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Plant-based beverages (PBB) are often marketed and used by consumers as alternatives to ruminant milks, particularly bovine milk (hereafter referred to as milk). However, much research has established that there is variation in nutritional composition among these products, as well as demonstrating that they are largely not nutritional replacements for milk. A survey of the prices and nutrition labels of PBB available in New Zealand supermarkets was undertaken. Selected almond, coconut, oat, rice, and soy PBB products were then analyzed for nutritional content, including energy, fat, protein, amino acid, bioavailable amino acid, and trace element contents. Finally, the protein and calcium contents of well-mixed and unshaken products were analyzed to ascertain the impact of colloidal stability on nutrient content. All PBB groups were more expensive than milk on average, while their declared nutrient contents on package labels was highly variable within and between groups. Analyses of selected PBB revealed that soy products had the most similar proximate composition to milk, while all other PBB groups contained less than 1.1 g protein per 100 mL on average. Many PBB were fortified with calcium to a similar concentration as that in milk. Shaken and unshaken samples showed divergent protein and calcium content for several PBB products but had no effect on the composition of milk, indicating that the nutrient content of PBB at the point of consumption will be dependent on whether the product has been shaken. Only the soy PBB had comparable amino acid content and bioavailability to milk. Overall, our results demonstrate the diversity in composition and nutritional properties of PBB available in New Zealand. While the existent environmental footprint data on PBB shows that they generally have lower carbon emissions than milk, milk currently accounts for approximately 1% of the average New Zealand resident’s consumption-based emissions. Except for calcium-fortified soy PBB, none of the commercially available PBB had nutritional compositions that were broadly comparable to milk.
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Introduction

Plant-based beverages (PBB) are a product category experiencing increasing consumer demand and diversity of offering. PBB defy a single definition due to the variety of their forms but are often marketed as alternatives to bovine milk (hereafter referred to just as milk) and attempt to replicate the functionality and sensory properties of milk.

Milk remains a key part of the diet for much of the global population. In total, 62% of United States households consumed dairy and little or no PBB in 2019 (1). Of the remainder, 16% of households regularly purchased both milk and PBB, and 23% purchased almost exclusively PBB. Globally, dairy is an important contributor to population nutrition, providing 49% of global food calcium, 15% of dietary fat, and 12% of dietary protein (2). Evidence is also clear in the literature for the beneficial health impacts of milk consumption across a variety of outcomes (3), whereas the health impacts of PBB are less clear, likely given their diversity and more recent emergence as widely consumed items (4, 5).

PBB are gaining popularity, with sales in the United Kingdom increasing 32% from 2019 to 2020, taking the market value of PBB to around 12% the size of milk (6). PBB are often chosen by consumers for: dietary and health reasons, including as a dairy substitute for those with lactose intolerance and dairy allergies; as a lower fat option; for inclusion in a vegan diet; due to beliefs on animal welfare; or due to perceived reductions in environmental footprints (7).

Here, the price and nutritional value of PBB on the New Zealand market were analyzed. Both product label data and nutritional content derived from laboratory analysis were employed, due to previous results highlighting lower nutrient contents in PBB than stated on product labels (8).



Materials and methods


Compilation of nutritional panel information

PBB information was collected from supermarket stores owned by the two major New Zealand supermarket chains and from their websites, between January and June 2021. The stores visited were in Palmerston North, New Zealand. The collected information included price, pack size, serving size and nutritional panel information. Some additional nutritional information was collected from product manufacturer websites.

The survey was restricted to ambient shelf-stable PBB products; products requiring chilled storage were not selected for comparison. Similarly, PBB products declared as protein shakes or smoothies were excluded from comparisons in this manuscript. Three fresh chilled and three ambient stable ultra-heat treated (UHT) milk products were surveyed for comparison, all of which were marketed as “standard” milk, in terms of fat content.

The PBB were grouped according to their type (e.g., soy, almond, etc.). The information collected from each type was averaged for data presentation. In total, 103 PBB products from 28 brands were available from these retailers and were surveyed.



Sample analyses

Due to the high number of PBB products on the New Zealand market, only a subset could feasibly be analyzed for nutritional content. A selection of at least three products for each PBB product type and for the milk products was chosen. Selection was based on similar caloric contents to the type average, and cost (covering high-, median-, and low-cost products for each type). Product types where fewer than three individual products could be sourced (e.g., hemp and cashew) were included in the nutritional panel survey, but omitted from any further analysis. As stated above, fresh chilled milk and ambient stable UHT milk were treated as separate product types with the same selection criteria as used for PBB. See Supplementary material for details of the products selected.

Each product was mixed thoroughly by shaking vigorously at least 10 times while in the original packaging. In total, 500 mL of the product was then sampled into coded containers. The samples were mixed with sodium azide [0.02% w/w; Llopis et al. (9)] as a preservative and the containers were sealed. The sealed containers were sent to an external accredited laboratory (Hill Laboratories, Hamilton, New Zealand) for experimental analysis. The samples were analyzed for macronutrient (fat, protein, total carbohydrate including sugars profile, and dietary fiber), mineral, and amino acid content. The analytical values obtained for samples for each parameter were averaged within the product type for comparison.

PBB are known to undergo settling during storage. To understand the impact of this colloidal instability on the nutritional composition, selected products were subjected to undisturbed storage for 7 days at 4°C. This technique was employed to simulate the behavior of products during storage by consumers. After this storage duration, a 250 mL aliquot of the sample from the top of the package was carefully removed using a pipette, without shaking the samples. The aliquot from each of the products was put in coded containers, mixed with sodium azide (0.02% w/w), and sent for proximate analysis to an external accredited laboratory.

