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Additivity of values for phosphorus digestibility in corn, soybean 
meal, and canola meal in diets fed to growing pigs

Yue She1,2,a, Qiuyun Wang1,a, Hans H. Stein3, Ling Liu1, Defa Li1, and Shuai Zhang1,*

Objective: This study was conducted to determine the apparent and standardized total tract 
digestibility (ATTD and STTD) of phosphorus (P) in corn, soybean meal (SBM), and canola 
meal (CM), and additivity of values for ATTD and STTD of P in corn, SBM, and CM in 
diets fed to growing pigs. 
Methods: Thirty-six growing barrows (initial body weight of 21.6±1.7 kg) were placed in 
metabolism crates and allotted to a completely randomized design with 6 diets and 6 pigs 
per diet. Six diets were formulated using corn, SBM or CM as the sole source of P, or corn 
and SBM, or corn and CM, or corn, SBM, and CM as the P source in each diet, respectively. 
Fecal samples were collected for 5 d following a 7 d adaptation period to the diets. 
Results: Values for ATTD and STTD of P in corn, SBM, and CM in growing pigs were 
33.12% and 37.76%, 50.19% and 56.62%, 34.93% and 39.45%, respectively. The ATTD and 
STTD of P in SBM were greater (p<0.05) than those in corn and CM. However, there were 
no differences in the ATTD or STTD of P between corn and CM. The determined STTD of 
P in the mixture of corn and SBM, corn and CM, and corn, SBM, and CM is not different 
from the calculated STTD values. 
Conclusion: Values for STTD of P in corn, SBM, and CM are additive in their mixture fed 
to growing pigs.

Keywords: Additivity; Apparent Total Tract Digestibility; Standardized Total Tract 
Digestibility; Phosphorus; Growing Pigs

INTRODUCTION 

Formulating swine diets precisely based on available phosphorus (AP) can not only reduce 
the cost of feed but also alleviate environmental phosphorus (P) pollution resulting from 
pig production [1,2]. Traditionally, apparent total tract digestibility (ATTD) of P was used 
to evaluate the AP in feed ingredients for pigs [3]. However, it has been demonstrated that 
ATTD values for P are influenced by endogenous P losses (EPL) [4-6], but basal EPL of pigs 
can be determined using a P-free diet [7]. If ATTD is corrected based on basal EPL, values 
for standardized total tract digestibility (STTD) of P will be calculated [4]. These values are 
not influenced by EPL, and are therefore, believed to be additive in mixed diets [4]. How-
ever, no literature was published to verify this hypothesis on pigs.
 Corn and soybean meal (SBM) are the most common feed ingredients used to formu-
late swine diets. But canola meal (CM) is increasingly used in diets for pigs as well [8,9]. 
Values for STTD of P in corn, SBM, and CM by pigs have been determined in several studies 
[10-14], but it is not known if these values are additive in mixed diets.
 The present experiment was conducted to test the hypothesis that values for the ATTD 
and STTD of P in pigs are different among corn, SBM, and CM, and values for STTD of 
P in mixed diets are additive. Therefore, the objectives of this study were to determine the 
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STTD of P in corn, SBM, and CM on growing pigs, and to 
evaluate the additivity of STTD values obtained in these in-
gredients in mixed diets when fed to growing pigs.

MATERIALS AND METHODS 

The protocol for this experiment was reviewed and approved 
by the Ethics Committee on the Use and Care of Animals, 
China Agricultural University (Beijing, China). The experi-
ment was conducted at the Swine Nutrition Research Centre 
of the National Feed Engineering Technology Research Cen-
ter (Chengde, Hebei Province, China).

