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ABSTRACT: There is dearth of knowledge with 
regards to mineral digestibility of ingredients in 
canines, and current knowledge is focused on the 
digestibility of supplemented minerals, not on 
intrinsic mineral digestibility of ingredients. The 
objectives of the present study were to determine 
the apparent and true digestibility (TD) of macro-
nutrients and micronutrients, and the total tract 
gastrointestinal endogenous nutrient outputs in 
canines fed either animal- or vegetable-based 
adult maintenance diets. Eight purpose bred 
Beagles (two intact males, six spayed females) of 
similar age (2.12 ± 0.35 yr, mean ± SD) and weight 
(9.92 ± 0.73 kg, mean ± SD) were pair housed in 
kennels but fed individually based on individual 
maintenance energy requirements. Two basal diets 
(animal and vegetable protein based) were formu-
lated to meet nutritional requirements of adult 
canines. Two additional trial diets were created, 
using the basal diets, by diluting diets by 50% 
with anhydrous α-d-glucose to attempt to quan-
tify endogenous mineral losses and enable calcu-
lation of TD. All diets contained titanium dioxide 

at 0.3% for calculations of nutrient digestibility. 
Dogs were provided with deionized water as their 
only source of water throughout the trial. Dogs 
in a specific kennel were randomly assigned to an 
experimental diet for 10 d (experimental period), 
and fecal samples were collected the last 4 d of 
each period. All dogs were fed all experimental 
diets in random order based on a 4 × 4 replicated 
Latin square design. Dogs fed intact diets had a 
higher apparent mineral digestibility compared 
to dogs fed diluted diets (P  <  0.05). Apparent 
phosphorus digestibility was higher for dogs fed 
the diet 2 compared with the diet 1 (P = 0.01) and 
the diluted diets (P  <  0.001). There was a trend 
towards a greater TD of Cu for dogs fed the diet 
2 compared with the diet 1 (P = 0.08). P, Mg, Zn, 
and Mn true digestibilities were higher for dogs 
fed the diet 2 compared with the diet 1 (P < 0.05, 
P = 0.01, P = 0.02, P = 0.009, respectively). These 
results suggest that apparent and TD do not result 
in similar values. Further research should be con-
ducted on TD in canines only if  a better model is 
developed.
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INTRODUCTION

The apparent digestibility of macronutrients 
from commonly used ingredients in dog food has 

been well documented in canines when compared 
with micronutrient digestibility, where there is a 
dearth of knowledge. Present research focuses on 
the digestibility of different supplemental mineral 
sources in the diet, yet data regarding the digest-
ibility of intrinsic minerals of commonly used 
ingredients present in pet foods are minimal.

In growing pigs, mineral digestibilities between 
animal and vegetable ingredients differ. In gen-
eral, ingredients from animal sources have greater 
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digestibility of certain minerals (e.g., iron) but are 
often variable in micronutrient composition (Kim 
et  al., 1995). Plants generally have a more stable 
composition of nutrients, but many vegetables and 
legumes contain anti-nutritional factors which bind 
minerals making them unavailable. However, heat 
processing can destroy anti-nutritional factors and 
improve the digestibility of these nutrients (Bohlke 
et al., 2005; Rehman and Shah, 2005). Additionally, 
as in the case of calcium, digestibility is inversely 
related with concentration in the diet in growing 
dogs (Hazewinkel et al., 1991). Moreover, apparent 
total tract digestibility underestimates true digest-
ibility (TD) as endogenous mineral losses are not 
accounted for (e.g., calcium excreted from bone 
metabolism) (Weremko et al., 1997). True mineral 
digestibility of a diet has been calculated using an 
indigestible marker and the same diet with diluted 
nutrient content (Fang et al., 2007).

The objectives of this study were to compare 
the digestibility of intrinsic sources of minerals 
in adult dogs. We hypothesized that the diet 1 will 
have higher mineral digestibility compared to the 
diet 2 and that the diluted diets will have increased 
digestibility compared with the intact.