Total nitrogen content was measured using Dumas combustion (AOAC 992.15, 19th edition). Gross energy was measured using a bomb calorimeter (AC500 Leco Corporation, United States). Total dietary fiber content was measured using a Megazyme kit (AOAC 991.43). Content of simple sugars was measured using gas liquid chromatography with flame ionization detection. Acid stable amino acid contents were measured via HCl hydrolysis followed by reversed phase high-performance liquid chromatography (HPLC) using AccQ Tag derivatization (AOAC 994.12). Tryptophan content was measured via alkaline hydrolysis, and cysteine/methionine via performic acid oxidation (AOAC 994.12). Reactive lysine content was measured via guanidination with o-methylisourea and HPLC (10). The remaining nutrient contents measurements were performed via biological materials digestion, nitric and hydrochloric acid micro-digestion and filtration, and analysis by inductively coupled plasma optical emission spectroscopy (ICP-OES).

The protein content of the samples was derived from the analyzed nitrogen content. To calculate the true protein contents of the products, specific nitrogen conversion factors for each product type were used. The following values were obtained from the literature for use here: milk, 6.38; almond, 5.18; oat, 5.83; rice, 5.95; and soy, 5.71 (11–13). For coconut proteins, no specific nitrogen conversion factor was found and hence the standard conversion factor of 6.25 was used.



Data analysis

Descriptive statistics were calculated for product types. Where multiple prices existed for the same product, the cheapest was used in the data analysis.

New Zealand dollars (NZD) were used for all cost calculations throughout the analysis. Recommended daily nutrient intake values for a 60 kg 30-year-old woman were used throughout, obtained from national guideline documentation (14) or international sources (15). The New Zealand guidelines did not feature quantitative recommendations for sugar, so one was taken from guidelines for the United Kingdom (16).




Results


Packaging information and price analysis

Table 1 details the price and proximate compositions compiled from the nutritional panels of different PBB and milks available in New Zealand supermarkets. The cost of fresh milk ranged from $2.46 to $2.98 per liter (mean $2.80) and UHT ranged from $1.90 to $3.39 (mean $2.60). The retail price of the PBB varied between types (mean of $3.93 per liter of soy product to mean of $6.29 for hemp product) but also within types ($10.07 difference between the cheapest and most expensive almond products). All PBB types were more expensive than milk on average, but several individual almond, soy, and rice products were cheaper than the most expensive milks surveyed.


TABLE 1    Collated retail price and nutritional label data for all products sampled.
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The composition of milk showed minimal variation between products. The composition of the PBB varied between and within product types. The caloric contents of the PBB ranged from 73 kJ/100 mL (cashew product) to 1034 kJ/100 mL (coconut product). Most PBB had added sugar in their ingredient declarations, with the exceptions of the oat and rice products (Supplementary material). An analysis of the nutrients contributing to the calories suggested that most of the calories resulted from the fat and/or carbohydrates (added sugars) in PBB. Most PBB were fortified with calcium salts and had approximately 100 mg calcium per 100 mL declared in the ingredient list and nutritional panel on their labels; however, there were products of every PBB type that had no calcium content. Listed contents in the PBB that were not listed for milk included dietary fiber, potassium, and phosphorus, although milk was later shown to contain potassium and phosphorus at levels within or exceeding the range shown by the PBB (Table 2).


TABLE 2    Analyzed contents of selected samples for each product type.
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Several benefit claims were made on product labels. These included: less processed; permeate free; and calcium content for the milk products. For the PBB, these included: fiber content (up to 2.4 g per 100 mL); cholesterol free; low or zero lactose content; high in unsaturated fats; low in saturated fat; unsweetened; and no added sugar.

The protein content of the milk products was 3.3–3.9 g per 100 g. This was similar to the protein content in the majority of soy products. The other PBB product types had on average less than 1 g per 100 g protein. The soy products had the highest protein content of the PBB [mean 3.21 g per 100 g (range 1.9–4.2)], while the rice products had the lowest protein content [mean 0.38 g per 100 g (range 0–0.6)]. The almond PBB showed the widest variation in protein content (0–3.5 g per 100 g). Combining price and protein data, the mean cost per gram of protein was >$0.60 for all PBB except soy (mean $0.12). The highest protein cost of any product was $3.00 per gram, for one of the oat products. In comparison, the mean cost per g of protein in the milk products was $0.08.

Figure 1 shows the number of servings and the price of achieving the same amount of protein (8.75 g) as a 250 g serving of milk for each PBB group. Coconut products showed the greatest variation in both servings and price. The soy products had similar protein costs to milk.
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FIGURE 1
Comparison of the number of servings (A) and the price (B) to obtain 8.75 g protein (equivalent to one serving of milk) from PBB. A serving size of 250 g was assumed for all products. Products with no protein content were omitted. The × symbol denotes the mean value; boxes show the median and interquartile range; range bars show the minimum and maximum values, excluding outliers (circles) that are more than 1.5 times the interquartile range below or above the first or third quartile, respectively.