Animals, diets, feeding, and sample collection
Thirty-six barrows (Duroc×Landrace×Yorkshire) with an 
initial body weight (BW) of approximate 21.6±1.7 kg were 
selected. Before the start of the experiments, pigs were placed 
in stainless steel metabolism crates (1.4 m×0.45 m×0.6 m) for 
1 wk. During the pre-experimental period, pigs were fed a 
nutritionally balanced commercial diet (crude protein [CP], 
18%) which meets or exceeds the requirements for all nutri-
ents [4]. 
 A total of 6 diets were formulated. Three diets were for-
mulated using corn, SBM or CM (Table 1) as the sole source 
of P in each diet, respectively. Three additional diets were 
formulated using corn and SBM, or corn and CM, or corn, 
SBM, and CM as the P source in each diet, respectively (Table 
2). The experiment lasted 19 days, including 7 days for cages 
adaptation, 7 days for diets adaptation and the last 5 days 
for feces collection. The ATTD and STTD of P for each diet 
were determined using total collection method. Diets were 
provided a daily amount of feed equivalent to 4% of BW mea-
sured at the initiation of the adaptation period, and were 
divided equally into 2 feedings provided at 08:00 and 16:00. 
Samples of diets were collected for chemical analysis. Dur-
ing the experiment, all pigs had free access to water from a 

low-pressure drinking nipple. The 5-d total fecal collection 
was accomplished according to the procedures described by 
Song et al [15]. Fecal collection started at 16:00 on day 14 
(the last day for diet adaptation) immediately when feces 
appeared in metabolism crates, and terminated at 16:00 on 
day 19. Feces were collected three times per day at 8:00, 16:00 
and 22:00, and all feces were placed in plastic bags and stored 
at –20°C. At the end of the collection period, all collected 
feces were separately thawed, pooled, homogenized and sub-
sampled within pig, diet, and period. Fecal sub-samples were 
obtained after being dried for 72 h in a 65°C drying oven 
(Tofflon Freezing Drying Systems, Shanghai, China) and 
ground through a 1-mm screen. During the collection pe-
riod, orts and feed spillage were collected twice daily, then 
dried, weighed and recorded.

Table 1. Analyzed chemical composition of experimental ingredients (%, unless 
otherwise indicated; as-fed basis)

Item Corn SBM CM

GE (kcal/kg) 3,764 4,183 4,180
DM 88.30 88.59 88.87
CP (N × 6.25) 6.45 47.79 34.19
NDF 4.43 10.05 30.89
ADF 3.74 8.19 18.78
Ash 1.31 6.33 6.67
Ca 0.03 0.51 0.76
P 0.34 0.70 1.10
Phytate 0.63 1.60 3.12
Phytate-bound P1) 0.18 0.45 0.88
Phytate-bound P (% of total P) 52.94 64.28 80.00
Nonphytate-bound P2) 0.16 0.25 0.22
Nonphytate-bound P (% of total P) 47.06 35.71 20.00

SBM, soybean meal; CM, canola meal; GE, gross energy; DM, dry matter; CP, crude 
protein; NDF, neutral detergent fiber; ADF, acid detergent fiber.
1) Phytate-bound P was calculated as 28.2% of phytate [18].
2) Nonphytate-bound P was calculated as the difference between total P and 
phytate-bound P.

Table 2. Ingredient composition of experimental diets (as-fed basis)

Ingredient (%) Corn SBM CM Corn-SBM Corn-CM Corn-SBM-CM

Corn 98.45 - - 68.60 68.40 68.45
SBM - 30.00 - 30.00 - 15.00
CM - - 30.00 - 30.00 15.00
Cornstarch - 59.00 48.75 - - -
Sucrose - 10.00 20.00 - - -
Limestone 0.75 0.20 0.45 0.60 0.80 0.75
Salt 0.30 0.30 0.30 0.30 0.30 0.30
Vitamin-mineral premix1) 0.50 0.50 0.50 0.50 0.50 0.50
Total 100.00 100.00 100.00 100.00 100.00 100.00

