. A careful strategy is to position goat dairy as “nutritionally dense and functionally versatile” while acknowledging that health effects depend on processing, dose, and consumer characteristics (ALKaisy et al., 2023; Mishra et al., 2026).
5.3. Enterprise potential depends on value addition, not just fluid milk sales
The most robust route to enterprise viability is to move beyond raw/fluid milk and create shelf-stable or high-margin formats. Reviews focused on goat milk value addition emphasize pathways such as fermented products, powders, cheeses, and specialized formulations—each of which can convert small daily volumes into higher per-unit revenue (Mishra et al., 2026; Thakur et al., 2024). Fermentation, in particular, can underpin a premium strategy because it allows the producer to combine sensory differentiation with functional narratives. For example, controlled fermentation can generate peptide profiles associated with antioxidative activity in laboratory settings, offering a scientific anchor for “functional fermented dairy” claims when paired with appropriate substantiation and compliant wording (Panchal et al., 2020).
However, premium markets punish inconsistency. That is why the “goat dairy opportunity” is inseparable from investments in process control, hygiene, and cold-chain reliability. The practical implication for India is that goat dairy enterprises will likely cluster around (i) peri-urban belts with direct market access, (ii) aggregation models that can standardize quality, and (iii) micro-processing units that can transform milk quickly into fermented or preserved forms. The literature on goat milk commercialization repeatedly underlines that the bottleneck is rarely consumer curiosity alone; it is the ability to supply a consistent product with predictable sensory and safety attributes across seasons (Singh et al., 2023; Thakur et al., 2024).
5.4. What will decide “premium markets” in India: trust, standards, and credible claims
India’s premium dairy segments are increasingly shaped by trust markers—testing regimes, traceability cues, and label discipline. For goat dairy, the key risk is that premium pricing attracts adulteration incentives and brand-damaging variability. Therefore, market success will depend on governance: routine compositional testing, clear batch documentation, and transparent handling protocols that can withstand scrutiny by regulators and discerning consumers. In parallel, premium communication must remain scientifically cautious. Mechanistic reviews support the idea that non-cattle milks can differ in digestion behavior and perceived tolerance, but they also stress evidence gaps in direct human data for several claims (Roy et al., 2020). The credible route is to emphasize quality, provenance, and processing excellence first, and to use health-linked narratives only where substantiation is strong and phrasing is compliant.
Overall, goat dairy’s most realistic contribution to the Indian milk economy is a layered one: supporting diversification at the producer level, enabling entrepreneurship through value-added formats, and expanding premium segments through differentiated products that are standardized, safe, and consistently delivered (Mishra et al., 2026; Singh et al., 2023; Thakur et al., 2024).

6. Camel dairy: arid resilience with processing constraints
6.1 Camel milk as an “arid-frontier dairy” with growing economic logic
Camel dairying becomes strategically plausible in India because it converts climatic constraint into comparative advantage: camels can sustain milk production under heat stress and limited water in ways that are difficult to match for many other dairy animals, which makes camel milk a livelihood buffer in dryland pastoral and agro-pastoral systems (Seifu, 2022). In the Indian milk economy—often discussed through a cow–buffalo binary—camel milk occupies a smaller but increasingly visible niche that aligns with two structural shifts. First, climate variability and rangeland pressures are intensifying the need for dairy options that are compatible with arid and semi-arid ecologies, where “resilience” is not just a productivity goal but a survival requirement. Second, consumer demand is evolving toward “functional” and differentiated foods, creating space for specialty milks that can command premiums when backed by credible quality assurance and product standardization (Khaliq et al., 2024; Seifu, 2022). Globally, recent value-chain analyses argue that the camel milk sector’s growth is constrained less by consumer interest than by infrastructural bottlenecks—cold chain, hygiene assurance, and processing capacity—implying that organized procurement and processing can unlock disproportionate value even from modest volumes (Ait El Alia et al., 2025). For India, this means camel milk’s contribution is unlikely to be measured only by aggregate liters, but by its ability to create high-value, place-based dairy enterprises in arid districts where conventional dairy expansion is costly and risk-prone.
6.2 Why camel milk is technologically “non-bovine” in the factory
The same compositional features that underpin camel milk’s distinctiveness can make industrial processing difficult. Multiple reviews converge on a central point: camel milk behaves differently from bovine milk at the level of its colloidal structure, casein micelles, fat globules, and antimicrobial proteins, so cow-milk processing logic does not reliably transfer (Arain et al., 2024; Seifu, 2022). These differences surface sharply in cheesemaking. Camel milk cheeses frequently show weak curd formation and softer texture because of species-specific protein composition and micellar structure; for example, the κ-casein fraction is relatively low compared with bovine milk, which reduces the strength of rennet-induced gel networks (Baig et al., 2022; Mbye et al., 2022). In addition, native antimicrobial systems (e.g., lactoferrin and other protective proteins) and proteolytic activity can shape fermentation kinetics, flavor development, and shelf stability in ways that require careful starter selection and process optimization (Arain et al., 2024; Khaliq et al., 2024). Practically, this means that camel dairying’s “processing constraint” is not a single technical hurdle but a bundle of interacting effects—coagulation behavior, thermal sensitivity of certain protein fractions, and variability linked to season, feed, and pastoral management—each of which can undermine product uniformity if not managed through standardization and targeted technology.