Analyzed nutrient content

Table 2 shows the aggregated analyzed nutrient content values by product type. The milk products had the highest energy content at around 280 kJ per 100 g, while the almond products had the lowest at around 80 kJ per 100 g. The mean dietary fiber contents of the PBB ranged from 0.09 to 0.85 g per 100 g. The milk products had the highest fat content (3.3 ± 0.1 g per 100 g), while the rice products had the lowest (1 ± 0.17 g per 100 g). For the sugars, the oat and rice products were the only two with measurable glucose and maltose content, while the milk products were the only products with measurable lactose. All PBB had measurable sucrose content; the milk products did not. The highest total sugar content was in the rice products (4.57 ± 0.64 g per 100 g), while the almond products had concentrations below 0.5 g/100 g.

Mean calcium content was relatively constant across the samples (0.07–0.12 g per 100 g). However, the variation in calcium content was comparatively greater for the PBB than for milk. The milk products had the highest phosphorus content. The soy products had the highest copper, iodine, iron, magnesium, potassium, and zinc contents. The rice products had the highest sodium content. All products had only trace selenium concentrations.

Figure 2 compares the contribution of a serving of each product type to recommended daily intake (RDI) of the nutrients analyzed. For most nutrients, the milk or soy products contributed the greatest percentage of RDI. The exceptions were: sugars and sodium, for which a serving of the rice products made the greatest contribution; iron and copper (negligible content in milk); iodine (highest contributions from soy and almond PBB); and calcium, to which all product types contributed 18–29% of RDI.
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FIGURE 2
Contribution of a single 250 mL serving of each product type to an adult woman’s recommended daily intake for selected nutrients. Bars show the mean nutrient content across the analyzed samples for each product type.


Table 3 displays the protein cost analysis for the different product types. Due to the lower mean price and higher protein content of milk, the price per g protein for these products was the least of all the product types. The soy products had the lowest cost per g protein of the PBB types, while the rice products had the highest.


TABLE 3    Analysis of protein price for each product group.
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To understand the impact of colloidal instability on the nutritional composition of samples, a single product from each type was selected and samples from the product with and without shaking were compared (Figure 3).
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FIGURE 3
Comparison between the protein (A) and calcium (B) content of well-mixed samples and unshaken samples. A single representative product was analyzed for each product type.


The protein content of the unshaken milk and soy product samples deviated by a maximum of 5% from the well-mixed samples. In comparison, the protein content of the other unshaken PBB samples were 24–66% lower than the well-mixed samples. For calcium, the content of the unshaken samples for milk and coconut PBB deviated by a maximum of 6% from the well-mixed samples. The unshaken almond and soy samples had 14 and 18% lower calcium contents than their well-mixed samples, whereas the unshaken rice and oat samples had 96 and 97% lower calcium contents than the well-mixed samples, respectively.

Finally, the amino acid content of each product type was analyzed. As shown in Table 4, a 250 mL serving of the milk products would provide the greatest contribution toward the RDI of all amino acids considered (29–61% contribution to each amino acid), except for histidine, for which soy PBB provided an equal contribution to fresh milk. For the other PBB, the contribution to amino acid intakes was 11% or less.


TABLE 4    Mean percentage of an adult woman’s recommended daily intakes for amino acids supplied by one 250 ml serving of each product type.
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As a proxy for amino acid bioavailability, the reactive lysine content of each product was also quantified for each analyzed product [Table 4; Rutherfurd et al. (17)]. Lysine was chosen as a focus as it is often the most limiting indispensable amino acid in the human diet (17, 18). In total, 99% of soy PBB lysine was reactive, and the values for the milk products were above 90%. The rice products had the lowest reactive lysine proportion at a mean of 40%. However, these percentages should be seen in the context of total lysine content: while the soy PBB had the highest reactive lysine percentage, the higher lysine content of milk lead to the greatest absolute reactive lysine content being found in milk.




Discussion

Plant-based beverages are widely consumed as substitutes in foods and meals that traditionally contained milk. However, the recently emerged and growing body of literature comparing the nutritional properties of PBB to milk has demonstrated that they are not nutritionally equivalent (19–25). This study, for the first time, quantifies the nutritional differences between milk and the PBB available on the New Zealand market.

The nutritional information reported on product labels varied, with some reporting content for an extensive list of nutrients, while others reported minimal information. There was considerable variation in the reported composition of the PBB. Compared to the PBB, from both product labels and the analyzed samples, the milk products assessed were cheaper and had a higher protein, energy, fat, sugar, potassium, phosphorus, and zinc content than the PBB. Contrastingly, the PBB had higher fiber, sodium, iron, and copper contents than milk. The PBB type most comparable to milk in terms of cost and nutrient content was the soy type. This was true for several nutrients, but notably protein and the amino acids. Protein and calcium were focused on in this report due to the importance of milk to the global supply of these essential nutrients in food (2) and their important role in the current New Zealand diet (26, 27).

In this study, PBB products were more expensive both per unit volume and per gram of protein than milk (Table 3). Indeed, except for the soy products, the majority of PBB products had protein contents below 1 g per 100 g. This may be attributed to the lack of a robust regulatory framework for PBB in New Zealand. While milk must contain at least 3 g protein per 100 g, among other requirements (28), there are currently no regulations in New Zealand controlling the nutritional content of PBB. This indicates the need for a review of regulatory standards for PBB to better control their nutritional content if they are to be marketed as alternatives to milk.

Previously, Drewnowski et al. (29) proposed standards for PBB nutritional content, particularly those marketed as “milks.” These standards encompassed energy, protein, sugar, saturated fat, sodium, calcium, and vitamin content, as well as protein quality and optional guidelines for fiber, carbohydrates, and potassium. The standards reflected the nutritional quality of milk, with additional plant-specific nutrient standards based on soy PBB. These authors surveyed 641 existing PBB products on the US market and found that <5% (all of which were soy products) met their criteria, largely due to low protein content.