SBM, soybean meal; CM, canola meal.
1) Provided the following quantities of vitamins and minerals per kg of complete diet: Mn, 50 mg (MnO); Fe, 125 mg (FeSO4∙H2O); Zn, 125 mg (ZnO); Cu, 150 mg (CuSO4∙5H2O); 
I, 50 mg (CaI2); Se, 0.30 mg (Na2SeO3), retinyl acetate, 4,500 IU; cholecalciferol, 1,350 IU; DL-α-tocopheryl acetate, 13.5 mg; menadione sodium bisulfite complex, 2.7 mg; 
niacin, 18 mg; vitamin B12, 27.6 μg; thiamine, 0.6 mg; pyridoxine, 0.9 mg; riboflavin, 1.8 mg; D-calcium-pantothenate, 10.8 mg; nicotinic acid, 30.3 mg; choline chloride, 210 
mg.
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Chemical analysis
Corn, SBM, CM, and all diet samples were analyzed in du-
plicate for gross energy (GE) with Automatic Isoperibol 
Oxygen Bomb Calorimeter (Model 6300; Parr Instruments, 
Moline, IL, USA), dry matter (DM, method 927.05) [16], 
ash (method 942.05) [16], CP (method 990.03) [16], acid 
detergent fiber (ADF), and neutral detergent fiber (NDF) 
(Ankom Technology method 12 and 13, respectively) with 
Ankom 2000 Fiber Analyzer (Ankom Technology, Mace-
don, NY, USA), calcium (Ca, method 968.08) [16] with an 
Atomic Absorption Spectrometer (Z-2000, Hitachi, Tokyo, 
Japan), P (method 931.01) [16] with a UV-visible Spectro-
photometer after wet-digestion (U-1000, Hitachi, Japan), 
and phytate [17], respectively (Tables 1, 3). The concentration 
of phytate-bound P in each ingredient was calculated as 28.2% 
of phytate [18], and nonphytate-bound P was calculated as the 
difference between the concentration of total P and phytate-
bound P. Fecal samples were also analyzed in duplicate for 
concentrations of DM, Ca, and P as explained for the ingre-
dients and diets.

Calculations and statistical analysis
Values for ATTD and STTD of P were calculated in each diet 
according to the following equations [3]:

 ATTD of P (%) = [(Pi – Pf)/Pi]×100

 STTD of P (%) = [Pi – (Pf – Basal EPL)/Pi]×100

 Where Pi is the total P intake (g) in the collection period, 
Pf is the total fecal P output (g) originating from the feed that 
are provided in the collection period, and basel EPL is the 
total tract basal endogenous losses of P. The daily basal EPL 
(mg/d) for each diet was calculated by multiplying the EPL 
(190 mg/kg DMI according to NRC [4]) by the daily DMI of 
each diet. Because corn, SBM or CM is the only P-contribut-
ing ingredient in each diet, these values also represent the 

ATTD and STTD P values for each ingredient. 
 The additivity of the ATTD or STTD of P in corn, SBM, 
and CM was analyzed as a completely randomized design 
using the following model:

 Yij = μ+αi+εij

 Where μ is the overall mean, αi is the effect of ith diet, and 
εij is the error term. Normality was tested and outliers were 
identified using the Proc UNIVARIATE procedure in SAS 
(SAS Institute Inc., Cary, NC, USA). Data were analyzed using 
the Proc Mixed procedure in SAS. Means were separated using 
the least significant difference (LSD) test, and an α level of 0.05 
was used to assess significant differences among means. Pig 
was the experimental unit for all calculations and statistical 
significance and tendencies were considered at p<0.05 and 
0.05≤p<0.10, respectively.
 To test if the difference between ATTDCM (calculated ATTD 
in mixture of corn-SBM, corn-CM, or corn-SBM-CM) and 
ATTDDM (determined ATTD in mixture of corn-SBM, corn-
CM, or corn-SBM-CM) had reached a statistically significant 
level, a 2-tailed t-test was used with the null hypothesis be-
ing H0: ATTDDM = ATTDCM vs alternative hypothesis Ha: 
ATTDDM ≠ ATTDCM. A t statistic was performed:

 

 

t = (χ̅ − μ)/SE, 

 

 

 

  

 In which ATTDDM was taken as the sample mean (

 

t = (χ̅ − μ)/SE, 

 

 

 

) and 
ATTDCM as the population mean (μ). The ATTDCM was cal-
culated as sum of the products between the ATTD of each 
single ingredient and the contribution of this ingredient in 
the whole diet.
 The test of difference between STTDCM and STTDDM was 
the same procedure as that for ATTDCM and ATTDDM.