MATERIALS AND METHODS

Animals and Housing

All procedures were approved by the Animal 
Care Committee at the University of Guelph, ON 
(AUP #3543). Eight purpose bred Beagles (two 
intact males, six spayed females) of similar age 
(2.12  ± 0.35 yr, mean ± SD) and weight (9.92  ± 
0.73  kg, mean ± SD) were used. Dogs were pro-
vided by Marshall Farms (North Rose, NY) to 
the Ontario Veterinary College and housed at the 
Central Animal Facility (University of Guelph, 
Guelph, ON, Canada). Dogs were pair housed in 
kennels (121.9 cm × 190.5 cm) that had the ability 
to be sectioned in half  by a sliding door. Kennels 
were constructed of stainless steel walls and tender-
foot flooring (Tenderfoot, Minneapolis, MN). All 
kennels were located in the same environmentally 
controlled room (20 ± 1.5 °C, 40 ± 10% relative hu-
midity), with a 12 h light:12 h dark cycle. Kennels 
were rinsed daily between 0900 and 1200 hours 
and were disinfected every 10 d with Peroxiguard 
(Bayer, Mississauga, ON, Canada). Dogs were 
provided enrichment and walked in pairs between 
0900 and 1200 hours for 20 min five times per week 
(weekdays) and 10 min two times per week (week-
ends). Additional socialization was provided by the 

primary researcher between 0900 and 1200 hours 
in the form of walks, individual interaction, and 
paired interactions within kennel groups.

Experimental Diet and Designs

Four treatment diets were allocated for this 
study; two intact diets: animal protein ingredi-
ent-based diet (diet 1), vegetable protein ingredi-
ent-based diet (diet 2), and two diluted diets: animal 
or vegetable protein ingredient-based diet at a 50% 
dilution on a weight basis with anhydrous α-d-glu-
cose (Sigma-Aldrich, St. Louis, MO) (diet 4 and 
diet 3, respectively). Both diets included animal and 
vegetable ingredients with a focus on animal pro-
tein vs. vegetable protein to differentiate the treat-
ments. Intact diets were formulated and made by 
Champion Pet Foods (Edmonton, AB, Canada). 
Raw ingredients were weighed out, mixed, and 
extruded to create kibble (Morinville, AB, Canada). 
Intact diets were formulated to have similar nutrient 
profiles (Table 1) to enable evaluation of different 
ingredients. The intact diets were formulated to 
meet or exceed the Association of American Feed 
Control Officials (AAFCO) nutrient recommenda-
tions (AAFCO, 2014), but they were not formulated 
for commercial use. Nutrient composition of diets 
was similar within intact and diluted diets, with the 
exception of calcium and phosphorus (Table 2). 
Concentrations of calcium (Ca) and phosphorus 
(P) were not equalized with supplemental minerals 
because the goal of the study was to evaluate the di-
gestibility of intrinsic minerals.

Diets and kennels were randomized with each 
dog cycling through the four diets based on a 4 × 4 
replicated Latin square design with 4 kennels and 4 
periods, with 2 dogs per kennel. Each period consisted 
of 10 d, with 6 d of acclimation to the diet imme-
diately followed by 4 d of fecal sample collections. 
Dogs were fasted overnight and weighed on days 0 
and 6. The amount of diet provided was based on 
energy density of each diet and maintenance energy 
requirements for each dog. Maintenance energy 
requirements were calculated based on current BW, 
historical BWs, and historical feeding amounts 
(27.60 ± 8.59 kcal ME/kg BW). Dogs were fed at 
95% maintenance energy to ensure consumption of 
all food provided. Treatment diets were weighed out 
for each dog by individual meal, and titanium diox-
ide (TiO2; Sigma-Aldrich) was added as an indi-
gestible marker at an inclusion rate of 0.3% of each 
meal. Treatment diets with TiO2 were weighed and 
prepared in advanced for each 10 d phase. Warm 
deionized water was added to the fully prepared 
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dietary treatments (including TiO2) immediately 
before feeding. Addition of water allowed added 
glucose in diluted diets to dissolve reducing poten-
tial glucose losses. Water was added to intact diets to 
ensure consistent preparation among all treatments. 
The addition of water also allowed for the diets to 
be mixed using a hand blender. All diets were mixed 
for a standardized amount of time (2 min) to form 
a homogenous mixture and to reduce the ability 
of the dogs to selectively eat portions of the diets. 
All mixing equipment was rinsed with deionized 
water to ensure no treatment or TiO2 was lost. Dogs 
were fed individually at 0800 and 1300 hours daily, 
and no food refusals occurred. Feeding bowls were 
cleaned with hot water and commercial dishwashing 
liquid between meals. Dogs had ad libitum access to 
fresh deionized water at all times. Deionized water 
was used to ensure dogs did not have an unregulated 
secondary source of minerals.