Applying their standards to the product labels surveyed in this study, it was found that a maximum of 22 out of 103 PBB products (21%) would qualify. This set of 22 contained 20 soy products, one almond product, and one rice product. However, not all products reported values for every assessed nutrient on their labels and assessment of protein quality was beyond the scope of this study. Thus, it is likely that fewer of these 22 products would meet the strictest standards proposed. Drewnowski et al. (29) also proposed that 1–2 g of fiber per 100 g was a suitable target for PBB; only nine of the 103 products surveyed here stated fiber contents above 1 g per 100 g. New Zealand regulations require that only products with a fiber content above 2 g per serving may make nutrition content claims relating to dietary fiber, which is a stronger condition than proposed by Drewnowski et al. (29) and would exclude all but one of the surveyed products (30). The United States results complement those presented here and the authors questioned whether the majority of PBB available to consumers should be marketed as “milks.”

It has been reported elsewhere that 90% of PBB in the USDA Branded Food Products Database met the criteria for ultra-processed foods due to the presence of added caloric or non-caloric sweeteners, hydrogenated oils, hydrolyzed proteins, flavors, flavor enhancers, emulsifiers, emulsifying salts, thickeners, and bulking and gelling agents, added salt, and/or added fat (31). These additives were also found in the product survey carried out here (Supplementary material). The author concluded that “dietary guidelines that promote plant-based diets but penalize industrial processing may need to acknowledge the fact that most PBB milk alternatives… are ultra-processed foods.”

Many other authors have performed analyses of the nutritional content of PBB and made similar conclusions to those presented here. The majority of these studies analyzed product labels or label databases alone, finding similarly high variability in the nutritional content of different products as reported here, both between and within PBB types (19–25). Others have undertaken laboratory analysis of the nutritional content of PBB, again with conclusions matching those reported here (8, 25, 32–34).

Previous work has also considered the glycemic index (GI) of PBB in comparison to milk, finding that rice and coconut PBB had the highest GI, and milk the lowest (32). Others considered price, finding that PBB products (as well as plant-based alternatives to yogurt and cheese) on the United Kingdom market were all more expensive than milk, in some cases up to twice the price (22). By matching their nutritional analysis to United Kingdom dairy intakes, these authors identified cost and nutritional risks of substituting milk with PBB, particularly to consumer groups for whom milk makes a major contribution to nutrient intakes and/or those who have higher nutrient requirements, such as children and pregnant women.

Interestingly, single-serve PBB products have been found to have higher nutritional content than multi-serve products (such as those analyzed here). An analysis of 51 such products on the US market found that these products generally had higher protein content, and higher levels of calcium and vitamin B12 fortification (35). This was likely due to the raised nutrient requirements of the target consumers of the products: children and the elderly. However, only 18% of these products met the nutritional requirements for inclusion in United States school lunch programs.

Several studies on the nutritional content of PBB have emphasized that, while their content of nutrients commonly associated with milk are low, these products contain other essential nutrients not found in milk. Iron, copper, and fiber are often mentioned, as well as plant-specific compounds, such as plant sterols (33, 36). The contribution of a serving of PBB to the RDI for these essential nutrients was found to be small here, with soy products making the greatest contributions to iron (5%), copper (12%), and iodine (14%) RDI. The remaining PBB made lesser contributions, and as mentioned earlier, the fiber content of most PBB was below 1 g per 100 g.

The low nutrient content of PBB is partly due to their low content of the named plant ingredient. Using the values in Table 1, a 250 g serving of the almond products surveyed here contained on average 9 g of almonds, which is around 6 almonds. For the other PBB, a 250 g serving contains on average 22 g soy, 33 g oats, 50 g rice, and 63 g of coconut. The low nutrient content is thus unsurprising given the low content of nutritious plant material. Further, the ability of the human digestive system to absorb these nutrients from PBB must be considered.

It has been found that the bioaccessibility of phosphorus and zinc is significantly lower in soy PBB products compared to milk (34). The bioavailability of other nutrients, particularly calcium, is also a concern. The calcium contents of the majority of surveyed and analyzed products were within 30% of the content of milk. However, for the PBB products this was largely the result of fortification (see ingredient lists in Supplementary material). Phytate, an antinutrient found in plant-based foods and beverages, reduces mineral absorption from plant-based foods, motivating advice to fortify and combine these with animal-sourced foods and vitamin C-rich foods in situations where nutrition is a priority (37).

The results presented here also caution assuming that nutrients are equally distributed throughout PBB containers. While the impact of shaking product containers was only analyzed for calcium and protein, the trends suggest that similar results would be found for other nutrients. The observed reduced nutrient content of unshaken products matches previous results for calcium. Eight soy PBB products tested for their calcium content, were found on average to have 31% of the calcium content stated of the label when unshaken, due to sedimentation (8). Upon shaking, this increased to 59% of the label stated value, with the remaining calcium content found in solid residue at the bottom of the containers. Our own results described here identified not only discrepancies between the nutritional content of shaken versus unshaken PBB products, but also between the nutritional contents described on their labels versus the content found upon laboratory analysis of shaken samples (Supplementary material).