RESULTS 

Table 3. Analyzed chemical composition of experimental diets (%, unless otherwise indicated; as-fed basis)

Item Corn SBM CM Corn-SBM Corn-CM Corn-SBM-CM

GE (kcal/kg) 3,797 3,718 3,827 3,890 3,880 3,949
DM 88.39 89.51 91.17 88.44 88.68 88.53
CP (N × 6.25) 8.55 14.43 11.29 19.95 16.86 18.40
NDF 9.21 3.81 7.04 7.06 11.52 13.57
ADF 2.56 2.09 5.77 4.43 7.69 10.56
Ash 2.59 2.73 3.04 3.93 4.35 4.17
Ca 0.32 0.21 0.46 0.33 0.37 0.40
P 0.36 0.26 0.38 0.44 0.58 0.53
STTD P 0.07 0.09 0.10 0.19 0.20 0.19

SBM, soybean meal; CM, canola meal; GE, gross energy; DM, dry matter; CP, crude protein; NDF, neutral detergent fiber; ADF, acid detergent fiber; STTD, standardized total 
tract digestible. 
Values for STTD P were calculated from NRC [4].
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Digestibility of P in diets
No differences were observed in average daily feed intake 
(Table 4). However, pigs fed corn-CM diet had greater (p<0.05) 
daily P intake than pigs fed the other diets, whereas pigs fed 
SBM diet had less (p<0.05) daily P intake than the others. 
Phosphorus in feces (%) in CM diet was greater (p<0.05) than 
that in the other diets. Daily P output in corn-CM diet was 
greater (p<0.05) than that in the other diets, whereas daily P 
output in SBM diet was less (p<0.05) than that in the other 
diets. Pigs fed corn-SBM, corn-CM, and corn-SBM-CM di-
ets had greater (p<0.05) daily absorbed P than pigs fed corn, 
SBM, and CM diets. The ATTD and STTD of P in SBM diet 
was greater (p<0.05) than that in the other diets, whereas the 
ATTD of P in corn diet was less (p<0.05) than that in corn-
SBM and corn-SBM-CM diets, and the STTD of P in corn diet 
was less (p<0.05) than that in corn-SBM diet. However, no 
differences were observed in daily basal EPL among treatments.

Additivity of values for ATTD and STTD of P in corn, 
SBM, and CM in diets
Values for ATTD of P in corn, SBM, and CM in growing pigs 
were 33.12%, 50.19%, and 34.93%, respectively. Values for 
STTD of P in corn, SBM, and CM in growing pigs were 
37.76%, 56.62%, and 39.45%, respectively. We could not reject 

the H0 hypothesis that ATTDDM = ATTDCM for corn-SBM 
diet and corn-CM diet, so the determined ATTD of P in the 
mixture of corn and SBM, and corn and CM is not different 
from the calculated ATTD (Table 5). However, the determined 
ATTD of P in the mixture of corn, SBM, and CM was greater 
(p<0.05) than the calculated ATTD. We could not reject the 
H0 hypothesis that STTDDM = STTDCM for corn-SBM, corn-
CM, and corn-SBM-CM diets, so the determined STTD of 
P in the mixture of corn and SBM, corn and CM, and corn, 
SBM, and CM is not different from the calculated STTD.

DISCUSSION 

Composition of ingredients
Analyzed GE, DM, NDF, ADF, and ash in corn, SBM, and CM 
in the present experiment are in agreement with the values 
reported by NRC [4]. Analyzed CP in SBM and CM concurs 
with NRC [4], whereas in corn is less than NRC [4]. Concen-
tration of Ca in corn concurs with previous data [11,13], but 
the concentration of total P and phytate were greater in corn 
compared with data reported previously [4,19]. Most of P in 
cereals is bound to phytate, which results in low digestibility 
of P for pigs because of lack of endogenous phytase [20]. The 
binding to phytate also results in a relatively large output of 

Table 4. Phosphorus (P) intake in feed and output in feces, and apparent and standardized total tract digestibility (ATTD and STTD) of P in diets containing corn, soybean 
meal (SBM) or canola meal (CM)1)