6.3 Product pathways that reduce constraints: fermentation, cheese, and powders
One of the most realistic near-term routes for camel milk commercialization is fermented beverages, because fermentation can improve shelf life and create strong consumer-facing value propositions. Yet recent evidence also emphasizes that “probiotic camel milk” is not a plug-and-play category: standardization for commercialization, sensory consistency, and process repeatability remain central barriers (Ansari et al., 2024). This is especially relevant for India, where premium dairy markets reward uniformity and safety (cold chain + microbiological quality) as much as novelty. Accordingly, the technology priority is not merely adding probiotic cultures, but designing strain–process combinations that perform reliably in camel milk matrices, while maintaining sensory acceptability and viable counts across distribution (Ansari et al., 2024).
Cheese illustrates the second pathway—higher value, but higher technical risk. Reviews focusing on camel milk cheese show that texture can be improved through careful choice of coagulants (including camel chymosin), control of heat treatment, and use of novel processing such as high-pressure treatment, although outcomes depend on the precise processing window and milk composition (Baig et al., 2022; Mbye et al., 2022). In an Indian context, this suggests that artisanal and semi-industrial cheese models may succeed when they are built around species-appropriate protocols rather than retrofitted bovine templates, and when they accept product identity that differs from conventional cow-milk cheeses instead of attempting exact replication.
A third pathway—powders—matters disproportionately for India because it can delink production from geography and seasonality, enabling longer shelf life and wider distribution from arid collection zones. However, drying is also where the “processing constraint” reappears as thermal stress. A recent comprehensive review of powdered camel milk emphasizes that spray drying can yield high-quality powder, but process temperatures and total solids critically affect rehydration behavior and the integrity of bioactive proteins; the review also underscores that some camel milk protein fractions respond differently to heat than bovine milk components, requiring parameter optimization to protect functional and nutritional attributes (Gebrehiwot & Banat, 2025). In practical terms, powder manufacturing (or even intermediate concentration using membranes before drying) becomes a strategic technology lever—provided it is paired with strong upstream hygiene and rapid chilling to stabilize the raw milk entering the plant (Ait El Alia et al., 2025; Arain et al., 2024).
6.4 Governing the transition from niche wellness to credible dairy category
Camel milk markets often attract “therapeutic” narratives, but scaling in the Indian milk economy will depend on careful governance of claims, quality, and trust. Comprehensive reviews summarize a wide range of proposed health associations and bioactive components (Khaliq et al., 2024; Seifu, 2022), yet a policy-relevant implication is that commercial messaging must remain aligned with evidence standards and food regulations, especially as products move from informal channels into organized retail. Value-chain assessments highlight that investments in hygienic milking, producer training, and cold chain infrastructure are not optional add-ons but the core of market expansion (Ait El Alia et al., 2025). For India, a “camel dairy revolution” therefore looks less like rapid volume expansion and more like institutional modernization: procurement protocols suited to dispersed herds, transparent testing and traceability, product-specific standards (for fermented drinks, cheese, powders), and technology adoption that is explicitly tailored to camel milk’s techno-functional properties (Arain et al., 2024; Mbye et al., 2022). If these conditions are met, camel dairying can become an economically meaningful non-bovine pillar—small in share, but large in resilience value and premium market potential.
7. High-altitude and niche milks: yak and emerging equid markets
7.1. Yak dairy in India: low-volume, high-value, geography-locked supply
Yak milk sits at the most “structurally niche” end of India’s dairy spectrum: production is constrained by ecology, altitude, and herd mobility, yet the product’s density of solids and distinctive sensory profile make it disproportionately relevant for value addition. In Indian conditions—particularly parts of Ladakh, Sikkim, Arunachal Pradesh, and adjoining Himalayan belts—yak husbandry is tightly linked to pastoral livelihoods and seasonal transhumance, meaning that milk collection is episodic, dispersed, and often distant from chilling infrastructure. These constraints are precisely why yak milk tends to move into the economy through processed formats (traditional and semi-industrial) rather than as a fluid-milk commodity. This pattern supports the plausibility of a “non-bovine revolution” in a specific sense: yak milk is unlikely to shift national volume shares, but it can shift value shares in mountain dairy by converting limited milk into shelf-stable, premium, and identity-linked products. Reviews synthesizing composition and processing research repeatedly highlight yak milk’s relatively concentrated nature and the scope for product differentiation through compositional advantages and unique microbial resources—traits that are commercially meaningful in “small milk, big margin” chains (Li et al., 2023; Singh et al., 2023).