The discussion of bioavailability must also extend to protein quality. The Digestible Indispensable Amino Acid Score (DIAAS) captures the digestibility of the indispensable amino acids in a food, as well as their ratio in comparison to human requirements (15). DIAAS scores above 1 are considered excellent sources of protein, able to meet the complete amino acid requirements of the consumer, while scores between 0.75 and 1 are good sources of protein, and scores below 0.75 can make no nutritional claim on protein quality. Milk protein concentrate has a DIAAS score of 1.18, compared to 0.94–0.97 for soy protein isolate, 0.54 for cooked rolled oats, 0.4 for almonds, and 0.37 for rice protein concentrate (38, 39). No value was found for coconut. Thus, most PBB types can make no nutritional claim on protein quality, except soy, which is a good source of protein. Moreover, the soy product analyzed here was the only PBB type with a reactive lysine proportion similar to (and exceeding) that of milk. However, it should be noted that this is only a proxy measure for amino acid bioavailability, and that after adjustment for reactivity, the lysine content of the soy PBB remained lower than milk.

Previous work has recommended a blending of legume and grain proteins in PBB to achieve higher overall protein quality (22, 25, 29). While the combination of complementary proteins will address some of the deficits of indispensable amino acids in the products containing only one protein source, the total protein content of products should also be considered.

Some consumers choose PBB over milk for perceived reductions in the environmental impacts of their diets. Indeed, it has been found that milk has roughly twice the carbon footprint of soy PBB by mass on the Italian market (40). In a broad review of life cycle analyses, milk had on average three times the greenhouse gas emissions (CO2-equivalents), more than ten times the land use, and higher terrestrial acidification, eutrophication, and scarcity-weighted freshwater withdrawals than soy PBB per liter (41). Life cycle analysis data for other PBB is rare and highly variable, due to their more recent emergence as product categories and their smaller production volumes. However, recent reports suggest GHG emissions between 35% less (oat) and 70% more (rice) than soy PBB per serve (25). Consistent global data on other footprints was only found for soy.

It is important to understand the context of these footprints. Food and non-alcoholic beverages accounted for 24% of New Zealand household consumption-based emissions in 2019 (42). Using data from two analyses of the climate impact of the New Zealand diet, we calculated that New Zealand milk consumption (approximately 200 g per person per day) accounted for around 4.7% (0.3 kg CO2-equivalents) of an individual’s emissions attributable to diet (43, 44). Combining these percentages, removal of milk from the diet would reduce an individual’s total consumption-based emissions by around 1.1%. This is without considering the emissions related to foods added to the diet to replace milk. For example, using the mean nutrient content values presented here and carbon footprints from Singh-Povel et al. (25), if one were to replace the protein content of milk with an almond, coconut, or rice PBB, this would result in a net increase in emissions. This reflects the results of Singh-Povel et al. (25), who showed that meeting nutritional requirements for amino acids with milk incurred GHG emissions of 312 g CO2-equivalents, with higher emissions for all other PBB except soy (160 g CO2-equivalents).

While the GHG emissions from milk production are significantly higher than those of PBB per serve, milk’s high nutrient density relative to soy and oat PBB resulted in equal scores on a combined nutrition and climate impact metric (45). Elsewhere, using a recently developed Nutrient-Rich Food Index combined with an Environmental Impact metric, milk outperformed an unfortified oat beverage twofold, but a calcium-fortified oat beverage outperformed milk (46). The combination of life cycle analysis data with nutritional indices is a nascent field without defined standards for calculation, so such scores must be interpreted with caution (47, 48). However, it is essential when considering the environmental impact of two food products that their respective nutritional value and function in the diet also be taken into account.



Conclusion

Given the results presented here and previously by other authors, soy PBB appear the nearest nutritional substitute for milk, with several caveats pertaining to sedimentation, calcium bioavailability, protein quality, and price. While individual consumers will consider price, nutritional value, and environmental impact differently or not at all in purchasing decisions, it is important that the scientific and regulatory community understand the implications of milk and PBB consumption.

This research adds to the international consensus that PBB should in general not be considered as nutritional substitutes for milk (21, 22). Indeed, recommendations exist from physicians’ societies that PBB and milk are not interchangeable, particularly in the diets of infants and young children, due to the reduced nutritional value of PBB (49).

While PBB can certainly be of dietary value to those unable (due to health constraints) or unwilling to consume milk, the nutritional contribution of these products should be more widely understood to ensure consumption of nutrient adequate diets. This is particularly relevant for children and pregnant women. In the future, regulations that drive production of PBB products with nutritional contents meeting proposed standards would help to achieve this goal.



Data availability statement

The original contributions presented in this study are included in the article/Supplementary material, further enquiries can be directed to the corresponding author.



Author contributions

JH and WM conceived the idea for the work. AD oversaw the sample collection and analysis. NS and AD analyzed the data and wrote the manuscript. All authors contributed to review of the manuscript and approved its submission for publication.



Funding

This work was funded by Fonterra Cooperative Ltd. and the International Dairy Federation New Zealand branch.



Acknowledgments

We thank Sihan Ma and Kamalam Natarajan for assistance with sample preparation and data analysis, and Dan Wu for coordinating analyses of samples.