Sample Collections and Analysis

Treatment diets were sampled in triplicate 
during the trial. Sample collections of each fully 

prepared diet were taken by sampling blended diets 
containing TiO2 and water. Samples were stored 
and frozen in sample collection bags at −20 °C until 
analysis.

During sampling days, fecal samples were 
collected starting at 0800 hours on day 6.  Dogs 
remained housed in the same kennels but were 
divided individually within the kennel from 0000 
until 0900 hours to allow for individual fecal collec-
tions. Feces were also collected throughout the day 
during walks and eliminations while researcher pro-
vided enrichment for each individual dog. However, 
these research dogs preferred to eliminate first thing 
in the morning and did not eliminate regularly 
during walks and enrichments, therefore many of 
the feces collected were during individual housing 
hours. Feces were frozen in sample bags for each 
dog at −20 °C until analysis. Feces were pooled by 
period for each individual dog. After freeze drying, 
diet and fecal samples were ground using a Wiley 
mill (1 mm screen, Thomas Scientific, Swedesboror, 
NJ). DM was analyzed by drying samples in an 
oven at 105  °C (Fisher Scientific Isotemp Oven, 
Markham, ON, Canada) overnight, ash con-
tent was calculated by combustion of samples at 
550 °C (Fisher Scientific Isotemp Muffle Furnace, 
Markham, ON, Canada) for 10 h. Concentration of 
TiO2 in feces (duplicate) and diets (quadruplicate) 
was determined according to Myers et  al. (2004) 
with minimal adaptation (sample digestion for 24 h 
at 120 °C in 10 mL tubes and addition of H2O2 to 
supernatant in micro well plate). Absorbance val-
ues were read using a BioTek Powerwave XS spec-
trophotometer (BioTek, Winooski, VT) at 408 nm. 
Crude protein (N × 6.25) content was deter-
mined by nitrogen analysis using macro-Kjeldahl 
method (AOAC, 1995) using a Kjeltec protein ana-
lyzer (Model #8200, Tecator, Hoganas, Sweden). 
Crude fat analysis was performed using petroleum 
ether with an Ankom XT20 fat analyser (Ankom 
Technology, Macedon, NY).

AA content of diet and fecal samples were ana-
lyzed using ultra performance liquid chromatogra-
phy (UPLC) (Waters Corporation, Milford, MA). 
Approximately 0.05 g of dried sample was hydro-
lyzed in a test tube with 450 μL 6 N hydrochloric 
acid (HCl) and 1% phenol for 24 h at 110 °C under 
prepurified nitrogen atmosphere. AA standards 
and hydrolyzed diets and fecal samples (10  μL) 
were derivatized by ACCQTag Ultra derivatization 
kit (Waters Corporation) according to Boogers 
et  al. (2008). The derivatized AA were separated 
using UPLC with UV detection (260  nm) with a 
cycle time of 10 min per sample. Derivatized AA 

Table 1. Ingredient composition of intact experi-
mental diets fed to 8 healthy adult dogs1

Ingredients, g/kg diet as fed Animal based Vegetable based

Fresh beef (liver and trim) 150.0 —

Fresh potato 130.0 130.0

Corn gluten meal — 130.0

Chickpeas and lentils 121.6 120.6

Fresh chicken 120.0 —

Green and yellow peas 85.0 190.0

Fresh fish blend 85.0 —

Soybean meal — 90.0

Chicken meal 75.0 90.0

Low ash herring meal 50.0 —

Sweet potato 50.0 50.0

C15066 Chicken Liquid Palatant 25.0 25.0

Chicken Fat Category 3 Spray 25.0 11.5

Fresh whole egg 20.0 —

Chicken dry palatant 5.0 5.0

Fresh veggie and fruit blend 5.0 5.0

Enticer B28009 5.0 5.0

Egg powder 4.0 -

Kelp – Tasco 1.5 1.5

Salt 1.0 1.0

CPF vitamin ADE 1.0 1.0

Natural antioxidant liquid 0.5 0.5

Natural antioxidant dry 0.3 0.3

Acana dog botanical blend 0.1 0.1

Bacteria blend 0.03 0.03

1Intact ingredient diets were diluted by 50% on a weight basis with 
α-anhydrous-d-glucose to create dilute kibble diets.
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(1 μL injection volume) were separated in a column 
(2.1 × 2000 mm, 1.7 μL) maintained at 55 °C. AA 
peak areas were compared with known standards 
and analyzed using Waters Empower 2 Software 
(Waters Corporation).