From a nutrition-and-functionality framing, yak milk is frequently positioned as richer in several macronutrient fractions and bioactive components than conventional cow milk, with an expanding evidence base covering peptides, lipid fractions, and bioactive candidates relevant to health-oriented narratives (Kalwar et al., 2023; Singh et al., 2023). While such claims must be carefully translated into consumer benefits (given the gap between compositional potential and clinical outcomes), they are nonetheless important in shaping premiumization strategies—especially when paired with origin stories, artisanal processing, and tourism-linked consumption in high-altitude regions. The “revolution” becomes plausible when the unit economics support pastoral producers and local processors: higher farmgate realization per litre (or per kg of milk solids) can matter more than aggregate litres in remote regions, where opportunity costs and logistics are structurally high.
7.2. Technology pathway: fermentation, hard cheeses, and microbial assets as market levers
A key reason yak milk can “travel” economically is that Himalayan dairy cultures have long specialized in converting milk into stable products that withstand distance and seasonality. Work on chhurpi (including Ladakh and Eastern Himalayan contexts) documents traditional preparation routes, microbial participation, and quality characteristics, while simultaneously pointing to process variability and the need for basic standardization if these foods are to scale beyond local markets (Panda et al., 2016; Rai et al., 2016). Recent analytical studies deepen the value proposition by identifying bioactive peptides and multifunctional fractions in fermented chhurpi matrices, which—if communicated responsibly—can support higher-value positioning without overclaiming therapeutic effects (Chourasia et al., 2025). Parallel research also indicates that yak-milk fermented products are a reservoir for lactic acid bacteria with potential probiotic attributes, suggesting that “microbial provenance” can become a distinctive differentiator for regional dairy innovation, provided safety and reproducibility are secured (Rai & Tamang, 2022; Tamang, 2022).
Processing constraints, however, remain decisive. Mountain supply chains often lack consistent refrigeration, pushing processors toward heat-acid coagulated products and fermented formats where short runs are feasible. Even within niche products, shelf-life and sensory stability govern market expansion. Evidence from yak milk “phrum” (a paneer-like product) illustrates both the opportunity (high acceptability and conversion yield) and the bottleneck (limited refrigerated shelf-life), emphasizing that small-scale cold-chain design and hygienic handling protocols are not optional if products are to reach urban premium markets (Kandeepan, 2023). In practice, the most scalable near-term pathway for yak dairy in India may be a portfolio strategy: (i) stable, transportable fermented/hard products for distance markets, (ii) locally consumed fresh products aligned with tourism and regional hospitality, and (iii) ingredient streams (e.g., powders, concentrates) that reduce logistical fragility. The scientific literature supports this direction by repeatedly linking yak milk’s differentiated composition to processing performance and product innovation potential—yet also warning that translating “potential” into dependable products demands controlled processing and credible quality assurance (Li et al., 2023; Singh et al., 2023).
7.3. Equid milks in India: donkey (and niche mare markets) as premium, regulation-sensitive categories
Equid milks—especially donkey milk—represent an even more premiumized niche than yak in the Indian milk economy. Their relevance comes less from terroir and more from positioning in sensitive-consumer segments: perceived hypoallergenicity, digestibility, and functional-food framing. A growing body of review literature synthesizes donkey milk composition, product possibilities, and market-facing applications, while also stressing that the evidence base varies by endpoint and that safety governance is central to legitimacy (Meena et al., 2024; Papademas et al., 2022). International assessments of equine milk systems also emphasize that “niche milk” economics rely on strict handling, traceability, and often direct-to-consumer distribution—features that can fit boutique Indian enterprises but are not easily compatible with informal raw-milk channels (Miraglia et al., 2020).
The constraint set is clear in the literature: (i) low yields relative to bovines, (ii) higher per-unit collection and handling costs, (iii) narrow processing windows because raw milk quality is fragile, and (iv) regulatory and food-safety scrutiny, particularly when raw consumption is marketed. Reviews mapping chemical contaminants in donkey milk underscore that safety considerations extend beyond microbiology to residues and contaminants, reinforcing the need for surveillance, validated testing, and compliance-oriented branding (Ljubojević Pelić et al., 2024). Complementarily, risk-oriented discussions around raw equid milk highlight zoonotic considerations, strengthening the case that Indian niche-milk entrepreneurs should build their market proposition around safe processing and verified quality rather than “raw” authenticity cues (Mazzotta et al., 2025).