Item
Diets

SEM p-value
Corn SBM CM Corn-SBM Corn-CM Corn-SBM-CM

Feed intake (g DM/d) 752 764 772 754 755 752 10.22 0.993
P intake (g/d) 3.08d 2.26e 3.24d 3.84c 4.97a 4.50b 0.16 < 0.001
P in feces (%) 2.25b 2.34b 2.72a 2.36b 2.46b 2.43b 0.04 0.006
P output (g/d) 2.05c 1.13d 2.10c 2.21c 3.18a 2.66b 0.11 < 0.001
P absorbed (g/d) 1.03b 1.13b 1.14b 1.62a 1.80a 1.85a 0.07 < 0.001
ATTD of P (%) 33.12c 50.19a 34.93bc 42.07b 36.09bc 40.97b 1.02 < 0.001
Basal EPL2) (mg/d) 143 145 147 143 143 143 1.94 0.993
STTD of P (%) 37.76c 56.62a 39.45bc 45.81b 38.97bc 44.15bc 1.02 < 0.001

SEM, standard error of the mean; DM, dry matter; EPL, endogenous P losses; DMI, dry matter intake.
1) Data are means of 6 observations per treatment. 
2) The total tract basal endogenous losses of P was assumed to be 190 mg/kg DMI [4]. The daily basal EPL (mg/d) for each diet was calculated by multiplying the EPL (mg/kg 
DMI) by the daily DMI of each diet.
a-e Means within a row with no common letter are different (p < 0.05).

Table 5. Calculated and determined values for apparent and standardized total tract digestibility (ATTD and STTD) for phosphorus (P) in a corn-soybean meal (SBM), corn-
canola meal (CM), or corn-SBM-CM based diet1)

Item
ATTD of P (%)

SEM p-value
STTD of P (%)

SEM p-value
Calculated values Determined values Calculated values Determined values

Corn-SBM 42.80 40.93 2.96 0.815 48.98 44.66 2.96 0.333
Corn-CM 33.15 36.09 1.71 0.146 38.00 38.97 1.71 0.592
Corn-SBM-CM 37.00 40.97 1.06 0.014 42.87 44.14 1.06 0.480

1) Data are means of 6 observations per treatment.
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P in feces and reduces the bioavailability of other minerals 
such as Ca, Mn, Zn, and Fe [20]. Concentrations of total P 
and phytate in SBM are within the range reported previously 
[4,14], but the concentration of Ca is greater than previously 
reported value [14,21]. The concentrations of Ca, total P, and 
phytate in CM are in agreement with previous publications 
[4,12,22]. 

Differences in digestibility of P among corn, SBM, and 
CM 
The difference of P intake and output among diets can be ex-
plained by different phytate-bound P concentrations in corn, 
SBM, and CM used in this experiment. Apparent total tract 
digestibility of P has been determined in several feed ingre-
dients [13], but basal EPL is not included in the calculation 
for ATTD. Basal EPL can be determined using a P-free diet [7]. 
If ATTD is corrected based on basal EPL, values for STTD 
of P are calculated [4]. At present, standardized total tract 
digestibility has been widely used to evaluate AP in feed in-
gredients for pigs [4,11,13]. The ATTD and STTD of P in corn 
fed to pigs obtained in this experiment are within the range 
reported by previous studies [3,7,11,13,19]. The ATTD and 
STTD of P in SBM are also in accordance with some previous 
reports [10,14,21,23], but are greater than values reported by 
Almaguer et al [6]. The difference may be explained by the 
different processes used for producing SBM in feed industry, 
during which the amount of hulls removed prior to oil extrac-
tion varies. Because there are about 61% hulls in soybean, the 
seeds may either be decorticated (dehulled) or un-decorticated 
[24]. 
 Our result showed that the ATTD and STTD of P in corn 
and CM are less than those in SBM. The differences in P di-
gestibility among corn, SBM, and CM can be explained by 
differences in the concentrations of nonphytate-bound P. In 
the current study, the concentration of nonphytate-bound P 
in corn and CM is less than that in SBM. Some previous studies 
on other oilseed meals reported a strong negative relation-
ship between phytate-bound P and the ATTD or STTD of P, 
thus indicated that phytate-bound P concentration can be used 
as a predictor for STTD of P in these ingredients [5,6,25]. The 
results in our study confirmed this principle in SBM and CM, 
with CM having more phytate-bound P and lower P digest-
ibility. Although the digestibility of P in SBM is greater than 
that in CM, the total P concentration in CM is relatively high, 
thus the digestible P in CM is still greater than that in SBM. 
This result indicated that in addition to providing protein, CM 
can also be an optional P source among plant feed ingredients 
in swine diets. 