Minerals were determined by inductively 
coupled plasma-optical emission spectrometry 
(ICP-OES). Sample preparation was adapted 
based on procedures outlined by Topper and 
Kotuby-Amacher (1990) and the US EPA (2015). 
Approximately 0.5 g of sample was weighed in an 
acid washed Teflon digestion vessel, along with 
a blank and a standard reference material. In a 
fume hood, 9 mL of 70% nitric acid (trace metal 
grade) and 3 mL of HCl (trace metal grade) were 
added to the samples and swirled every 30  min 

until bubbles subsided. Samples sat for a total of 
7 h during digestion and subsequently placed in a 
cool oven. Oven temperature was raised to 120 °C, 
and samples were digested overnight. Samples were 
filtered (Whatman 42 filter paper) into 50-mL acid 
washed flasks, and brought up to volume with 
deionized water (18.3 MΩ/cm). Digested samples 
were analyzed by ICP-OES using a Varian VISTA 
Pro (Varian, Palo Alto, CA) in the Environmental 
Sciences Department (University of Guelph) using 
axially viewed plasma.

Digestibility Calculations

Apparent digestibility (AD, %) was calculated 
using the marker technique as follows:

Table 2.  Analyzed nutrient of composition of treatment diets fed to eight healthy adult dogs

Analyzed nutrient, as fed Diet 1 Diet 2 Diet 3 Diet 4

Metabolizable energy, kcal/kg1 3,231 3,394 3,340 3,489

DM, % 96.17 96.75 93.60 92.89

OM, % 89.94 91.61 91.07 89.53

CP, % 33.01 32.64 15.16 15.54

Crude fat, % 11.45 13.32 6.50 4.57

Crude fiber2, % 3.4 2.8 1.73 1.43

Total dietary fiber, % 10.9 10.4 5.44 5.24

Calcium, % 0.89 0.53 0.27 0.50

Phosphorus, % 0.84 0.65 0.35 0.46

Calcium: phosphorus 1 0.8 0.7 1

Potassium, % 1.06 1.04 0.48 0.53

Sodium, % 0.27 0.14 0.12 0.14

Magnesium, % 0.12 0.12 0.06 0.06

Copper, mg/kg 14.60 11.83 5.91 7.30

Zinc, mg/kg 72.63 53.00 34.13 35.27

Iron, mg/kg 129.03 121.65 63.53 66.83

Manganese, mg/kg 13.70 15.13 7.57 6.85

AAs

Alanine, %CP 1.57 1.81 0.81 0.87

Arginine, %CP 1.98 1.98 0.76 0.90

Asparagine, %CP 2.56 2.65 1.17 1.43

Glycine, %CP 1.98 1.98 0.76 0.90

Histidine, %CP 2.56 2.65 1.17 1.43

Isoleucine, %CP 1.23 1.34 0.58 0.64

Leucine, %CP 2.16 3.13 1.36 1.13

Lysine, %CP 1.58 1.35 0.57 0.88

Phenylalanine, %CP 1.46 1.92 0.76 0.68

Proline, %CP 1.50 1.98 0.87 0.82

Serine, %CP 1.30 1.58 0.66 0.65

Threonine, %CP 1.14 1.20 0.49 0.57

Tyrosine, %CP 1.02 1.34 0.45 0.41

Valine, %CP 1.53 1.60 0.69 0.80

1Metabolizable energy calculated using the modified Atwater equation.
2Crude fiber determined through Near Infrared Spectroscopy by Champion Petfoods.
3Estimated concentration based off  of a 50% nutrient dilution (required for energy calculation).
4Estimated concentration based off  of a 50% nutrient dilution.
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(1)

where ND is the concentration of nutrient in the 
diet (%), NF is the concentration of nutrient in 
the feces (%), MD is the concentration of marker 
(TiO2) in the diet (%), and MF is the concentration 
of marker (TiO2) in the feces (%). All values were 
on a DM basis.

Based on the AD of nutrients, TD (%) for min-
erals was calculated according to eq. 2 used by Fang 
et al. (2007) with minor modifications:

 
TD = 100 ×

Å
[NH − FH]− [NL − FL]

[NH − NL]

ã

(2)

where NH is the amount of nutrient in the intact 
diet (g/kg DM), FH is the amount of nutrient in 
the fecal output of the intact diet (g/kg DM), NL 
is the average amount of nutrient in the diluted 
diet (g/kg DM), FL is the average amount of nu-
trient in the fecal output of the diluted diet (g/
kg DM).