Conflict of interest

AD and JH are employees of Fonterra Cooperative Ltd. NS and WM are employees of Massey University. All authors currently have, or have previously had, an affiliation to the Riddet Institute, which has a strategic partnership with multiple industry partners including Fonterra Cooperative Ltd.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnut.2022.957486/full#supplementary-material



References

1. Wolf CA, Malone T, Mcfadden BR. Beverage milk consumption patterns in the United States: Who is substituting from dairy to plant-based beverages? J Dairy Sci. (2020) 103:11209–17. doi: 10.3168/jds.2020-18741

2. Smith NW, Fletcher AJ, Hill JP, Mcnabb WC. Modeling the contribution of milk to global nutrition. Front Nutr. (2022) 8:716100. doi: 10.3389/fnut.2021.716100

3. Zhang X, Chen X, Xu Y, Yang J, Du L, Li K, et al. Milk consumption and multiple health outcomes: umbrella review of systematic reviews and meta-analyses in humans. Nutr. Metab. (2021) 18:7. doi: 10.1186/s12986-020-00527-y

4. Paul AA, Kumar S, Kumar V, Sharma R. Milk analog: plant based alternatives to conventional milk, production, potential and health concerns. Crit Rev Food Sci Nutr. (2020) 60:3005–23. doi: 10.1080/10408398.2019.1674243

5. Eslami O, Shidfar F. Soy milk: a functional beverage with hypocholesterolemic effects? A systematic review of randomized controlled trials. Complement. Thr. Med. (2019) 42:82–8. doi: 10.1016/j.ctim.2018.11.001

6. Mintel. UK Dairy and Non-Dairy Market Report 2021. London: Mintel (2021).

7. Mccarthy KS, Parker M, Ameerally A, Drake SL, Drake MA. Drivers of choice for fluid milk versus plant-based alternatives: What are consumer perceptions of fluid milk? J Dairy Sci. (2017) 100:6125–38. doi: 10.3168/jds.2016-12519

8. Heaney RP, Rafferty K. The settling problem in calcium-fortified soybean drinks. J Am Diet Assoc. (2006) 106:1753. doi: 10.1016/j.jada.2006.08.008

9. Llopis MB, Marugón MR, Althaus RL, Pons MPM. Effect of storage and preservation of milk samples on the response of microbial inhibitor tests. J Dairy Res. (2013) 80:475–84. doi: 10.1017/S0022029913000423

10. Moughan PJ, Rutherfurd SM. A New method for determining digestible reactive lysine in foods. J Agric Food Chem. (1996) 44:2202–9. doi: 10.1021/jf950032j

11. FAO. Food Energy - methods of Analysis and Conversion factors”, in: FAO FOOD AND NUTRITION PAPER. (Vol. 77). Rome: FAO (2003).

12. Mariotti F, Tomé D, Mirand PP. Converting Nitrogen into Protein—Beyond 6.25 and Jones’. Factors. Crit Rev Food Sci Nutr. (2008) 48:177–84. doi: 10.1080/10408390701279749

13. International Dairy Federation. Evaluation of Nitrogen Conversion factors for Dairy and Soy”, in: Bulletin of the International Dairy Federation. Brussels: International Dairy Federation (2016).

14. National Health and Medical Research Council. Nutrient Reference Values for Australia and New Zealand. Canberra: Australian National Health and Medical Research Council & New Zealand Ministry of Health (2006).

15. FAO. Dietary Protein Quality Evaluation in Human Nutrition”, in: FAO Food Nutr. Pap. Rome: Food and Agriculture Organization of the United Nations (2013).

16. Public Health England. Government Dietary Recommendations. London: Public Health England (2016).

17. Rutherfurd SM, Bains K, Moughan PJ. Available lysine and digestible amino acid contents of proteinaceous foods of India. Br. J. Nutr. (2012) 108:S59–68. doi: 10.1017/S0007114512002280

18. Moughan PJ. Population protein intakes and food sustainability indices: the metrics matter. Glob Food Sec. (2021) 29:100548. doi: 10.1016/j.gfs.2021.100548

19. Chalupa-Krebzdak S, Long CJ, Bohrer BM. Nutrient density and nutritional value of milk and plant-based milk alternatives. Int. Dairy J. (2018) 87:84–92. doi: 10.1016/j.idairyj.2018.07.018

20. Vanga SK, Raghavan V. How well do plant based alternatives fare nutritionally compared to cow’s milk? J Food Sci Technol. (2018) 55:10–20. doi: 10.1007/s13197-017-2915-y

21. Angelino D, Rosi A, Vici G, Dello Russo M, Pellegrini N, Martini D, et al. Nutritional quality of plant-based drinks sold in italy: the food labelling of Italian products (FLIP) study. Foods. (2020) 9:682. doi: 10.3390/foods9050682

22. Clegg ME, Tarrado Ribes A, Reynolds R, Kliem K, Stergiadis S. A comparative assessment of the nutritional composition of dairy and plant-based dairy alternatives available for sale in the UK and the implications for consumers’ dietary intakes. Food Res. Int. (2021) 148:110586. doi: 10.1016/j.foodres.2021.110586

23. Craig WJ, Fresán U. International analysis of the nutritional content and a review of health benefits of non-dairy plant-based beverages. Nutr. (2021) 13:842. doi: 10.3390/nu13030842

24. Fructuoso I, Romão B, Han H, Raposo A, Ariza-Montes A, Araya-Castillo L, et al. An Overview on nutritional aspects of plant-based beverages used as substitutes for cow’s milk. Nutr. (2021) 13:2650. doi: 10.3390/nu13082650

25. Singh-Povel CM, Van Gool MP, Gual Rojas AP, Bragt MCE, Kleinnijenhuis AJ, Hettinga KA. Nutritional content, protein quantity, protein quality and carbon footprint of plant-based drinks and semi-skimmed milk in the Netherlands and Europe. Public Health Nutr. (2022) 25:1416–26. doi: 10.1017/S1368980022000453

26. University of Otago and Ministry of Health. A Focus on Nutrition: Key findings of the 2008/09 New Zealand Adult Nutrition Survey. Wellington: Ministry of Health (2011).

