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  INTRODUCTION 
Particle size and functional specific gravity (FSG) are feed 
characteristics that influenced ruminal mean retention time 
and ruminal nutrients digestibility. Beet pulp (BP) is eco-
nomical sources of nutrients in ruminant rations because of 
initial higher specific gravity (SG) than dried forages and 
smaller size than the critical size of particles that can retain 
in the rumen. In addition, BP has high digestible neutral 
detergent fiber (NDF) and is often used to reduce the con-
tent of non-fiber carbohydrate (NFC) in dairy cattle diets. 
Much of the NFC in BP is pectin. Pectins are the main 

components of the primary cell walls of dicotyledons where 
they play a major role in the physico-chemical properties 
(Ben-Ghedalia et al. 1989). They are complex polysaccha-
rides; their backbone, characterized by a high proportion of 
galacturonic acid and presence of rhamnose, presents two 
distinct structures: homogalacturonan or rhamnogalactu-
ronan which has a propensity for acetate versus propionate 
production in the rumen (Catherine et al. 1999). In addition, 
the NDF in BP is highly fermentable in the rumen, and it 
can be used to supply fermentable fiber in the diet. The two 
processes in the rumen that increase the functional specific 
gravity (FSG) of particles are liquid uptake and particle size 

 

Two experiments were conducted to evaluate the relationships between nutrients degradability, kinetics of 
hydration, functional specific gravity (FSG) of the three types of beet pulp (BP) including fine (FBP), nor-
mal (NBP) and pelleted (PBP) BP. In experiment 1, about 3 g of samples was weighed in sealed nylon bags 
(6 cm×7.5 cm, 40±5 µm pore size), incubated in rumen of two cannulated Holstein steers at 0, 3, 6, 12, 18, 
24, 36 and 48 h. The dry matter (DM) degradation was different among the treatments for soluble, slowly 
and potentially degradable fractions, rate of degradation, and effective degradability. In experiment 2, after 
ruminal incubation of two bags at 0, 0.5, 1, 1.5, 3, 6, 12, 18, 24, 36 and 48 h, the bags were removed with-
out and with washing, the kinetic of hydration, functional specific gravity (FSG) measured with pycnome-
ter. Hydration rate and water holding capacity (WHC) were different. Grinding and pelleting decreased 
hydration rate and WHC of BP, but increased initial and final FSG over incubation time. Soluble, slowly 
degradable, and indigestible fraction of DM explained 82.4, 94.8, 2.7, 54.2, 87.3 and 79.7%; 34.1, 50.0, 2.2, 
31.4, 62.2 and 63.4%; and 89.1, 12.2, 68.0, 84.7 and 92.9% of the total variation of the fractional rate of 
degradation, effective degradability, hydration rate, WHC, initial and final FSG, respectively. In addition, 
the correlations between digestion and hydration parameters were high. As BP has lower than critical size, 
can easily pass from the reticulorumen orifice, therefore, its FSG is more important to control ruminal re-
tention time and degradation. 
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reduction. Therefore, both particle size and specific gravity 
should be used to define escapable and nonescapable rumen 
fiber fractions (Allen and Mertens, 1988). The inescapable 
fraction consists of particles that have an FSG less than the 
rumen fluid (Allen and Mertens, 1988) and size greater than 
the critical size (Poppi et al. 1980). The escapable fraction 
consists of particles that are denser than the rumen fluid and 
are below the threshold size for retention. In addition, di-
gestibility is directly proportional to the digestible fraction 
of fiber and rate of fiber digestion, but inversely related to 
the rate of release of particles from nonescapable to an es-
capable fiber pool and rate of escape. The rate of release 
from fiber fractions is a function of the rate of change in 
FSG and the rate of particle size breakdown (Allen and 
Mertens, 1988). Particle size reduction increases the release 
rate from the nonescapable fraction, which results in re-
duced digestibility. Ruminal particulate matters are mostly 
below the threshold size for escape; therefore, particle size 
reduction may not be the rate-limiting step in clearance 
from the reticulorumen (Kaske and Engelhardt, 1990; 
Kaske and Engelhardt, 1992). High FSG of feeds seems to 
reduce the amount of fiber in ruminal mat and affects es-
capable particle retention (Allen and Mertens, 1988). For 
stimulation of chewing activity and ruminal mat formation 
and maintenance of mat consistency, particles must be re-
tained in the rumen (Teimouri Yansari et al. 2004). How-
ever, Kaske and Engelhardt (1990), Kaske and Engelhardt 
(1992) and Teimouri Yansari et al. (2004) found that FSG 
is a better indicator of retention than particle size. On the 
otherwise, feed DM can be divided into soluble and insolu-
ble fractions. Soluble DM is easily degraded and, in any 
case, its rumen passage rate is that of the liquid phase, 
which is easily measurable. Insoluble DM can be degraded 
at different rates, and its passage rate can vary widely, de-
pending on physico-chemical properties of feed particles 
(Ehle and Stern, 1986). The objectives of the current study 
were to evaluate kinetics of hydration and FSG of different 
types of BP over time of incubation with ruminal inoculum 
and to relate these data to kinetics of nutrients degradability 
in situ.  