Endogenous losses (EL, g/kg DMI) were cal-
cualted using eq. 3 by Fan et al. (2008):

 EL = 100 × ([TD-AD]× NDI) (3)

where TD is the true digestibility of nutrient (%), 
AD is the apparent digestibility of nutrient (%), 
NDI is the nutrient content of the diet (g/kg DM).

Statistical Analysis

BW data were analyzed using a mixed model 
in SAS (SAS Inst. Inc., Cary, NC) where diet, 
day, and period were fixed effects, and dog was 
a random effect. Diet × period and diet × day 
interactions were assessed, deemed insignificant, 
and removed from the model. Apparent and TD, 
and endogenous losses data were analyzed using 
a PROC MIXED procedure of  SAS (version 
9.4, SAS Inst. Inc.) where diet and period were 
included as fixed effects and dog as a random 
effect. Individual means were compared using least 
square means and pdiff. Significance was declared 
at P < 0.05, with trends are discussed at 0.10 > P 
> 0.05. Data points which were determined to be 
outliers, through the proc univariate command in 
SAS (SAS Inst. Inc.), were omitted from the data-
set and analysis. Data are presented as means and 
standard error means (SEM).

RESULTS

All dogs remained healthy throughout the ex-
periment. BW for all dogs was not different between 
diets (P = 0.90) or periods (P = 0.40). Interaction 
diet × period, and diet × day were not significant 
(P > 0.10).

Apparent Digestibility

AD values are presented in Table 3. DM and 
OM digestibility were higher for diet 2 compared 
with all other diets (P  =  0.02). CP digestibility 
was greater in the intact diets (diets 1 and 2) when 
compared with the diluted diets (diets 3 and 
4) (P < 0.0001). Crude fat digestibility was greater 
in the intact diets when compared with the diluted 
diets (P < 0.0001). Diet 3 had a greater crude fat 
digestibility than diet 4 (P = 0.01).

Apparent digestibilities for all minerals were 
greater in the intact diets compared with the diluted 
diets (P < 0.001), excluding sodium (Na) (P = 0.06). 
With the exception of P, all mineral digestibilities 
were not different between diets 1 and 2 or diets 3 
and 4. Phosphorus digestibility was greater for diet 
2 compared with diet 1 (P = 0.01). With the excep-
tion of alanine, all AA digestibilities were greater 
in the intact diets compared with the diluted diets 
(P <0.0002). Alanine and leucine digestibility of 
diet 2 was greater compared with all other diets 
(P = 0.0003).

True Digestibility

TD values for the intact kibble diets are pre-
sented in Table 4. DM TD was greater for diet 2 
compared with diet 1 (P = 0.03). There was no dif-
ference between CP TD for diets 1 and 2 (P = 0.11). 
There was no difference between the true digesti-
bilities of Ca, potassium (K), Na, and iron (Fe) 
(P ≥ 0.10). There was a trend toward a greater 
TD of copper (Cu) for diet 2 compared with diet 
1 (P = 0.08). True digestibilities for P, magnesium 
(Mg), zinc (Zn), and manganese (Mn) were greater 
for diet 2 compared with diet 1 (P < 0.05).

Endogenous Losses

Endogenous loss values, calculated by eq. 3, 
are presented in Table 5. Endogenous losses were 
greater in diets 1 and 4 compared with diets 2 and 
3 (P < 0.05) for Na, Mg, Zn, and Mn. Endogenous 
Ca loss between the diets 4 and 2 was significant 
(P = 0.046).
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DISCUSSION

To the authors’ knowledge, this study is the 
first to report AD and TD of minerals supplied 
in the diet exclusively through ingredient sources 
and fed to dogs. The intact diets for this study were 

formulated to have a similar nutrient composition, 
with the exception of P and Ca which were lower 
in the vegetable ingredient-based diet. While Ca 
and P concentrations could have been greater in the 
vegetable-based diet through supplementation, this 
would have defeated the purpose of the study. For 

Table 3. Effects of experimental diets on apparent total tract digestibility of different nutrients

