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Abstract 

Digestibility is a fundamental concept in animal nutrition and is widely used to evaluate 

feed ingredients. Although digestibility values are generally expected to be positive, neg-

ative values are occasionally reported. Negative values are not analytical or calculation 

errors; rather, they often convey critical information about feed ingredients. Negative di-

gestibility is most commonly observed for minerals, which readily interact with other 

components in compound feeds and within the gut lumen. A proper understanding of 

negative digestibility is therefore essential for formulating nutritionally complete diets. 

This paper introduces Mellanby’s toxamin theory to illustrate the mechanisms underlying 

negative digestibility. It also explains the rationale behind digestibility calculations, which 

sometimes yield mathematically extreme and biologically unrealistic negative values. Fi-

nally, the paper proposes in vivo mineral-binding capacity as an alternative metric for 

expressing ingredient interactions, as negative digestibility values themselves can lead to 

confusion and misinterpretation. By reinterpreting the biological significance of negative 

digestibility, this paper seeks to translate an often-confusing observation into a more prac-

tical and informative nutritional index. 

Keywords: aquafeed; compound feed; antinutritional factors; apparent digestibility;  
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1. Introduction 

Negative digestibility!? How can digestibility possibly be negative? Zero digestibility 

is easy to grasp—it is what we would expect after consuming something entirely indigest-

ible, like stones. But a value below zero seems to violate basic intuition. Yet negative di-

gestibility values appear frequently when digestibility coefficients are calculated, particu-

larly for minerals e.g., [1–4]. Negative values are often dismissed as analytical errors or 

attributed to inadequate methodology. But what if they are real? What biological pro-

cesses could produce such paradoxical outcomes, and what do they actually reveal about 

nutrient utilization? 

This paper reexamines the concept of negative digestibility, arguing that these values 

are not merely analytical or mathematical anomalies but nutritionally meaningful data. 

Understanding their true interpretation is essential for accurately evaluating feed ingre-

dients and formulating nutritionally adequate diets. 

Over 30 years ago, I began my doctoral studies at the University of Washington. My 

professors asked me to conduct a digestibility experiment using coho salmon and 12 feed 

ingredients, providing a feed composition table and all necessary materials. 
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After completing the feeding trial and fecal analysis, I obtained a large dataset in 

Excel. My next task was to calculate the digestibility of dry matter, protein, and individual 

minerals for the 12 ingredients. At the time, however, I was unaware that a standard di-

gestibility equation already existed. So, I derived the calculation logically from first prin-

ciples, without consulting any sources. Very soon, I noticed that many calculated values 

were negative or exceeded 100%—numbers that appeared very strange. “That can’t be 

right. How could these values possibly be correct?” 

Puzzled, I examined several digestibility papers published up to that time, and found 

only “normal” values. Looking more closely, I realized that their calculation formula dif-

fered from mine, and was incorrect! Even more puzzled, I emailed my professors (on 9 

May 1996) under the title “Errors Found!” The following Monday, we held a brief meet-

ing. The professors just listened without comment. Only at the end did one of them ask, 

“Did you derive this formula yourself?” I replied, “Oh, yes, of course.” The meeting ended 

there. 

It should be noted that my equation (later called the nutrient-contribution formula or 

simply the contribution formula) was nothing more than a straightforward mass-balance 

calculation requiring no advanced mathematics. I also soon found that this equation, or 

its underlying concept (often referred to as the difference method, digestibility by differ-

ence, indirect digestibility, or partial digestibility), had already been described by earlier 

researchers e.g., [5–8]. So, I quickly lost interest in this issue. Nevertheless, my professors 

encouraged me to present it at the upcoming conference, as it was still necessary to justify 

our digestibility values, many of which were indeed negative! 

The presentation was made at the VII International Symposium on Nutrition and 

Feeding of Fish, held in Texas, USA, on 12 August 1996. The title was “Apparent digesti-

bility coefficients of macro and micro elements and protein in various feed materials de-

termined using coho salmon, Oncorhynchus kisutch.” In retrospect, it was a very unusual 

presentation. In front of a full conference hall, I switched from PowerPoint to an overhead 

projector and began to “lecture” on the simple versus nutrient-contribution formulae us-

ing transparency and a red marker as I spoke. 

Nearly two years later, this work was published [2]. The long delay resulted from 

rejection of the first submission and a slow review process. The rejected manuscript con-

tained a detailed justification of the nutrient-contribution formula. However, in the resub-

mitted manuscript, I removed all such explanations and simply presented the contribu-

tion formula along with plenty of digestibility data. And the manuscript was accepted. 

Since publication, the paper has received considerable attention. Nevertheless, the 

simple formula continues to be used, despite repeated warnings against its use e.g., [9–

11]. The reason for this persistence is unclear, but the use of the simple formula lacks a 

sound theoretical basis, even though the two formulae often produce similar apparent 

digestibility coefficients (ADCs). 

In the present paper, therefore, I first introduce Mellanby’s toxamin theory as a con-

ceptual framework for interpreting negative digestibility. Second, I provide a rational der-

ivation of the nutrient-contribution formula, which often produces seemingly irrational 

negative values. Third, I discuss the proper interpretation of negative digestibility and 

suggest alternative approaches for its practical application. Throughout the paper, data 

from Sugiura et al. (1998) [2] are used because the original raw data were available to the 

author, enabling the results to be recalculated and reevaluated from multiple perspec-

tives. 

2. Mellanby’s Toxamin 

In the latter part of the 19th century and the early 20th century, large numbers of 

children in major cities across Europe and North America suffered to varying degrees 
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from rickets. Early reports also noted a close association between rickets and dental ab-

normalities e.g., [12,13]. The diets of these populations consisted largely of bread, with 

insufficient intake of calcium (Ca)-rich foods. 