Additivity of values for ATTD and STTD of P in corn, 
SBM, and CM in diets
The additivity of values for P digestibility is a crucial factor 

in the formulation of swine diets. Usually, it is assumed that 
the supply of nutrients in a mixed diet is equal to the sum of 
its constitutive components on the basis of the digestibility 
values determined from individual ingredient [26]. The ad-
ditivity in the context of P, as showed for additivity of AA [27], 
should be conceptualized as that the total digestible P in diet 
equals to the sum of digestible P in individual ingredient con-
tributing P to the mixed diet. Fang et al [26] demonstrated 
that true total tract digestibility (TTTD) of P values are ad-
ditive in feed ingredients containing low levels of phytate-
bound P and anti-nutritional factors, whereas the ATTD of 
P values are not always additive in individual feed ingredient 
for pigs. However, there could be great variation in ATTD of 
P based on the substitution method used in that study, espe-
cially when the inclusion rate of the test ingredient was low 
in the experimental diet [28]. Our results showed that there 
were no differences between determined and calculated STTD 
of P values in corn-SBM, corn-CM, or corn-SBM-CM, sug-
gesting that STTD of P in corn, SBM, and CM for 21-kg pigs 
are additive. This result agrees with Zhai and Adeola [29] who 
reported that TTTD of P in corn and SBM for 15-kg pigs are 
additive in corn–SBM diet. 
 In contrast, in this experiment, the calculated ATTD of P 
values in corn-SBM-CM diet was less than the determined 
values, which may be due to the existence of EPL in pigs. This 
observation clearly showed that values for ATTD of P in corn, 
SBM, and CM are not additive in mixed diet, which agrees 
with previous publications [4,29]. It also indicates that ATTD 
of P is not influenced by dietary P level and does not affect the 
determination of TTTD of P for pigs [30]. The additivity of 
ATTD of P values for pigs may depend on the property of 
component ingredients of the experimental diets, such as 
anti-nutritional factors [26,31]. As for scenarios where the 
component ingredients in diets are different in the content 
of inherent phytase, as in the case of corn and rye in the same 
diet, the additivity may not be so straightforward, which needs 
further investigation [29]. 
 In this study, due to the inaccessible of the P-free diet, the 
basal EPL of growing pigs was calculated based on NRC [4] 
rather than determined through animal trial. The basal EPL 
should be relatively stable, but it can also be slightly affected 
by factors such as animal age, composition of the P-free diet, 
fecal collection time and method based upon studies in other 
animals [32]. Similar studies on growing pigs is still lacking 
by now. Thus we assumed the experimental error brought by 
EPL measurement would not affect the results of the additivi-
ty, but more studies are needed to ensure the accuracy of the 
evaluation. Corn, SBM, and CM are the most common in-
gredients in swine feed industry, and our results suggest that 
the STTD values of P are reliable in formulating diets based 
on corn, SBM, and CM for pigs. Further studies are also needed 
to evaluate additivity of P in more feedstuffs fed to pigs. 
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CONCLUSION

In conclusion, the ATTD of P in corn, SBM, and CM fed to 
growing pigs are 33.12%, 50.19%, and 34.93%, respectively, 
and the respective STTD of P in corn, SBM, and CM are 
37.76%, 56.62%, and 39.45%. The expected STTD values in 
the mixture of corn, SBM, and CM are not different from 
the determined digestibility values, indicating the additivity 
of STTD of P in corn, SBM, and CM for pigs.
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