Nutrient, % Diet 1 Diet 2 Diet 3 Diet 4 SEM P–value

DM 86.94a 90.69b 86.65a 84.65a 0.7 0.02

OM 89.22a 92.28b 89.51a 87.72a 0.5 0.02

CP 88.33a 92.28a 75.86b 73.70b 1.9 <0.001

Crude fat 97.13a 98.02a 92.18b 89.47c 0.9 <0.001

Calcium 42.16a 50.07a −22.73b −1.68b 8.0 <0.001

Phosphorus 61.27a 78.18b 36.81c 36.91c 4.6 <0.0001

Potassium 96.39a 97.15a 92.03b 92.08b 0.7 0.003

Sodium 87.07a 84.85ab 76.45b 83.21b 2.4 0.06

Magnesium 47.51a 64.01a −14.69b −31.32b 8.1 0.0005

Copper 47.47a 54.00a −5.64b 5.26b 7.4 0.002

Zinc 47.42a 54.99a 18.77b 2.81b 5.4 0.001

Iron 44.90a 52.95a 4.61b 5.21b 6.2 0.003

Manganese 33.13a 49.12a −21.03b −31.32b 9.1 0.0006

AAs

Alanine 81.49a 92.69b 78.54a 78.73a 1.5 <0.0001

Arginine 93.78a 95.40a 84.14b 84.80b 1.2 <0.0001

Asparagine 88.60a 92.16a 76.88b 77.69b 1.6 <0.0001

Glycine 90.87a 92.31a 77.32b 81.75b 1.5 <0.0001

Histidine 91.33a 94.09a 80.35b 80.15b 1.5 <0.0001

Isoleucine 90.99a 93.13a 82.13b 80.17b 1.4 <0.0001

Leucine 90.82a 94.50b 83.05c 80.40c 1.4 0.0003

Lysine 89.62a 91.17b 86.71a 86.50a 0.7 <0.0001

Phenylalanine 90.92a 94.56a 81.50b 79.22b 1.5 <0.0001

Proline 91.42a 93.97a 82.20b 81.77b 1.3 <0.0001

Serine 88.55a 92.78a 76.74b 74.09b 1.9 0.0002

Threonine 88.90a 91.51a 72.87b 74.55b 2 <0.0001

Tyrosine 88.81a 93.38a 72.28b 68.91b 2.4 <0.0001

Valine 90.78a 92.58a 78.17b 81.68b 1.5 0.03

a–cMeans within rows with no common superscript differ (P < 0.05).

Table 4. Effects of experimental diets on true total tract digestibility of different nutrients

Nutrient, %
Diet 1
n = 6

Diet 2
n = 6 SEM1 P-value

DM 148.61a 206.19b 16.4 0.03

CP 101.57a 106.02a 1.2 0.11

Calcium 87.35a 112.61a 7.4 0.12

Phosphorus 118.61a 178.18b 9.3 0.001

Potassium 100.94a 101.77a 0.6 0.59

Sodium 98.43a 132.13a 13.6 0.33

Magnesium 86.14a 138.42b 9.1 0.01

Copper 88.71a 111.45a 7.6 0.08

Zinc 105.96a 159.22b 10.8 0.02

Iron 115.26a 140.10a 8.0 0.12

Manganese 97.58a 171.44b 13.2 0.009

a,bMeans within rows with no common superscript differ (P < 0.05).
1SEM based on six observations.
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this reason, differences between diets 1 and 2 with 
regards to Ca and P digestibility were considered 
when interpreting the results.

The higher apparent digestibility of P in diet 
2 compared to diet 1 may have four explanations. 
First, during processing (e.g., extrusion) anti-nutri-
tional factors are destroyed, allowing bound nutri-
ents to become available. Extrusion temperatures 
between 120 – 140 °C are effective at increasing the 
nutritional value of legumes, through the destruc-
tion of anti-nutritional factors, particularly phytic 
acid (phytate), without greatly affecting other 
major nutrients (e.g., protein, Ca; Alonso et  al., 
1998; Purushotham et al., 2007). The second expla-
nation could be related to the lower P concentration 
in the vegetable based ingredient diet compared to 
the animal based ingredient diet. There is an inverse 
relationship with Ca concentration of a diet and 
Ca digestibility/absorption in growing and adult 
dogs (Hazewinkel et al., 1991; Kastenmayer et al., 
2002). If  other minerals follow a similar digestibil-
ity relationship to Ca, this may support the higher 
P digestibility associated with the diet 2.  Third, 
Stein et al. (2011) reported decreased P absorption 
when Ca in the diet increased and concluded that 
apparent digestibility of P is greatest when Ca:P 
ratio in the diet is at 1.1:1 ratio or slightly lower. 
Diets 2 and 3 had a lower Ca:P ratio compared to 
diets diets 1 and 4. Cumulatively, these studies sug-
gest that focusing on the Ca:P ratio in commercial 
dog food is a critical piece to improving mineral 
digestibility of these two nutrients. The current 
results also suggest that current supplementation 
practices may be limiting the efficiency of digest-
ibility of these macro minerals. Further research 
should focus on the ideal amount for common min-
eral supplements in combination with common dog 
food ingredients to maximize digestibility of miner-
als and limit excess. Finally, the fourth explanation 
could be related to the total dietary fiber content 