May Mellanby, a researcher of dental disease, was among the first to suggest that 

certain cereals had adverse effects on tooth development. She wrote, “Our diet, particu-

larly that of the poor, is now more than ever made up of specially prepared cereals, such 

as wheat, rice, oats, etc. … There is no doubt that our modern dietary [sic] is harmful as 

far as the teeth are concerned” [14]. Building on related concerns, her husband, Edward 

Mellanby, formulated standard diets containing bread or cereals that consistently pro-

duced rickets in puppies. He then added various test substances to these diets to deter-

mine their effects on rickets development [15]. 

Subsequently, Mellanby (1922) demonstrated that the rachitogenic, or rickets-pro-

ducing effects of cereals vary greatly: oatmeal was the most potent, followed by brown 

flour, barley, rice, and white flour [16]. Later, Mellanby (1925) reported that oatmeal and 

maize possess a particularly strong rickets-producing action and argued that “In view of 

the evidence of interaction and balance among food constituents provided by this inves-

tigation, the value of the expression ‘optimum Ca content of a diet’, so commonly used 

nowadays, must be doubted. The optimum varies every time the other elements of diet 

are changed.” [17]. 

In 1926, Mellanby discovered that the anticalcifying potency of cereals such as oats 

could be reduced through simple chemical treatments—specifically, (1) boiling with acid 

and (2) malting followed by heating. These findings suggest that cereals contain a distinct 

anticalcifying substance whose action could be modified either by adding vitamin D or 

Ca salts or by destroying the putative toxic factor through heat and acid treatment. Mel-

lanby (1926, 1934) referred to this unidentified harmful component as “toxamins.” Ac-

cording to his studies, toxamins impaired Ca utilization, and this toxic action was antag-

onized by the anti-rachitic vitamin, i.e., vitamin D [18,19]. 

Supporting this view, Holst (1927) wrote, “If oatmeal is extracted with hydrochloric 

acid and the extract is given in addition to the starch, the animals develop rickets. The 

rickets-producing factor of oatmeal must, therefore, be ascribed to some toxic substance.” 

[20]. He further noted that rickets induced by cereal feeding could be prevented by Ca 

salts but not by phosphates. 

Templin and Steenbock (1933) showed that the loss of rachitogenic activity after acid-

boiling was accompanied by the conversion of organic P to inorganic P, suggesting that 

organic P may be less bioavailable [21]. Soon afterward, Bruce and Callow (1934) demon-

strated that phytic acid forms insoluble Ca salts and interferes with Ca absorption in rats 

[22]. This work was validated by Lowe and Steenbock (1936) [23,24] and Krieger and 

Steenbock (1940) [25] in rats, and by McCance and Widdowson (1935, 1942) [26–28] in 

humans. The latter reported that subjects who consumed white bread supplemented with 

sodium phytate showed a strongly negative Ca balance, and that Ca and P absorption 

from brown bread increased once it was dephytinized. 

Human studies further showed that Ca absorption from milk was significantly re-

duced when milk was consumed together with oatmeal (a rich source of phytate), whereas 

no such impairment occurred when the two foods were consumed separately at different 

times of the day (Cruickshank et al., 1945 [29]). Similar results have been reported with 

wheat bran (Weaver et al., 1991 [30]). Thus, when attempting to avoid unfavorable nutri-

ent interactions, using two diets of different composition may be effective, provided that 

they are consumed separately—either at different times of the day or on alternating days. 

(This principle applies to both daily diets and compound feed formulation.) 

Harrison and Mellanby (1939) showed that commercial phytin (Ca–magnesium phyt-

ate) is not rachitogenic, whereas sodium phytate or phytic acid prepared from commercial 
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phytin or oatmeal is distinctly so [31]. They concluded that “phytic acid in a rachitogenic 

cereal like oatmeal immobilizes almost all of the Ca contained in the cereal by converting 

it into an insoluble, relatively unavailable Ca phytate, and further, that the excess of phytic 

acid (over and above that required to precipitate the Ca of the cereal) can exert an addi-

tional anticalcifying effect by precipitating other Ca present in the non-cereal part of the 

diet.” [31] (Cf. Figure 1) 

Remarkably, decades earlier, William Jenner (1860) wrote “And even the frequency 

of rickets in London has been supposed to depend on adulterations of the bread whereby 

its lime-salts (i.e., Ca) are deprived of their solubility.” [32]. Jenner—best known for dis-

tinguishing typhoid from typhus—appears to have intuited the importance of nutrient 

interactions long before the underlying mechanisms were understood. 

 

Figure 1. Mellanby’s “toxamin” is illustrated. A distinguished British nutritionist, Edward Mel-

lanby, hypothesized, based on his experimental observations, that cereals contained an anti-calcify-

ing factor that could be counteracted by vitamin D. He named this factor “toxamin” (Mellanby, 1926, 

1934), which was later identified as phytic acid [18,19]. 

Mellanby’s toxamin highlights the importance of mineral interactions and their in-

fluence on bioavailability. The concept remains highly relevant to modern nutrition, in-

cluding human nutrition, as an estimated one-half to two-thirds of the global population 

is deficient in Ca, Fe, Zn, and/or Mg, with phytates from cereals and legumes recognized 

as major factors limiting their bioavailability [33,34]. 
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3. Rationale for Digestibility Calculation 

3.1. Concept of Digestibility 

Digestibility can be determined using either in vitro or in vivo methods. In vitro 

methods digest test materials in a vessel containing simulated digestive fluids, whereas 

in vivo methods involve feeding live animals and collecting feces or digesta to estimate 

nutrient absorption. In vivo methods can be further divided into direct and indicator 

methods. The direct method requires quantitative collection of all excreta, whereas the 

indicator method uses an indigestible, inert marker mixed into the test diet and estimates 

digestibility from partial excreta collection. 