27. Ministry of Health. Eating and Activity Guidelines for New Zealand Adults: Updated 2020. Wellington: Ministry of Health (2020).

28. Food Standards Australia New Zealand. Australia New Zealand Food Standards Code – Standard 2.5.1 – Milk. Wellington: Food Standards Australia New Zealand (2016).

29. Drewnowski A, Henry CJ, Dwyer JT. Proposed nutrient standards for plant-based beverages intended as milk alternatives. Front Nutr. (2021) 8:761442. doi: 10.3389/fnut.2021.761442

30. Food Standards Australia New Zealand. Australia New Zealand Food Standards Code – Standard 1.2.7 – Nutrition, health and related claims. Wellington: Food Standards Australia New Zealand (2018).

31. Drewnowski A. Perspective: identifying ultra-processed plant-based milk alternatives in the USDA branded food products database. Adv Nutr. (2021) 12:2068–75. doi: 10.1093/advances/nmab089

32. Jeske S, Zannini E, Arendt EK. Evaluation of physicochemical and glycaemic properties of commercial plant-based milk substitutes. Plant Foods Hum. Nutr. (2017) 72:26–33. doi: 10.1007/s11130-016-0583-0

33. Astolfi ML, Marconi E, Protano C, Canepari S. Comparative elemental analysis of dairy milk and plant-based milk alternatives. Food Control. (2020) 116:107327. doi: 10.1016/j.foodcont.2020.107327

34. Lacerda Sanches V, Alves Peixoto RR, Cadore S. Phosphorus and zinc are less bioaccessible in soy-based beverages in comparison to bovine milk. J Funct Foods. (2020) 65:103728. doi: 10.1016/j.jff.2019.103728

35. Craig WJ, Brothers CJ, Mangels R. Nutritional content and health profile of single-serve non-dairy plant-based beverages. Nutr. (2022) 14:162. doi: 10.3390/nu14010162

36. Decloedt AI, Van Landschoot A, Watson H, Vanderputten D, Vanhaecke L. Plant-Based beverages as good sources of free and glycosidic plant sterols. Nutr. (2018) 10:21. doi: 10.3390/nu10010021

37. Gibson RS, Bailey KB, Gibbs M, Ferguson EL. A Review of phytate, iron, zinc, and calcium concentrations in plant-based complementary foods used in low-income countries and implications for bioavailability. Food Nutr Bull. (2010) 31:S134–46. doi: 10.1177/15648265100312s206

38. Rutherfurd SM, Fanning AC, Miller BJ, Moughan PJ. Protein digestibility-corrected amino acid scores and digestible indispensable amino acid scores differentially describe protein quality in growing male rats. J Nutr. (2014) 145:372–9. doi: 10.3945/jn.114.195438

39. Marinangeli CPF, House JD. Potential impact of the digestible indispensable amino acid score as a measure of protein quality on dietary regulations and health. Nutr Rev. (2017) 75:658–67. doi: 10.1093/nutrit/nux025

40. Coluccia B, Agnusdei GP, De Leo F, Vecchio Y, La Fata CM, Miglietta PP. Assessing the carbon footprint across the supply chain: Cow milk vs soy drink. Sci. Total Environ. (2022) 806:151200. doi: 10.1016/j.scitotenv.2021.151200

41. Poore J, Nemecek T. Reducing food’s environmental impacts through producers and consumers. Science. (2018) 360:987. doi: 10.1126/science.aaq0216

42. Statistics New Zealand. Greenhouse gas emissions (consumption-based): Year ended 2019 [Online]. Wellington, New Zealand: Statistics New Zealand. (2021). Available online at: https://www.stats.govt.nz/information-releases/greenhouse-gas-emissions-consumption-based-year-ended-2019-provisional (accessed May 16, 2022).

43. Drew J, Cleghorn C, Macmillan A, Mizdrak A. Healthy and climate-friendly eating patterns in the New Zealand Context. Environ Health Perspect. (2020) 128:017007. doi: 10.1289/EHP5996

44. Barnsley JE, Chandrakumar C, Gonzalez-Fischer C, Eme PE, Bourke BEP, Smith NW, et al. Lifetime climate impacts of diet transitions: a novel climate change accounting perspective. Sustainability. (2021) 13:5568. doi: 10.3390/su13105568

45. Smedman A, Månsson HL, Drewnowski A, Edman A-KM. Nutrient density of beverages in relation to climate impact. Food Nutr Res. (2010) 23:54. doi: 10.3402/fnr.v54i0.5170

46. Ridoutt B. An alternative nutrient rich food index (NRF-ai) incorporating prevalence of inadequate and excessive nutrient intake. Foods. (2021) 10:3156. doi: 10.3390/foods10123156

47. Mclaren S, Berardy A, Henderson A, Holden N, Huppertz T, Jolliet O, et al. Integration of Environment and Nutrition in Life Cycle Assessment of Food Items: Opportunities and Challenges. Rome: FAO (2021). doi: 10.4060/cb8054en