For India specifically, the most credible “emerging equid market” pathway is therefore not mass retail fluid milk, but controlled premium channels: pasteurized/processed variants, ingredient use in high-margin formulations, and scientifically cautious health-positioning supported by compositional evidence (Meena et al., 2024; Papademas et al., 2022). Importantly, positioning equid milk within the “non-bovine dairy revolution” should be framed as institutional innovation—standards, testing, traceability, and consumer communication—rather than as a volume play. In that sense, yak and donkey milks occupy different strategic niches: yak is an origin-linked mountain value chain anchored in pastoral economies and fermented/hard products, while donkey milk is a boutique functional/premium market that rises or falls on compliance and trust infrastructure. Both, however, demonstrate the same macro-logic: non-bovine dairying can contribute to the Indian milk economy by expanding value diversity, not by replacing bovine scale. Evidence from broader Indian “minor milch animal” assessments supports this view by positioning niche milks as culturally embedded and economically meaningful when aligned with appropriate processing, quality governance, and market segmentation (Kanetkar et al., 2023).

8. Cross-species science: composition, digestibility, and technological suitability
8.1. Species fingerprints in milk composition and structure
Cross-species “milk equivalence” is not a simple substitution problem: the macronutrient proportions, protein fractions, mineral balance, and fat-globule/casein-micelle architectures differ in ways that directly shape both processing performance and physiological behavior. Comparative syntheses consistently show that non-bovine milks span a wide compositional space, with buffalo generally higher in total solids (supporting higher yields in concentrated products), small-ruminant milks often richer in short- and medium-chain fatty acids, camel milk notable for distinct whey-protein patterns (including reported absence/low levels of β-lactoglobulin in many discussions), and equid milks (mare/donkey) tending toward higher lactose and lower casein—an important reason they behave differently during coagulation and cheese-making (Barłowska et al., 2011; Siddiqui et al., 2024). The practical implication for India’s non-bovine “revolution” is that compositional diversity is not a drawback but a portfolio advantage: different species are naturally suited to different product categories (e.g., high-solids milks for ghee, khoa, and paneer analogs; higher whey/lactose milks for fermented beverages or specialized nutrition concepts), provided the processing pathway is aligned to the milk’s intrinsic colloidal design (Roy et al., 2020).
8.2. Digestibility is a structure story, not a slogan
Claims of “easy digestibility” or “hypoallergenic” benefits often circulate around non-bovine milks, but the mechanistic basis is better explained through gastric structuring—how proteins aggregate, form curds, and subsequently break down—rather than through species labels alone. In vitro digestion work under infant-simulated gastric conditions indicates that coagulation behavior, viscosity, and the partitioning of proteins across cream/serum/pellet fractions can differ meaningfully between formula matrices, with some physicochemical behaviors potentially supporting faster initial proteolysis in goat-milk-based formulations compared with cow-milk-based formulations in specific contexts (He et al., 2022). More broadly, a key modern digestion insight is that “soft” versus “firm” gastric curds act as different nutrient-release systems: curd strength and disintegration kinetics influence how quickly peptides and fat globules become available for downstream intestinal digestion (Roy et al., 2020). Importantly, tolerance outcomes are not guaranteed; cross-reactivity in milk-protein allergy and individual variability remain major confounders, and responsible scientific framing requires avoiding universalized health claims while emphasizing the processing–structure–digestion link as the most defensible pathway for product innovation (Siddiqui et al., 2024).
8.3. Technological suitability: matching milk physics to unit operations
From a dairy-technology perspective, species differences show up most clearly in coagulation, heat stability, fermentation kinetics, and concentration/powdering behavior. A recurring pattern is that processing can amplify or dampen species-specific traits by reshaping microstructure. For example, dynamic gastric simulation research demonstrates that pasteurization can yield less-structured coagula than raw milk, increasing protein breakdown and promoting greater fat release from the curd; critically, these relationships appear across multiple species (cow, goat, sheep), showing that “species effects” and “processing effects” are intertwined rather than separable (Roy et al., 2021). This matters industrially because the same underlying interactions—casein network formation, mineral bridging, fat-globule entrapment—also govern rennet gel strength, acid gelation, syneresis, and texture in fermented products. Meanwhile, review evidence indicates that buffalo milk’s comparatively higher κ-casein and α-casein fractions and overall solids can support robust curd formation and higher-yield dairy manufacturing, while equid milks’ low casein content makes traditional cheese structures difficult without technological aids (e.g., blending, concentration, hydrocolloids, or fermentation-focused product design) (Barłowska et al., 2011; Siddiqui et al., 2024). For Indian processors seeking scalable non-bovine lines, the most credible strategy is therefore product–process targeting: design the product format (paneer-style coagulum, fermented beverage, powder, frozen dessert, probiotic carrier) around the milk’s native colloidal strengths rather than forcing a cow-milk playbook onto fundamentally different matrices (Roy et al., 2020).