In addition, in vivo measurements can yield either apparent or true digestibility val-

ues e.g., [5,6,35]. The present paper focuses on the most commonly used approach in fish 

feed research: apparent digestibility determined by the indicator method. 

Suppose, for example, that a man consumes only Onigiri, or Japanese rice balls, with-

out restriction. Each rice ball contains a small stone instead of an edible filling. Because 

the stone is indigestible, it is excreted unchanged in the feces. On one occasion, the man 

defecates and examines his feces, finding that it contains five stones. This indicates that 

the feces correspond to the undigested residue of five rice balls. Accordingly, the digesti-

bility of the rice balls (i.e., dry matter digestibility) can be calculated as follows: 

Digestibility (%) =
rice ball − (feces / 5)

rice ball
 × 100   

This is the simplest representation of in vivo digestibility calculation. However, the 

same underlying concept applies to more complex calculations, as discussed below. In 

vivo apparent digestibility is often referred to as the apparent digestibility coefficient, or 

simply digestibility, and is expressed as a percentage. 

3.2. Calculating the Nutrient Digestibility of Diets 

The first step in calculating nutrient digestibility of a diet is to determine the concen-

tration factor: CF [36], which is obtained as follows: 

CF = Indicator concentration (%) in feces/Indicator concentration (%) in the diet. 

CF indicates the amount of feces that corresponds to a given amount of diet. Thus, 

the nutrient concentration in feces is divided by CF to obtain the amount of nutrients ex-

creted in feces per corresponding amount of diet. Nutrient digestibility in the diet is then 

calculated as follows: 

ADCD =
(NutrD − (NutrF / CF)

NutrD
 × 100  (1) 

where 

ADCD: Apparent digestibility coefficient (%) of a nutrient in the diet. 

NutrD: Nutrient concentration (% or ppm) in the diet. 

(for dry matter digestibility, this value is 100%). 

NutrF: Nutrient concentration (% or ppm) in feces. 

(for dry matter digestibility, this value is 100%). 

CF: Concentration factor (as described above). 

]In the rice ball example, if the rice ball weighs 100g and the feces containing 5 stones 

also weigh 100 g, the CF will be 5 and the dry matter digestibility (ADCD) will be 80%. If 

the feces containing 5 stones weigh only 10 g (assuming stone weight is negligible), the 

CF will be 50 and the dry matter digestibility will be 98%. At the opposite extreme, if the 

feces containing 5 stones weigh 500 g, the CF will be 1 and the dry matter digestibility will 

be 0%. 
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3.3. Measuring the Digestibility of Individual Feed Ingredients 

Fish feeds are formulated from multiple ingredients; therefore, accurate knowledge 

of nutrient digestibility in each ingredient is essential for appropriate ingredient selection. 

Consequently, digestibility assessment has long been a cornerstone of fish nutrition re-

search. For example, Migita et al. (1937) reported the digestibility of fish-flesh protein in 

carp [37], while Nose (1962) compiled protein digestibility data for 36 feed ingredients 

across five fish species. Three principal approaches have been used to determine ingredi-

ent digestibility [38]. 

The first approach involves feeding a single ingredient, often by force-feeding e.g., 

[39,40]. Because the “diet” is nutritionally unbalanced, sometimes toxic, and unrepre-

sentative of practical feeds, this method is now rarely used. The second approach uses a 

formulated diet in which the nutrient of interest is supplied exclusively by the test ingre-

dient, while other dietary components (e.g., starch, cellulose, lipids, and purified ingredi-

ents) do not contribute to that nutrient e.g., [1]. This approach is more reliable because the 

diet can be formulated to be nutritionally more balanced. 

The third approach uses a basal (reference) diet with known nutrient composition 

and digestibility. The basal diet is mixed with a test ingredient at a predetermined ratio—

typically 70% basal diet and 30% test ingredient—to produce a test diet. By measuring the 

digestibility of the test diet and that of the basal diet, the nutrient digestibility of the test 

ingredient can be calculated by difference (subtraction) using Equation (2). The use of a 

nutritionally adequate basal diet helps buffer large differences in nutrient composition 

among test ingredients, enabling digestibility measurements without disrupting normal 

digestive or physiological functions [5–7]. Hence, this method is most widely used for 

measuring the digestibility of individual ingredients. The following discussion focuses 

exclusively on this method, a schematic representation of which is provided in Figure 2. 

A key assumption underlying the third approach is that the digestibility of the basal 

diet remains unchanged when mixed with the test ingredient. However, this assumption 

does not hold when strong nutrient interactions occur between the basal diet and the test 

ingredient, as illustrated earlier in Mellanby’s toxamin example. Thus, the third approach 

effectively captures interactive effects of ingredients. For minerals, such interactive prop-

erties cannot be ignored when evaluating their digestibility. 

 

Figure 2. Schematic diagram illustrating the determination of apparent digestibility coefficients 

(ADCs) using the difference method and the proposed conversion of negative ADC values into min-

eral-binding capacity (MBC). Abbreviations are defined in Equation (2). 
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3.4. Calculating Digestibility of Test Ingredients 

Using the third approach (70% basal diet + 30% test ingredient), the digestibility of 

nutrients in test ingredients can be calculated as follows [2]: 

ADCIng =
(NutrTD × ADCTD − 0.7 × NutrBD × ADCBD)

0.3 × NutrIng
 (2) 

where 

ADCIng: Apparent digestibility coefficient of the test ingredient. 

NutrTD: Nutrient concentration (% or ppm) in the test diet. 

ADCTD: Apparent digestibility coefficient of the test diet. 