 

  MATERIALS AND METHODS 
Sample preparation and composition 
Two types including normal beet pulp (NBP) and pelleted 
beet pulp (PBP) were used in this experiment were prepared 
from feed manufacture of Khorasan province, Iran. The 
FBP was prepared by milling NBP, using 1 mm screen pore 
size of miller. Feeding dried BP chips into the pelleting 
machine produced pellets. Pellets were obtained from dried 
by grinding and hardening into a cylindrical shape, about 5 
cm long and about 0.5 cm in diameter and are uniform in 
appearance and texture. Samples were dried at 55 ˚C, 

ground through a Wiley mill (1 mm screen), analyzed for 
dry and organic matter, Kjeldahl N, ether extract (EE), Ca, 
P, Cl, Na and K (AOAC, 2002), NDF, acid detergent fiber 
(ADF; Van Soest et al. 1991; using heat stable amylase and 
sodium sulfite) and ash at 605 ˚C at 3 h. NFC was calcu-
lated by 100 - (% crude protein (CP)+% NDF + % Ash + % 
EE) (Table 1).   
 

Digestion kinetics 
The ruminal nutrients degradation was determined in situ, 
using two cannulated Holstein steers (approximately 1 year 
old, body weight= 335.2 ± 10.3 kg). Steers were given ac-
cess to water at all times and were housed in an open front 
shed. The steers were fed corn silage and concentrates in a 
ratio of about 65:35 (DM basis) according to their require-
ments. The diet was fed in two equal meals at 08:00 and 
20:00 h. About 3 g of DM equivalent were weighed in each 
sealed nylon bag (6 cm×7.5 cm, polyamide, 26% porosity, 
40±5 µm pore size) that was closed using a heat sealer. 
Three bags were incubated in the rumen for each of the 
following periods 0, 3, 6, 12, 18, 24, 36 and 48 h. All incu-
bations started after the morning feeding. Bags were at-
tached to a plastic tube (5 mm diameter) that was fixed to 
the outside of the fistula with a string. The bags and the 
tubes had free movement inside the rumen and reticulum. 
On removal, bags were washed using cold water until the 
effluent ran clear. The bags were dried in an oven at 60 ˚C 
for 48 h, and weighed. Following the weighing, bags were 
opened and residues from the three bags for each period 
were homogenized and placed in tightly capped plastic bot-
tles. Samples were ground through a 1 mm sieve, analyzed 
for Kjeldahl N and NDF (Van Soest et al. 1991). All analy-
ses were made on combined residues of the three bags. The 
analyses were run in duplicate and rerun when differences 
were greater than 3% and sufficient residue was available. 
The potentially degradable fraction was calculated as 100 
minus the 0-h fraction. Kinetics of DM degradation in situ 
was estimated by the nonlinear regression procedure of 
SAS (1998). For each TMR and period, the following 
model was fitted to the percentage of degradation of DM 
(Ørskov and MacDonald, 1979): 
 

P= a + b(1−exp(−Kdt))  
 

Where:  
P: degradability (%).  
a: soluble fraction (%).  
b: slowly digestible fraction (%).  
Kd: fractional rate of degradation (%/h). 
t: time of incubation (h).  
 

The effective degradability (ED) was calculated, assum-
ing a passage rate (Kp) of 0.04, 0.05 and 0.06/h. The equa-
tion ED= [a + b × Kd / (Kd+Kp)] was used to calculate ED. 
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In this equation, the Kp represents the flow rate of parti-
cles out of the rumen. 
 
Kinetic of hydration and functional specific gravity  
The ruminal kinetic of hydration, FSG and changes of FSG 
of samples were measured in situ, using two cannulated 
Holstein steers that fed as described before. The two bags 
were incubated in the rumen for each of the following peri-
ods 0, 0.5, 1, 1.5, 3, 6, 12, 18, 24, 36 and 48 h. After incu-
bation in rumen and removal of bags, the kinetic of hydra-
tion, FSG, and changes of FSG of samples measured with 
100 mL pycnometer (Wattiaux, 1990), without washing. 
All the measurements were made in a separate oven that 
was maintained at 39 ± 0.15 ˚C. All of solution, distiller 
water, sample, small magnet and pycnometer put 5 h before 
the starting of FSG in the oven at 39 ˚C. The McDougall’s 
buffer (artificial saliva solution, 1984) was used as hydra-
tion solution (McDougall, 1948). The earliest reading of the 
total weight of pycnometers was taken after 6 min of initial 
soaking was the shortest interval necessary to eliminate all 
gas bubbles that considered as FSG. The data obtained dur-
ing hydration were used to determine the hydration rate and 
water uptake using NLIN procedures of SAS, (2002); 
Wattiaux, (1990). A biexponential models could be de-
scribed by the function below: 
  
Yt= Ae-k

a
t + Be-k

b
t 

 
Where:  
Y: water uptake over time (g/g of insoluble DM).  
A and B: represent pool sizes of hydration.  
ka and kb: represent respective fractional hydration rate 
(min-1).  
 