8.4. Toward value creation: linking nutrition narratives to measurable functionality
Finally, cross-species science is increasingly evaluated not only by composition and processing performance but also by downstream functional endpoints such as bioactive peptide generation, gut microbiota interactions, and sustainability-aligned nutrition portfolios. Recent perspective work emphasizes that non-bovine milks contain bioactives (oligosaccharides, peptides, distinctive lipid fractions) that may modulate gut microbial communities, but also underscores the need for more critical, well-controlled studies to identify species-, product-, and dose-specific effects (Koirala et al., 2024). For India’s milk economy, this points to a defensible “revolution” pathway that is evidence-led: (i) use compositional advantages to build differentiated products; (ii) validate processing–structure–digestibility mechanisms with appropriate models; and (iii) translate claims into measurable functional markers suitable for regulatory and consumer trust. The scientific opportunity is substantial precisely because non-bovine milks are not interchangeable—yet that same diversity demands species-specific standards, process optimization, and careful health-claim discipline to avoid overpromising while still enabling innovation (Roy et al., 2020; Siddiqui et al., 2024).
9. Product differentiation and the “A2” market interface
9.1. Why “A2” matters in a non-bovine revolution discussion
Although “A2” is not, strictly speaking, a non-bovine category, it has become an influential “premium-interface” that shapes how Indian consumers interpret milk differentiation, digestibility claims, and willingness to pay for identity-labelled dairy. The A2 concept refers to a specific β-casein variant in cow milk (CSN2), and the commercialization of A2-labeled dairy has accelerated alongside heightened consumer interest in “tolerance”, “clean-label”, and “functional” positioning. A major implication for the non-bovine dairy revolution is competitive: A2 can occupy the same premium shelf space that goat, camel, and other niche milks target, sometimes acting as a “within-cow” alternative to cross-species diversification (Dantas et al., 2023). At the same time, A2 branding can also serve as an entry point into milk literacy—encouraging consumers to think about proteins, digestion, and provenance—thus potentially expanding the overall market for differentiated (including non-bovine) products if messaging stays evidence-based and non-misleading (Dantas et al., 2023).
9.2. Evidence base and the boundary between digestive comfort and broad health claims
The strongest and most repeatable human evidence around A2 relates to gastrointestinal symptoms and markers in some populations, not to sweeping reductions in chronic disease risk. Systematic reviews highlight that the evidence landscape is heterogeneous: some randomized controlled trials suggest better digestive comfort with A2-only milk versus conventional milk containing both A1 and A2 β-casein, but the overall certainty varies by outcome, population, and study design (Brooke-Taylor et al., 2017; Küllenberg de Gaudry et al., 2019). Controlled crossover trials in adults and children report differences in gastrointestinal symptom scores and some inflammatory/immune markers when comparing conventional milk to A2-only milk, particularly in groups with self-reported milk intolerance (Ho et al., 2014; Jianqin et al., 2016; Sheng et al., 2019). However, systematic reviewers also caution that many endpoints are intermediate markers, and that milk intolerance is multifactorial (e.g., lactose malabsorption, gut sensitivity, milk-protein responses), making it scientifically inappropriate to frame A2 as a universal solution or to imply disease prevention without stronger confirmatory evidence (Brooke-Taylor et al., 2017; Küllenberg de Gaudry et al., 2019). For India’s wider non-bovine strategy, this nuance matters: the premium segment can grow, but credibility depends on confining claims to what trials and systematic reviews actually support.
9.3. Interface risks: category confusion and species mislabeling
A second interface issue is semantic drift—where “A2” becomes shorthand for “better milk” and is informally extended to non-cow species. Scientifically, the A1/A2 naming convention is tied to a specific bovine β-casein polymorphism; other species (goat, camel, donkey, yak, and even buffalo) have different milk-protein compositions and genetic variants, so “A2” cannot be assumed to be a biologically meaningful label outside the cow-milk CSN2 context (Dantas et al., 2023). In an emerging non-bovine ecosystem, this creates two practical risks. First, consumers may incorrectly treat A2 cow milk as a substitute for non-bovine milks that differ much more fundamentally in protein fractions and technological behavior. Second, mislabeling can arise when marketing borrows the A2 halo to imply advantages that are not validated for that species or product format. The “revolution” is therefore more plausible—and more defensible—when differentiation is framed by species-appropriate attributes (solids for buffalo, arid-resilience and bioactives narratives for camel within evidence bounds, hypoallergenicity claims avoided unless clinically substantiated), rather than by importing cow-centric genetic branding across categories (Dantas et al., 2023).