(Note: NutrTD × ADCTD = Net absorption from the test diet). 

NutrBD: Nutrient concentration (% or ppm) in the basal diet. 

ADCBD: Apparent digestibility coefficient of the basal diet. 

(Note: NutrBD × ADCBD = Net absorption from the basal diet). 

NutrIng: Nutrient concentration (% or ppm) in the test ingredient. 

(Note: 0.3 × NutrIng = NutrTD − 0.7  NutrBD). 

In Equation (2), the first term in the numerator represents the amount of nutrients 

absorbed from the test diet. The second term reflects the amount absorbed from the basal-

diet portion of that test diet. Thus, the entire numerator represents the total amount of 

nutrient absorbed specifically from the test-ingredient portion of the test diet. The denom-

inator represents the amount of that nutrient contributed by the test ingredient within the 

test diet. 

The coefficient 0.7 (70%) in Equation (2) represents the dry-matter ratio, that is, the 

proportion of the basal diet in the test diet on a dry-matter basis. Hence, the dry-matter 

contents of the basal diet and each test ingredient must be determined before formulating 

the test diets. In practice, however, when an indicator (e.g., Cr2O3, Y2O3, TiO2) is premixed 

into the basal diet prior to blending with a test ingredient, the dry-matter ratio can be 

determined conveniently and accurately by analyzing indicator concentrations in both the 

basal and test diets [36]. Although this approach may result in a slight deviation from the 

nominal 70:30 ratio, such a deviation poses no problem as long as the actual ratio is used 

in ADC calculations. 

Although the ratio itself is not critical for digestibility measurement, when the inclu-

sion level of the test ingredient is low (e.g., 90:10 ratio), the resulting digestibility estimate 

will be more sensitive to experimental error. A similar issue arises when the nutrient con-

centration in the test ingredient is low relative to that in the basal diet: small differences 

in the measured digestibility of the test diet must then account for a small nutrient contri-

bution from the test ingredient, which amplifies error e.g., [41]. 

Conversely, a high concentration of the nutrient of interest in the test ingredient rel-

ative to the basal diet allows for more precise estimation of ADCs, or so it seems. When 

the nutrient in the test diet is supplied predominantly by the test ingredient, the digesti-

bility of the test diet closely approximates that of the test ingredient, regardless of the basal 

diet’s digestibility, because the basal diet contributes little of that nutrient. In this situa-

tion, however, the total nutrient level in the diet could far exceed the fish’s requirement, 

and the fish’s homeostatic regulation can distort ADC estimates, particularly for minerals. 

Therefore, the optimal inclusion level of a test ingredient depends on its nutrient con-

tribution relative to that of the basal diet within the test diet. Ideally, the concentration of 

each nutrient in both the basal and test diets should be close to, or slightly below, the 

requirement level to minimize physiological up- or down-regulation of nutrient transport 

e.g., [42]. However, when ADCs of multiple minerals are determined simultaneously, 

such adjustment becomes difficult because each ingredient is invariably high in some min-

erals and low in others. This limitation represents an inherent weakness of the method. 
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Notably, when nutrient concentrations in the basal diet and test ingredient differ 

greatly, the two calculation formulae may yield markedly different ADC values, as illus-

trated in Figure 3. The two formulae become mathematically equivalent only when the 

concentration of the nutrient of interest is identical in both components. In that case, the 

terms NutrBD, NutrTD, and NutrIng in Equation (2) cancel, reducing the equation to the sim-

ple formula. Such conditions, however, are rarely encountered in practice. 

 

 

Figure 3. Apparent digestibility coefficients (ADCs) calculated using the simple formula (NRC, 

1993) [43] and the nutrient-contribution formula. PowerPoint slide (top) and transparency (bottom) 

presented at the VII International Symposium on Nutrition and Feeding of Fish, College Station, 

Texas, USA, 12 August 1996 [44]. Abbreviations are defined in Equation (2). 

4. Interpretation of Negative Digestibility 

4.1. Chemical Interactions in the GI Environment 

Negative ADCs have been reported by several researchers, including those cited in 

the Introduction. However, these studies examined different ingredients, species, and 

methodologies under varying experimental conditions. Consequently, the reported val-
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ues are not directly comparable. Rather than attempting a systematic review or quantita-

tive comparison of these values, the present paper focuses on the general mechanisms 

underlying negative ADCs. 

As shown in Table 1, both the simple and nutrient-contribution formulae can yield 

negative ADCs. However, the contribution formula tends to produce more extreme val-

ues, sometimes reaching negative hundreds or even thousands of percent. Negative ADCs 

imply that (1) the net contribution of the nutrient supplied by the test ingredient is negli-

gible or negative, and (2) one or more factors in the test ingredient inhibit the digestion or 

absorption of the same nutrient supplied by the basal diet portion (e.g., the Ca-gobblers 

in Figure 1). Additional mechanisms may also contribute to negative ADCs, including 

diet-induced endogenous GI secretions, reduced reabsorption of endogenous nutrients, 

altered chyme transit, dietary toxins that disrupt digestive physiology, and changes in the 

GI microbiota. Collectively, these effects can result in a negative calculated ADC. 

Major factors causing negative digestibility are chemical interactions, such as chela-

tion, precipitation, and co-precipitation e.g., [45]. Mellanby’s toxamin focused primarily 

on interference with Ca absorption via chelation by phytates. However, current 

knowledge clearly shows that phytates also affect the absorption of many other minerals, 

both directly (chelation) and indirectly (co-precipitation) e.g., [46]. Thus, the concepts de-

scribed above apply broadly to several minerals. 

Table 1. Apparent digestibility coefficients (ADC, %) of feed ingredients calculated using two dif-

ferent formulae. 