of the diet and fermentable material. Soybeans, 
and other similar legumes, contain 5% to 15% oli-
gosaccharide content, including highly fermentable 
galacto-oligosaccharides (e.g., raffinose; Chilomer 
et al., 2011; Fan et al., 2015; Hall et al., 2017). It is 
probable based on leguminous ingredients that the 
treatment diets 1 and 2 contain 1% to 3% and 2% 
to 6% of these highly fermentable materials, respec-
tively. Based on ingredient inclusion, the amount 
of fermentable material in the treatment diets are 
greater compared with prebiotic amounts included 
in companion animal diets, potentially impact-
ing mineral digestibility. However, a study in dogs 
by Beynen et  al. (2002) determined that supple-
mented oligofructose, a nondigestible oligosaccha-
ride (NDO), increased Ca and Mg absorption, but 
did not alter P absorption. Total dietary fiber and 
NDO affect gut health and macro nutrient diges-
tion in dogs; however, there is very little data to sup-
port the effects of total dietary fiber and NDO on 
mineral digestibility in dogs (Swanson et al., 2002a, 
b; Propst et al., 2003). The effects of total dietary 
fiber of common pet food ingredients on gastroin-
testinal health (i.e., fermentation and bacterial pop-
ulations) and the relationship with mineral uptake/
solubility is an obvious next step in understanding 
these complex interactions.

Hazewinkel et  al. (1991) fed growing Great 
Danes foods which varied in Ca and P content. 
Control dogs fed normal Ca levels (1.1%) absorbed 
45% to 66% of calcium provided. Ca levels fed at 
higher (3.3 %) and lower (0.55 %) amounts changed 
Ca absorption to 23% to 43% and 70% to 97%, 
respectively, based on apparent digestibility. We 
expected to see this change in digestibility reflected 
in our results when comparing intact vs. diluted 
diets, assuming that the diluted diets would have 
a higher apparent digestibility due to the decrease 
in nutrient concentration. However, this was not 
the case, the apparent digestibility for the diluted 

Table 5. Endogenous mineral losses associated with experimental diets

Nutrient, g/kg DM Diet 1 Diet 4 Diet 2 Diet 3 SEM1 P-value

Calcium 4.17ab 4.81a 3.43b 3.90ab 0.22 0.19

Phosphorus 2.85a 2.85a 3.56a 3.56a 0.16 0.09

Potassium 0.50a 0.50a 0.50a 0.50a 0.03 0.92

Sodium 0.13a 0.13a 0.71b 0.74b 0.08 <0.001

Magnesium 0.49a 0.49a 0.94b 0.94b 0.06 0.004

Copper 0.006a 0.006a 0.007a 0.007a 0.0004 0.96

Zinc 0.04ac 0.04a 0.06b 0.051bc 0.002 0.01

Iron 0.08a 0.07a 0.08a 0.08a 0.003 0.63

Manganese 0.009a 0.009a 0.02b 0.01c 0.001 <0.001

a–cMeans within the same rows with no common superscript differ (P < 0.05).
1Pooled SEM based on six observations.
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diets was significantly lower compared with the in-
tact diets. A study by Schmitt et al. (2018) fed adult 
dogs a low Ca diet supplied with calcium carbonate 
to meet the minimal requirements of the animals 
for 28 wk to assess if  long-term adaptation to low 
calcium intake occurs. Similar to the present results, 
Schmitt et  al. (2018) found negative apparent Ca 
digestibility occurred in dogs fed the low calcium 
diet, with fecal excretion of Ca consistently greater 
than Ca intake. Additionally, serum Ca levels were 
not affected when dogs were fed the low Ca diet; 
to maintain serum Ca levels without increased Ca 
absorption, bone resorption of Ca would need to 
occur (Schmitt et al., 2018). The results by Schmitt 
et al. (2018) suggest that dogs do not adapt intes-
tinal absorption of Ca, and instead rely on other 
methods of calcium homeostasis when challenged 
with a low Ca diet. These results are supported 
by our endogenous loss calculations, with the ex-
ception of manganese, there was no significant 
difference between diets 1 and 4, and diets 2 and 
3 in regards to mineral endogenous losses. If  the 
dogs were indeed adapting to the reduced nutrient 
concentration in the diluted diets, we would have 
expected to see significantly lower values for en-
dogenous losses. Since it appears that dogs do not 
adapt to the reduced nutrient concentration, even 
in the case of a longer study/adaptation period, TD 
studies may be hard to conduct in canines using a 
reduced nutrient content method.