9.4. Authentication and integrity: why testing capability underpins premiumization
Premium labels invite fraud risk, and A2 is a prime example because the differential is invisible to consumers and adulteration can occur through blending. Reviews of the A2 sector emphasize that robust detection/quantification workflows are central to market integrity, spanning DNA-based genotyping of herds to protein/peptide-based analytical verification in milk and processed products (Dantas et al., 2023). Importantly, the analytical frontier is moving toward sensitive, product-relevant methods: for instance, recent work in Journal of Dairy Science reports an HPLC–MS/MS approach using characteristic peptides to quantify A1 and A2 β-casein and support authenticity testing (Wang et al., 2025). For India, the broader message extends beyond A2: the success of non-bovine premium markets (goat, camel, yak, equid) will likewise depend on credible identity preservation systems, traceability, and species/protein authentication—because once consumers pay for provenance and function, quality assurance becomes the market’s “license to operate” (Dantas et al., 2023; Wang et al., 2025).

10. Value chains and inclusion: from traditional trade to modern procurement
10.1. Coexistence, not replacement: why informal channels persist
India’s milk economy has long been characterized by dense, relationship-based local marketing—vendors, traders, sweet-makers, and direct-to-consumer sales—because milk is bulky, perishable, and produced in small daily quantities across dispersed households. Even as procurement and processing have modernized, the empirical picture is better described as coexistence rather than a clean transition: formal chains (cooperatives and private processors) expand where chilling, testing, and logistics infrastructure are viable, while informal chains remain competitive where transaction costs are high and marketable surplus per household is small. Evidence from Punjab illustrates this duality sharply: formal and informal value chains operate side by side, with resource-rich farmers more likely to partner with formal buyers, whereas smaller producers depend disproportionately on informal outlets due to accessibility and scale constraints. 
10.2. What “modern procurement” changes for smallholders
Where it is accessible, modern procurement can shift the farmer’s value proposition from “immediate cash and convenience” to “assured off-take, transparent pricing, and service bundles.” National evidence indicates that integration into modern dairy value chains is associated with higher net returns from dairying and improved household consumption-expenditure measures used as food-security proxies, suggesting that procurement modernization can translate into welfare gains beyond the farmgate price alone. However, inclusion is not automatic. The same Punjab evidence notes scale-based price discrimination in parts of the formal segment, and unequal access to external finance, implying that the poorest producers may not capture the full benefit unless institutions deliberately design low-transaction-cost onboarding (e.g., nearby collection points, smaller-lot acceptance, rapid payments, and basic input/service access). 
10.3. Institutions that widen participation: cooperatives, producer companies, and women’s agency
Two institutional pathways are especially salient in India’s current transition: dairy cooperatives and newer producer-company models. Panel-data evidence from Bihar shows that cooperative membership can raise milk yield, net returns per liter, and compliance with food safety measures, with disproportionately larger gains for smaller-scale producers—an inclusion-relevant result because it suggests that collective marketing can be pro-poor when governance and service delivery function well. Complementing this, recent evidence from Punjab comparing a cooperative with a producer company engaged in direct procurement indicates that both “milk collectives” can offer higher prices and profitability for members than non-members, while also highlighting the need for these institutions to extend inclusion-oriented services (credit linkage, productivity support, and deliberate encouragement of women’s participation). Inclusion also has a gendered dimension that procurement design can either suppress or unlock. Evidence using India’s National Dairy Plan-I as a context suggests that when value-chain participation is paired with mechanisms that raise women’s intra-household bargaining power, welfare improvements (food/nutrition and related outcomes) become substantially stronger than in gender-neutral designs. 
10.4. Safety, quality, and trust: the hidden “inclusion barrier”
The movement from traditional trade to modern procurement is also a movement from implicit trust to measured quality and managed risk. Value-chain mapping work from Punjab shows how procurement networks can be analyzed as systems that carry not only milk and money but also disease and contamination risks, highlighting vulnerable nodes linked to veterinary service gaps, animal movement, carcass/placenta disposal practices, and limited health certification/testing during sale and purchase of animals. For the non-bovine dairy segment (buffalo-led but increasingly including goat, camel, yak, and equids), these insights matter because niche chains often rely on thinner procurement networks, seasonal supply, and longer distances to processing—conditions that magnify the importance of chilling, testing, hygienic handling, and traceability. In this sense, “inclusion” in modern procurement is not only about membership or market access; it is also about whether small producers can meet evolving quality and safety expectations without being priced out by compliance costs. 

11. Sustainability and climate resilience: species portfolios as adaptation
11.1 Climate risk is now a core “milk-economy variable”
In India, the sustainability debate around dairy can no longer be treated as a separate environmental add-on; it is increasingly a production and livelihood question shaped by heat stress, water constraints, fodder volatility, and disease burdens. The immediate biological stressor is rising thermal load on animals, which affects feed intake, fertility, immunity, and lactation persistence, thereby amplifying seasonal variability in milk supply and undermining the reliability of procurement systems. Buffalo-centric dairying is particularly exposed because buffaloes are physiologically more vulnerable to heat load and often rely on water-based thermoregulation and microclimate buffering, yet they remain indispensable for national milk supply and farmer incomes in many major milk-producing states (Balhara et al., 2017). At the same time, sustainability metrics are tightening as India’s livestock methane profile becomes more visible in national and regional inventories; updated district-level mapping of enteric and manure methane signals both the scale of the challenge and the opportunity for targeted mitigation where emissions are concentrated (Samal et al., 2024). These twin pressures—climate exposure and climate accountability—make adaptation strategies that simultaneously protect yield stability and reduce emission intensity more attractive than those that focus on either dimension alone.