 Protein Ca P Mg K Na Fe Cu Mn Sr Zn 

Menhaden meal 
87 −47 −24 32 96 86 −78 86 −82 −11 14 

88 12 40 42 96 84 −3 89 −38 11 26 

Feather meal  
76 35 75 77 94 61 80 7 −28 77 20 

80 38 75 57 91 64 55 46 −2 41 42 

Soybean meal 
93 −52 27 65 99 −58 −19 112 −23 −71 8 

93 −65 28 74 98 −2225 11 96 −9 −16 −33 

Wheat middlings 
93 −95 23 32 90 −24 −6 52 −85 −129 16 

86 −329 41 59 92 −878 1 63 −14 −70 16 

Casein basal diet 98 42 91 92 97 81 39 81 40 22 81 

Values in the upper rows (italic font) indicate ADC (%) based on the simple formula (Figure 3; NRC, 

1993 [43]). Values in the lower rows (normal font) indicate ADC (%) based on the nutrient-contribu-

tion formula (Figure 3; NRC, 2011 [11]). Negative values are indicated in boxes and are recalculated 

as shown in Tables 2 and 3. Nutrient concentrations in the casein basal diet (dry basis) were as 

follows: 58.6% crude protein; 4.00% ash; 0.497% Ca; 4.93 ppm Cu; 98.0 ppm Fe; 0.743% K; 0.227% 

Mg; 34.9 ppm Mn; 0.412% Na; 0.741% P; 3.37 ppm Sr; and 123 ppm Zn. Data in Tables 1–3 were 

derived from [2], whose original raw data were available to the author for recalculation. 

Furthermore, minerals are influenced by numerous interactions unrelated to 

phytates, which can significantly alter their absorption, potentially producing negative or 

over 100% digestibility values [47–50]. Such interactions may occur during feed pro-

cessing and storage, as well as in the GI lumen, where minerals from dietary, endogenous, 

branchial, and environmental sources coexist and interact. 

Suppose, for example, a basal diet contains 10 mg of available nutrient A per 100 g 

and is mixed with a test ingredient at a 7:3 ratio. The mixed diet should therefore provide 

at least 7 mg of available A per 100 g, even if nutrient A in the test ingredient is completely 

unavailable. If net absorption from the mixed diet falls below 7 mg/100 g, this indicates 

that the test ingredient contains substances that can bind or otherwise inhibit absorption 
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of nutrient A supplied by the basal diet. Under such conditions, the calculated digestibility 

of A in the test ingredient becomes negative. 

Under otherwise identical conditions, if the basal diet contains only 1 mg of available 

A per 100 g, the calculated digestibility will be only slightly negative. In this case, the small 

amount of A can be bound by inhibitory factors in the test ingredient, leaving much of the 

binding capacity unutilized (or bind other minerals instead). Consequently, the calculated 

ADC depends on the basal diet composition, the presence of other minerals, the level of 

binding factors in the test ingredient, and the ingredient’s inclusion level. 

Because negative digestibility values are counterintuitive, it may be more informa-

tive to assume zero digestibility for nutrient A in the test ingredient and then recalculate 

the digestibility of nutrient A supplied by the basal diet portion (Table 2). This provides a 

clearer indication of the magnitude of antagonism than directly reporting the negative 

value (Cf. Section 4.3 for further discussion). 

Table 2. Apparent digestibility coefficients (ADC, %) of the basal diet portion, recalculated assum-

ing zero digestibility of the test ingredient. 

 Protein Ca P Mg K Na Fe Cu Mn Sr Zn 

Menhaden meal --- --- --- --- --- --- 28 --- 10 --- --- 

Feather meal --- --- --- --- --- --- --- --- 38 --- --- 

Soybean meal --- 21 --- --- --- 47 --- --- 35 −14 73 

Wheat middlings --- 5 --- --- --- 63 --- --- 15 −38 --- 

Values indicate the net absorption of dietary nutrients from the casein basal diet portion (70% of the 

diet), assuming that the nutrients contributed by the test ingredient (30% of the diet) are completely 

unavailable. This can be compared with the ADC of the basal diet given in Table 1. Dashed lines 

indicate absorption of nutrients from the test ingredient (i.e., ADC is not negative; Cf. Table 1). Orig-

inal data were derived from [2]. 

Substances responsible for reducing nutrient A absorption may include phytates, 

polyphenols, oxalate, fiber, saponins, various minerals (e.g., Ca, P, Mg, Fe), or other die-

tary constituents with binding, precipitating, inhibiting, or competitive properties [51]. 

Table 2 shows that the absorption of several trace elements—especially Fe, Mn, and Zn—

is markedly reduced by many feed ingredients compared with their absorption from a 

casein basal diet. 

Dietary Ca appears to depress the absorption of multiple minerals, as its concentra-

tion (as well as that of P, ash, and bone) is inversely correlated with apparent mineral 

absorption [2]. Tri-Ca phosphate reduces the absorption of Zn and/or Mn in carp and rain-

bow trout [52,53]. Various organic and inorganic acids markedly enhance the availability 

of P and some other minerals in fish meal [44]. Ascorbic acid increases absorption of inor-

ganic Fe [54]. Numerous mineral–mineral and mineral–diet interactions have been docu-

mented across species [49,55]. 

Feed ingredients exert two opposing effects: they supply minerals, and they supply 

substances that modulate mineral absorption (Figure 4). In addition, ingredients differ in 

their effects on endogenous fluxes. The net balance of these processes determines mineral 

availability, i.e., net absorption or apparent digestibility. Consequently, the available min-

eral content of an ingredient may be negative (reflecting net inhibition of absorption) or 

exceed the total mineral content (>100% ADC). When formulating feeds, the interactive 

properties of each ingredient must therefore be considered, particularly antagonistic ef-

fects associated with ingredients showing negative digestibility (Table 1). 