In growing pigs, apparent digestibility of nutri-
ents is often underestimated compared with TD 
(Weremko et al., 1997). While the TD values found 
in the present study are higher compared with the 
apparent digestibility values, many of the values cal-
culated were exceedingly high. Though these values 
may appear extreme, they may in fact be correct on a 
calculation basis only. Based on evidence by Schmitt 
et al. (2018), if  the same occurs for other minerals 
(i.e., no increase in absorption) as it does with Ca, 
then a low mineral diet would yield reduced or 
negative apparent digestibility values. This in turn 
would account for the extremely high TD values cal-
culated. Unlike the pigs in the study by Fang et al. 
(2007) who adapted to the diluted diets, it appears 
the dogs did not adapt to their reduced mineral in-
take, resulting in true digestibility values which are 
most likely inaccurate, suggesting that the substitu-
tion method does not work in canine studies.

Our apparent digestibility values for macro 
nutrients are similar to those reported in literature. 
Clapper et al. (2001) assessed the effects of soybean 
fractions incorporated into extruded kibble on total 
tract digestibility fed to dogs. Mean apparent DM, 

OM, CP, and crude fat digestibility ranged from 
79% to 82%, 81% to 87%, 76% to 87%, and 92% to 
96%. In canned canine diets, texturized vegetable 
protein inclusion at different rates had apparent di-
gestibility ranges of 83% to 87%, 80% to 86%, and 
98% for DM, CP, and crude fat, respectively (Hill 
et al., 2001). The significantly higher DM and OM 
digestibility of diet 2 is most likely due to the in-
verse relationship between DM/OM digestibility 
and crude fiber content of diets, as crude fiber 
content increases DM/OM digestibility decreases 
(Burrows et al., 1982; Castrillo et al., 2001). Crude 
fat digestibility was significantly different between 
diets 3 and 4 and may be linked to crude fiber and/
or the addition of glucose to the diluted diets. Diets 
with additional fiber had lower crude fat digest-
ibility (Burkhalter et  al., 2001). However, rather 
than directly altering the solubility of lipids and 
their absorption, fiber affects the physical proper-
ties (e.g., viscosity) of intestinal contents (Furda 
et al., 1990). These physical changes affect the rate 
of absorption; a decrease in gastro-intestinal transit 
time (GITT) is associated with a decrease in lipid 
absorption (Furda et  al., 1990). Altered GITT in 
the study could be attributed to the large increase 
of glucose in the diluted diets. However, for glucose 
to have a direct effect on GITT there would need to 
be impaired glucose transport, allowing glucose to 
remain in the ileum and large intestine leading to os-
motic diarrhea and rapid fermentation of the sug-
ars by microbes (Southgate, 1989). While none of 
the dogs experienced diarrhea, a decrease in GITT 
may still have occurred, reducing digesta exposure 
to the luminal wall and impairing absorption.

These results confirm that both animal- and 
vegetable-based ingredient diets can supply the 
required minerals for adult dogs. AD of minerals 
for both animal- and vegetable-based ingredient 
diets is similar to values reported in literature. This 
could suggest that a reduction or elimination of 
mineral premixes in adult maintenance dog food is 
possible. AD results also demonstrate that a vege-
table ingredient-based diet can match or exceed 
the digestibility of nutrients when compared with 
an animal-based ingredient diet. While the substi-
tution method has been used to determine TD of 
P in growing pigs, it appears that this method may 
not be suitable to study the TD of minerals in dogs. 
Further research is required to properly assess TD 
of intrinsic minerals from common pet food ingre-
dients in adult dogs if  a proper method can be 
developed and used, and if  so, whether TD can be 
used as a valuable methodology in adult canines.
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