11.2 Why “species portfolios” are a practical adaptation strategy
A portfolio approach treats dairy species diversity as a risk-spreading asset rather than a legacy of fragmented husbandry. Instead of expecting one “ideal” dairy animal to perform across India’s diverse agro-ecologies, the portfolio logic matches species to climatic niches and feed-water realities. In this framing, non-bovine dairying is not simply market differentiation; it is an adaptation pathway that can stabilize household milk income by diversifying biological risk. Goats, for example, can maintain production under low-input and variable forage conditions, and India’s wide range of goat genetic resources can be leveraged for climate resilience in heat- and drought-prone production landscapes (Ramachandran & Sejian, 2022). This resilience argument becomes economically meaningful when goat dairying is linked to credible processing and procurement routes; otherwise, climate suitability does not translate into farmer incentives. India-specific reviews on dairy goat development repeatedly underline that improved breeding support, nutrition strategies, and assured market channels are essential to convert caprine resilience into stable dairy enterprise growth (Singh et al., 2023).
Portfolios also allow regionally tailored resilience without forcing uniform intensification. Buffalo remain the “scale anchor” in several states, but climate resilience depends on management packages that include shade and ventilation design, heat abatement routines, water access planning, and feed strategies that reduce thermal stress while sustaining productivity (Balhara et al., 2017). In arid and semi-arid systems, camel dairying is frequently discussed as a resilience option because camels tolerate heat and water scarcity better than most large ruminants; however, sustainability is constrained not only by production ecology but also by technological bottlenecks in processing and product standardization, which determine whether camel milk can reliably enter formal chains (Arain et al., 2024). Thus, the portfolio strategy is not a romantic return to “traditional diversity”; it is a deliberate alignment of species, technologies, and markets to reduce climate sensitivity at both farm and value-chain levels.
11.3 Adaptation–mitigation co-benefits: lowering emission intensity without shrinking livelihoods
India’s dairy sustainability agenda is often framed as a tension between productivity and emissions, but the more practical metric for smallholders is emission intensity (emissions per unit of milk) rather than absolute emissions alone. Policy and management packages that reduce disease burden and improve productivity can create mitigation co-benefits because healthier, more productive animals spread maintenance emissions over more output. Evidence comparing mitigation-relevant policies in smallholder systems shows that some interventions can lower methane emission intensity, while others may shift emissions across sectors or fail to deliver net reductions when system boundaries are considered (York et al., 2017). This insight is crucial for designing non-bovine expansion strategies: adding resilient species should not inadvertently raise intensity through low productivity, high spoilage, or weak cold-chain logistics.
Life cycle assessment (LCA) frameworks are increasingly useful here because they move beyond enteric methane alone and account for feed production, energy use, transport, and post-farm losses. Recent syntheses emphasize that LCA can identify “hotspots” where mitigation and resilience investments generate the highest returns, such as feed quality improvements, manure handling, energy-efficient chilling, and reduced wastage in processing and distribution (Singaravadivelan et al., 2023). In this context, non-bovine milk can be evaluated not only on niche health claims but on measurable system performance: how species-specific feed conversion, water reliance, and processing requirements translate into climate and resource footprints under Indian conditions.
11.4 Enablers that make the portfolio approach scalable in India
Portfolio-based adaptation becomes credible at scale when three enablers converge. First, climate services must become operational in dairy, not merely advisory. Heat-risk early warning, location-specific feeding advisories, and management nudges can reduce yield losses during thermal stress periods and support targeted investments in housing and cooling; recent work on climate-service design for dairy underscores the value of translating heat indices into actionable farm decisions rather than generic seasonal messaging (Manjunath et al., 2024). Second, procurement and processing ecosystems must be species-sensitive. Goat and camel milk often require different handling, fermentation behavior, and standardization protocols; without these, higher climate resilience at farm level can be erased by higher spoilage and weak price discovery (Arain et al., 2024; Singh et al., 2023). Third, circularity and byproduct valorization can improve both economics and environmental performance. For buffalo-based value chains in particular, systematic valorization of byproducts and co-products offers a route to reduce waste and improve resource efficiency, aligning income diversification with sustainability outcomes (Pantoja et al., 2022).