What about macronutrients, such as proteins, fats, and carbohydrates? Compared 

with minerals, macronutrients exhibit fewer interactions with other dietary components; 
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therefore, their digestibility values hardly ever become negative or exceed 100%. None-

theless, several well-known interactions still occur. Protein digestibility can be reduced by 

phytates and various antinutritional factors commonly found in plant ingredients, includ-

ing protease inhibitors, lectins, tannins, and others [56,57]. Fat digestibility can be lowered 

through soap formation with soluble Ca and Mg in the intestine [58–60], and by inhibitors 

such as saponins and polyphenols [61]. Carbohydrate digestibility can be reduced by am-

ylase inhibitors present in many plant sources [62]. High-fiber ingredients can depress the 

digestibility of both macro- and micronutrients [63]. When plant feed ingredients contain 

substantial quantities of these inhibitors, significant nutrient interactions can be expected 

[56]. 

 

Figure 4. Illustrative examples of negative and >100% apparent digestibility. These values can arise 

from interactions with Ca binders or digestibility enhancers present in feed ingredients. Ca and 

other minerals can easily produce negative digestibility or over-100% digestibility due to numerous 
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interactions in the compound feed. Note (Cases 2–4): If Ca-binding factors (“Ca gobblers”) are ex-

creted unbound due to the absence of available dietary Ca, apparent Ca digestibility remains 0% 

(not negative; non-rachitogenic), highlighting the importance of the diet matrix. 

Apparent digestibility reflects both incomplete absorption of dietary nutrients and 

net endogenous losses. These components primarily capture ingredient-specific effects, 

such as nutrient binding and the stimulation of endogenous secretions. Accordingly, 

when measured under well-defined and standardized conditions, ADC can serve as a use-

ful comparative index of feed ingredients. However, both components are also sensitive 

to methodological and biological variation (e.g., diet composition, rearing conditions, and 

physiological status). Consequently, ADC values are inherently protocol-sensitive, and 

their use as reference values requires careful standardization of experimental conditions 

as discussed below. 

4.2. Reducing Experimental Noise 

4.2.1. Mineral Solubility as a Prerequisite for Absorption 

Mineral absorption depends primarily on their solubility; i.e., insoluble forms are 

generally unavailable for GI uptake. Therefore, in many species of fish, the absorption of 

Ca, P, and other minerals from poorly soluble sources (e.g., hydroxyapatite in fish meal) 

depends on gastric acidity, which promotes their dissolution. Diets containing high levels 

of bone may exceed the solubilizing capacity of gastric acid, thereby reducing mineral 

digestibility. Similarly, high levels of antacids, such as CaCO3 or shell-rich ingredients, 

can impair mineral solubilization and consequently decrease digestibility [64]. However, 

solubilization alone does not guarantee absorption. Once dissolved, minerals become 

available for uptake, but their actual absorption depends on the mineral species, luminal 

concentration, and the transport mechanisms operating in the GI tract, as discussed below. 

4.2.2. Mineral-Specific Absorption Mechanisms 

Soluble P (e.g., NaH2PO4 and acid-solubilized hydroxyapatite) is readily absorbed 

with relatively little regulation, predominantly via the paracellular pathway, while excess 

absorbed P is eliminated renally. Because P exists as negatively charged ions (H2PO4− and 

HPO42−), its passive diffusion may be aided by favorable electrochemical gradients and 

solvent drag associated with water absorption [65,66]. 

Soluble Ca and Mg are also absorbed through both transcellular and paracellular 

pathways. Unlike P, however, these divalent cations experience an opposing electrical 

force. Also, their permeability is strongly influenced by tight-junction selectivity, hydra-

tion characteristics, and luminal concentration gradients. At low luminal concentrations, 

transcellular transport becomes important, whereas paracellular transport predominates 

at higher concentrations. Under normal physiological conditions, Mg absorption occurs 

mostly via the paracellular route. However, because Mg2+ is strongly hydrated, its para-

cellular permeability is relatively low, limiting overall absorption efficiency [67,68]. 

In contrast, trace minerals such as Fe, Zn, Mn, and Cu are absorbed primarily through 

saturable transporter-mediated transcellular pathways. Such regulation is necessary be-

cause excess-absorbed trace minerals cannot be readily eliminated. Also, apical uptake of 

some trace minerals is competitively inhibited by shared transporters, e.g., divalent metal 

transporter-1 (DMT1) and Zrt/Irt-like protein (ZIP) transporters. Consequently, fractional 

absorption declines as luminal concentrations increase, reducing ADC. In addition, excess 

trace minerals may be returned to the intestinal lumen via bile, digestive fluids, or 

sloughed epithelial cells. These endogenous losses can further decrease measured ADC 

[48,50]. 
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4.2.3. Homeostatic Regulation and Endogenous Excretion 

For many micronutrients, transporter expression increases in response to deficient 

intake, thereby upregulating absorption efficiency e.g., [69]. Consequently, at the whole-

diet level, negative digestibility (i.e., a negative balance) rarely occurs, except in cases of 

carry-over excretion or high intake of antinutritional factors that chelate or precipitate 

trace minerals secreted into GI fluids. Carry-over excretion, defined as mineral excretion 

originating from previous intakes, can produce an apparent negative balance until home-

ostasis is re-established [70–72]. Thus, diet history can have major effects on net absorp-

tion, especially of trace minerals. 

In ruminants, substantial quantities of minerals are secreted into the digestive fluid. 