48. Ridoutt B. Bringing nutrition and life cycle assessment together (nutritional LCA): opportunities and risks. Int J Life Cycle Assess. (2021) 26:1932–6. doi: 10.1007/s11367-021-01982-2

49. Merritt RJ, Fleet SE, Fifi A, Jump C, Schwartz S, Sentongo T, et al. North american society for pediatric gastroenterology, hepatology, and nutrition position paper: plant-based milks. J Pediatr Gastroenterol Nutr. (2020) 71:276–81. doi: 10.1097/mpg.0000000000002799



OPS/images/fnut-09-957486-t004.jpg
Cow’s milk Cow’s milk Almond Coconut Oat Rice Soy

(fresh) (UHT)

Histidine 29% 33% 6% 5% 5% 2% 29%
Isoleucine 33% 36% 5% 5% 5% 1% 27%
Leucine 32% 34% 5% 4% 5% 1% 24%
Lysine 36% 38% 2% 4% 3% 1% 25%
SAA 33% 37% 4% 5% 9% 4% 23%
AAA 54% 61% 10% 8% 11% 5% 44%
Threonine 38% 42% 5% 5% 6% 2% 31%
Tryptophan 41% 43% 6% 8% 9% 0% 37%
Valine 34% 40% 4% 5% 6% 2% 23%
Reactive lysine (as a % of total 95+2 94+2 7343 69+ 13 49+9 40 £21 9 +1
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recommended daily intake)*

SAA, sulfur amino acids (methionine and cysteine); AAA, aromatic amino acids (phenylalanine and tyrosine). Amino acid requirements obtained from FAO (15) and calculated for 60 kg adult.
*Calculated by multiplying the % lysine supplied by one serving by the mean reactive lysine %.
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Milk (fresh) Milk (UHT) Almond Coconut Oat Rice Soy

NZD to meet protein RDI from product 377 324 28.36 35.77 2647 4878 6.15
NZD/g protein 0.08 0.07 0.63 0.79 0.59 1.08 0.13

The mean price of the analyzed products for each product type was used.
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Milk (fresh) N =3

Price per liter (NZD) 2.80 (2.46-2.98)
% of title ingredient** NA
Content per 100 mL

Energy (kJ) 265 (263-270)
(Cal) 63 (63-65)
Protein (g) 3.5(3.3-3.9)
Fat, total (g) 3.4 (3.3-3.4)
Carbohydrate (g) 4.8 (4.7-4.8)
Sugars (g) 4.8 (4.7-4.8)
Dietary fiber (g) ND

Sodium (mg) 38 (35-40)
Potassium (mg) ND

Calcium (mg) 123 (117-135)
Phosphorus (mg) ND

Milk (UHT) N =3

2.60 (1.90-3.39)
NA

270 (260-280)
64 (62-67)
3.6 (3.5-39)
3.5(34-35)
47 (47-48)
47 (47-48)
ND

42 (40-45)
ND

127 (122-135)
ND

Almond N =37

4.94 (2.79-12.86)
4(2-10)

130 (67-275)
29 (16-50)
0.8 (0-3.5)
1.9 (1.1-3.8)
2.5(0-6.5)
1.8(0-6.3)
0.4(0.2-1.9)
45 (21-108)
37 (18-127)
101 (7-128)
76 (74-82)

Cashew N =2

3.99 (3.99-3.99)
3

98 (73-123)
24 (18-29)
0.5 (0.4-0.5)
1.5 (1.4-1.5)
2.2(0.8-3.6)
1.5(0.1-2.8)
0.1(0.1-0.1)
41 (40-42)
19 (18-19)
120 (120-120)
58 (56-59)

Coconut N =13

5.32(3.79-8.48)
25 (4-59)

186 (95-354)
29 (23-33)
0.7 (0.2-1.5)
33(14-7.9)
3.1(0.3-7.8)
2.3(02-5.9)
0.3 (0-0.9)
24 (12-61)
64 (0-150)
93 (16-120)
46*

Hemp N =2

6.29 (6.29-6.29)
4+

146 (108-184)
36 (26-45)
0.4 (0.3-0.5)
2.7 (2.7-2.7)
2.4(0.1-4.6)
23 (0-4.6)
0(0-0)
0(0-0)

ND

ND

ND

OatN =12

4.69 (2.99-6.98)
13 (9-16)

263 (193-612)
55 (48-71)
1.1(0.2-2.3)
2.1(1-3.1)
7.8 (6-11.7)
32(1-4.5)

0.9 (0.3-2.4)
42 (32-52.6)
237 (237-237)
99 (3-120)
100 (100-100)

RiceN=7

4.30 (2.50-6.40)
20 (13-40)

224 (209-256)
53 (51-55)
0.4 (0-0.6)
1.1(0.5-1.3)
10.4 (9.5-12)
5.7 (3.1-10.6)
0.4 (0-1)

44 (6-68)
ND

108 (80-120)
ND

Soy N =30

3.93 (2.49-7.98)
9 (4-17)

221 (126-305)
53 (32-65)
32(1.9-42)
24(13-38)
44(04-89)
2.6 (04-7.1)
0.6 (0-1.8)

51 (16-93.5)
200 (143-260)
108 (10-160)
102 (60-122)

Data displayed as: mean (range). Note that this table includes data from flavored and formulated PBB products. Data for further nutrients available in Supplementary material *Data was only available from a single product.**Title ingredient is the

nut, cereal, or crop from which the product was made, e.g., almonds for almond products, soybeans for soy product, etc. ND, no data.
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