Overall, the sustainability argument for a non-bovine dairy “revolution” in India is strongest when it is treated as a designed portfolio—species matched to climate niches, backed by processing science, climate services, and procurement institutions—rather than a simple expansion of alternative milks. Under that framing, non-bovine dairying is not a substitute for bovine systems but a resilience layer that can stabilize rural incomes, strengthen nutritional supply reliability, and support a transition toward lower emission intensity without undermining the livelihood base of smallholder dairy.
12. Policy and research priorities for India’s non-bovine dairy future
Three priorities emerge from the reviewed evidence.
First, species-sensitive quality and safety infrastructure is foundational. Non-bovine milks vary in composition and microbial risk profiles, and premiumization increases the economic cost of safety lapses. Investments in hygienic milking, chilling, and rapid testing—scaled to dispersed production—are therefore more important than marketing alone.
Second, processing R&D must be species-specific. Camel milk processing constraints are not a “small problem” to be solved by standard bovine technology; they require tailored coagulation, fermentation, and stabilization strategies, supported by applied research and pilot-scale demonstration.
Third, evidence governance for health claims should be strengthened. Functional-food positioning is a major demand driver (buffalo bioactives, camel functional narratives, donkey milk positioning), but durable market growth requires validated claim pathways, transparent labeling, and avoidance of exaggerated medical promises. Reviews focused on antioxidant/anti-inflammatory bioactivities support continued research, but they also implicitly underline the need for responsible translation into consumer messaging.
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1. India’s “non-bovine dairy revolution” is best understood as a portfolio transition in which different species contribute distinct economic functions—buffalo as the scale backbone, goats as a diversification and enterprise pathway, camels as an arid-resilience option, and yak/equid milks as geography-anchored premium niches.
2. Buffalo milk will remain central to India’s milk economy because its higher solids support strong yields and stable demand in fat-rich and concentrated dairy products, while also offering growing opportunities through functional product development and circular byproduct valorization.
3. Goat dairying has the strongest near-term potential to expand inclusive participation because it suits land- and capital-constrained households and can be scaled through localized aggregation and value addition, particularly fermented and shelf-stable products designed for premium markets.
4. Camel milk’s long-term promise is closely tied to climate resilience in arid systems, but meaningful scaling depends on solving species-specific processing constraints and building procurement and cold-chain models that fit dispersed pastoral production.
5. Yak milk and equid milks are unlikely to influence national milk volumes, yet they can generate high value per litre and sustain specialized regional micro-economies when linked to origin branding, safe processing, and reliable quality assurance.
6. Cross-species differences in milk composition and structure are not minor technicalities; they determine processing feasibility, product texture and yield, shelf-life stability, and the credibility of digestibility-related positioning.
7. Premiumization pathways such as the “A2” market illustrate that differentiation succeeds only when supported by identity preservation, testing capacity, and truthful labeling; these same integrity systems are essential for non-bovine premium markets.
8. Modern value chains can improve producer welfare, but inclusion is not automatic; success depends on reducing smallholder transaction costs and ensuring that quality and safety compliance requirements do not exclude the smallest producers.
9. Climate adaptation and sustainability will increasingly shape dairy competitiveness, making species-sensitive breeding, heat-stress management, feed and water strategies, and waste-to-value processing essential components of future dairy development.
10. The most durable growth trajectory for non-bovine dairy in India will come from aligning three elements simultaneously: species-appropriate production systems, tailored processing technologies, and governance structures that protect consumer trust while improving farmer incomes.
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1. This review is narrative in nature and does not follow a full systematic-review protocol with meta-analysis; therefore, it cannot provide pooled quantitative estimates for outcomes such as profitability, productivity gains, or consumer health impacts.
2. Evidence quality and depth vary widely across species. Buffalo and goat dairying have comparatively stronger literatures, while camel, yak, and equid milks have fewer India-specific studies that rigorously quantify economics, scalability, and adoption constraints.
3. Many studies emphasize compositional differences and laboratory-scale functional observations, but fewer connect these findings to real-world processing performance, market acceptance, or consumer outcomes under typical Indian supply-chain conditions.
4. Claims related to digestibility, tolerance, and functionality often depend on population context and product format, yet available evidence is not always consistent or sufficiently representative to support broad generalizations.
5. India’s informal milk economy is substantial, but reliable, standardized data on volumes, prices, spoilage losses, adulteration prevalence, and quality variability in informal non-bovine channels is limited, which constrains firm conclusions on national-level impacts.
6. Regional heterogeneity is high. Findings from one agro-ecological zone or value-chain setting may not translate to others because species performance, feed-water constraints, and procurement infrastructure differ sharply across states and production systems.
7. Sustainability assessment remains incomplete because life-cycle evidence is uneven across species and often lacks consistent system boundaries, making cross-species comparisons of environmental footprints uncertain.
8. Market dynamics in premium segments evolve rapidly; consumer preferences, labeling practices, and regulatory interpretations can change faster than the academic literature, which may affect the long-term relevance of some conclusions.
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