Also, minerals absorbed in excess of requirements are excreted into distal regions of the 

GI tract. These processes greatly limit the usefulness of ADC measurements for some min-

erals e.g., [5–7,35,73,74]. However, in monogastric animals, including fish, such endoge-

nous excretion appears to be smaller or mineral-dependent. In salmonids, net absorption 

of K, Na, Mg, and protein from various feed ingredients is highly correlated with dietary 

intake. In contrast, trace minerals show weaker correlations between net absorption and 

dietary intake, indicating stronger physiological regulation and greater effects of endoge-

nous excretion on ADC [44]. Therefore, when measuring ADC of trace minerals, dietary 

intake should be carefully controlled at or below requirement levels. 

4.2.4. Reducing Physiological Noise 

Factors unrelated to the test ingredient should be identified, controlled, and mini-

mized as experimental noise to allow accurate evaluation of ingredient ADCs. Fish species 

differ in digestive anatomy and physiology, and consequently in their inherent capacity 

to digest and absorb dietary nutrients e.g., [75,76]. Even within a species, however, phys-

iological state can significantly influence digestibility measurements. 

Major sources of physiological noise include: (1) up- or down-regulation of nutrient 

uptake at the GI epithelium; (2) endogenous excretion of minerals, including carry-over 

excretion; (3) ontogenetic changes in gut morphology, digestive enzyme activity, trans-

porter expression, and gut microbial activity; (4) branchial uptake of waterborne minerals 

followed by GI excretion; (5) ingestion of mineral-rich seawater for osmoregulation; and 

(6) impaired physiological condition caused by prolonged nutrient deficiency or excess, 

toxin exposure, suboptimal temperature, diseases, or other stressors. Because these factors 

are largely independent of ingredient-specific digestibility, they should, wherever possi-

ble, be quantified separately as background noise and excluded from digestibility calcu-

lations, thereby yielding “standardized digestibility values” e.g., [77,78]. 

4.2.5. Non-Physiological Noise 

In addition to physiological factors, non-physiological sources of noise should also 

be minimized, including (1) differences in feed palatability, leading to different feed in-

take; (2) fecal leaching losses due to loose fecal consistency or inadequate collection meth-

ods; (3) cannibalism, which can contaminate fecal samples with shed scales and reduce 

feed intake in subordinate fish; (4) contamination of collected feces with suspended solids 

including uneaten feed; (5) inaccurate sampling and analysis; and (6) inadequate statisti-

cal replication or pseudo-replication. These factors are common in digestibility studies 

and can substantially increase measurement error. 

In addition, because the test ingredient typically constitutes only a minor portion of 

the diet (e.g., ~30%), sampling and analytical errors are magnified when digestibility is 

expressed on an ingredient basis. As a result, the difference method is inherently sensitive 

to small measurement errors, often yielding relatively large standard deviations. These 
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limitations highlight the sensitivity of ADC estimates to experimental conditions and the 

importance of careful study design and data interpretation. 

4.3. Alternative Indices of Mineral Availability 

Negative digestibility values often create confusion. When the inherent nutrient con-

tent of a test ingredient is low, even a modest inhibitory effect can produce a dispropor-

tionately large negative value due to the small denominator in the calculation. For exam-

ple, many plant ingredients, including soybean meal and wheat middlings, contain very 

little Na; yet feces from fish fed these ingredients still contain measurable Na. As a result, 

calculated Na digestibility becomes irrationally negative (Table 1), despite only modest 

“inhibition” (Table 2; Case 4 in Figure 4). In such cases, negative digestibility misrepre-

sents the magnitude of inhibition, as the numerical value is not proportional to its true 

strength, thereby preventing meaningful comparisons among ingredients. 

How, then, should inhibitory effects be expressed? One pragmatic—albeit awk-

ward—approach is to recalculate the digestibility of the basal-diet portion after assigning 

zero digestibility to the test ingredient, as described earlier (Table 2; [2]). This method is 

often more interpretable than directly reporting negative digestibility values. Yet, are 

there more appropriate indices for expressing the inhibitory effects of ingredients? 

A more robust approach would be to use indices independent of the nutrient content 

of the test ingredient. For instance, expressing mineral loss per unit inclusion of an ingre-

dient better reflects its biological impact (Table 3; Figure 5). In this way, inhibitory factors, 

such as “hungry” Ca gobblers, can be numerically expressed as a mineral-binding capac-

ity or equivalent (mg mineral trapped per kg ingredient). Such indices enable meaningful 

comparisons among ingredients with widely differing mineral contents and avoid the de-

nominator-driven exaggeration inherent in negative digestibility coefficients. 

Indeed, mineral-binding capacity (MBC) per se has been extensively studied for a 

wide range of materials under diverse conditions, predominantly through in vitro exper-

iments or by calculations based on the content of binding substances e.g., [79–83]. Such in 

vitro approaches enable the collection of reproducible data under well-controlled assay 

conditions. 

However, the in vivo environment within the GI lumen is far more complex, hetero-

geneous, and dynamic, making it difficult to simulate experimentally [76,84]. Weak bind-

ing interactions do not necessarily reduce mineral absorption and may even enhance it 

(e.g., via organic acids or peptides). Physicochemical interactions within complex diets 

introduce additional layers of complexity. Consequently, predicting in vivo MBC from in 

vitro data remains highly challenging [85,86]. 

Table 3. Mineral-binding capacity (MBC) of selected feed ingredients. 

 Protein Ca P Mg K Na Fe Cu Mn Sr Zn 

Menhaden meal --- --- --- --- --- --- 29 --- 27 --- --- 

Feather meal --- --- --- --- --- --- --- --- 2 --- --- 

Soybean meal --- 2727 --- --- --- 4449 --- --- 5 3 23 

Wheat middlings --- 4843 --- --- --- 4392 --- --- 23 5 --- 

Values indicate the amount of each mineral sequestered by mineral-binding factors in the feed in-

gredients, expressed as MBC (mg mineral/kg ingredient); Cf. Figures 2 and 5, and text for details. 

Dashed lines indicate absorption of nutrients from the test ingredient (i.e., ADC is not negative; Cf. 

Table 1). Original data from [2]. 
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Figure 5. Mineral-binding capacity: MBC (mg/kg ingredient). A: Absorbed Ca from the basal diet 

(mg/0.7 kg diet) = Ca content × Ca digestibility × 0.7. B: Absorbed Ca from the test diet (mg/kg diet) 

= Ca content × Ca digestibility. C (=A − B): Ca trapped (i.e., not absorbed) due to Ca-binding factors 

(hungry Ca gobblers) in the test ingredient D. Thus, Ca binding capacity = C/0.3 (mg Ca/kg ingredi-

ent). Assumption: Ca digestibility of the test ingredient D is 0%. Cf. Table 3 for calculated values. 

Example: When Ca digestibility of test ingredient D is calculated to be negative (i.e., hungry Ca 

gobblers are present), assume 0% digestibility for D, and calculate B accordingly. If A = 7 mg and B 

= 3 mg, then C = 4 mg, representing trapped (i.e., unabsorbed) Ca. Because C is incurred by hungry 

Ca- gobblers present in D, and D constitutes 0.3 kg of the diet, the Ca-binding capacity of ingredient 

D is C/0.3. 

Alternatively, in vivo MBC can be estimated from the same dataset used to determine 

ADC. The corresponding equation is as follows: 

MBC =
NutrBD × ADCBD × 0.7 − NutrTD × ADCTD

0.3
 (3) 

(Abbreviations are identical to those defined in Equation (2)). 

The calculation procedure is outlined in Figure 5, and the resulting MBC values are 

presented in Table 3. For example, the MBC values for soybean meal shown in Table 3 

indicate that supplementation with 2.73 g Ca, 4.45 g Na, 5 mg Mn, and 23 mg Zn per kg 

of soybean meal would be required to fully offset its MBC (Sr was excluded from calcula-

tion because it is not considered an essential mineral for fish). 

Therefore, practical mineral requirements may be expressed as follows: 

Practical requirement = Basic requirement + ∑(MBC𝑖 × Dietary%𝑖)

𝑛

𝑖=1

 (4) 

where  

Practical requirement is the dietary requirement in practical feeds, Basic requirement 

is the requirement determined using semi-purified diets (e.g., NRC, 2011 [11]), MBCi is 

the MBC of ingredient i, dietary%i is the dietary inclusion level of ingredient i, and n is the 

number of ingredients showing measurable MBC (i.e., negative ADC). The equation as-

sumes that the MBC values of individual ingredients are additive within a mixed diet. 
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Like ADC, MBC may have several inherent limitations. First, because MBC is derived 

from the same dataset used to estimate ADC, it inherits many of the methodological lim-

itations discussed previously (Section 4.2. Reducing experimental noise). Second, unlike 

enzymes and transporters, mineral-binding factors such as phytates lack strict substrate 

specificity. Consequently, their MBC depends strongly on the composition of the chyme 

(i.e., the diet plus GI secretions). For example, Ca may be preferentially bound in Ca-rich 

media, whereas other minerals, such as Fe, Zn, and Mg, may occupy available binding 

sites when Ca concentrations are low e.g., [87,88]. Importantly, such variability reflects the 

reality of diverse dietary and luminal conditions encountered in vivo and can therefore 

be regarded as an inherent biological characteristic rather than a methodological limita-

tion. 

Third, MBC may be underestimated if the basal diet is low in Ca and other minerals, 

if its minerals are protected (e.g., chelated), if the test ingredient is included at a high level, 

or if the test ingredient contains an excess of binding factors. Under these conditions, a 

substantial proportion of the binding factors may remain unbound and be excreted, lead-

ing to an underestimation of the ingredient’s MBC. Likewise, the first and second ap-

proaches described in Section 3.3 (single-ingredient and semi-purified diets, respectively), 

as well as mineral bioavailability studies in poultry and livestock [55], are designed to 

minimize nutrient interactions. Although these approaches are valuable for quantifying 

the intrinsic availability of nutrients, they are not intended to capture the complex mineral 

interactions that occur in practical diets. 

Fish feeds, most livestock feeds, and human diets are composed of multiple ingredi-

ents that interact within the GI tract. Because such interactions are inherent features of 

practical feeding conditions, the difference method, despite its limitations, may provide 

the most practically relevant estimates of both mineral availability and MBC. 

5. Conclusions 

One hundred years ago, Mellanby proposed his toxamin theory, a concept that re-

mains highly relevant today, as Ca, Fe, and Zn deficiencies continue to affect a large pro-

portion of the world’s population. As Mellanby noted, plant-derived ingredients such as 

oatmeal and maize possess strong rachitogenic potential, followed by brown flour, barley, 

rice, and white flour. These properties should be quantified and expressed numerically as 

Ca-binding capacity, allowing estimation of the amount of Ca that must be fortified per 

kilogram of ingredient. The same principle applies to other essential minerals. 

Adopting such complementary indices in place of negative digestibility would ena-

ble more accurate formulation of aquafeeds, animal feeds, and human diets. Such an ap-

proach could help prevent ingredient-driven mineral deficiencies while translating the 

biological significance of negative digestibility into a more practical and nutritionally 

meaningful index. Future research should therefore focus on quantifying the MBC of ma-

jor feed and food ingredients and incorporating these values into diet formulation and 

mineral fortification strategies. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

ADC Apparent digestibility coefficient 

CF Concentration factor 

GI Gastrointestinal 

DMT1 Divalent metal transporter-1 

ZIP Zrt/Irt-like proteins 

MBC Mineral-binding capacity 
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