Some data were fit best to single (i.e., the B component was 
removed) rather than double exponential models. Total wa-
ter holding capacity (WHC; g/g of insoluble DM) was cal-
culated as the sum of total solution uptake (sum of A+B) 
and initial moisture content of the samples. A mean for 
hydration rate that was weighted for pool sizes from biex-
ponential models was calculated: [(A×ka) + (B×kb)] / 
(A+B) (Bhatti and Firkins, 1995). Data were analyzed as a 
complete randomized design by ANOVA using Proc GLM 
of SAS (2002). Means were separated using Duncan's mul-
tiple range test at an alpha level of 0.05. 
 
Statistical analysis 
The data were analyzed by a complete randomize block 
design as three types of BP and steers were considered as 
treatment and block, respectively. Data were analyzed by 
using the GLM procedure of SAS (2002) . Pearson correla-
tion analyses of the physical and chemical properties of 

feed were done with CORR procedure of SAS (2002) . In 
addition, regression analyses of the physical and chemical 
properties of feed were done with REG procedure of SAS
(2002)

 

. Means were separated using Duncan's multiple 
range test with an alpha level of 0.05.  

 

  RESULTS AND DISCUSSION 
Ruminal degradation 
The DM degradation parameters and ED showed important 
and significant differences among three types of BP (Table 
1). The soluble fraction of DM for FBP was higher than in 
NBP and PBP. However, there was no significant differ-
ence of soluble fraction of DM between NBP and PBP. In 
addition, the slowly degradable fraction in FBP was higher 
and NBP than PBP (59.00 and 57.00 vs. 55.66% of DM, 
respectively). The potential extent of DM degradation was 
high and ranged between 78.33 and 90.00% and was sig-
nificantly different among the samples (P<0.0001). In con-
trast, indigestible DM fraction was relatively low and had 
significantly different among the samples (P<0.0001). The 
DM fractional rate of degradation was relatively large 
(11.2, 10.3 and 10.1 %/h, respectively) and significantly 
different (P=0.0007). Regardless the value of Kp, the val-
ues of the ED of DM was also significantly different 
(P<0.0001). The FBP and PBP samples had the highest and 
lowest values of ED, respectively. Similar to DM, the NDF 
degradation showed significant differences between three 
types of BP as for the degradation parameters and for the 
ED (Table 1). FBP and PBP had the highest and lowest 
soluble fraction of NDF, respectively. The slowly digestible 
fraction of FBP was significantly higher than NBP and 
PBP. However, there was no significant difference between 
NBP and PBP. The potential extent of NDF degradation 
was high and was significantly different among the samples 
(P<0.0001; 86.00, 79.00 and 75.00 for FBP, NBP and PBP, 
respectively). The indigestible NDF fraction had significant 
differences among three types of BP (P<0.0001). The NDF 
fractional rate of degradation was relatively large (9.80, 
8.80 and 8.30 %/h, for FBP, NBP and PBP, respectively) 
and significantly different (P=0.0002). The ED of NDF was 
also significantly different (P<0.0001). The FBP and PBP 
samples had the highest and lowest values of ED for NDF, 
respectively.Degradation of CP for the degradation parame-
ters and for the ED, similar to DM and NDF, had signifi-
cant differences among three types of BP. FBP and PBP 
had the highest and lowest soluble protein, respectively. 
There were no significant difference on the slowly digesti-
ble protein between FBP and NBP, but the slowly digesti-
ble protein for PBP was significantly lower than FBP and 
NBP. The potential extent of CP degradation was high and 
significantly different among the samples (P<0.0001;  
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87.00, 83.00 and 77.00 for FBP, NBP and PBP, respec-
tively). The indigestible CP fraction was different among 
three types of BP (P<0.0001). The CP fractional rate of 
degradation was relatively large (10.80, 10.00 and 9.70 
%/h, for FBP, NBP and PBP, respectively) and signifi-
cantly different (P<0.0001). Regardless the value of Kp, the 
values of the ED of CP was also significantly different 
(P<0.0001). The FBP and PBP samples had the highest and 
lowest values of ED for CP, respectively.  

The DM and NDF (DePeters et al. 1997) or DM and CP 
(Pereira and Gonzalez, 2004) degradation of the BP sam-
ples showed similar trends. Torrent et al. (1994) reported 
that apparent digestibilities of BP were 78.0, 81.5, 81.3 and 
78.9% for DM, OM, NDF and ADF, respectively. Using in 
situ method, Torrent et al. (1994) found that rates of degra-
dation, potentially digestible fractions, and lag time of NDF 
and ADF fractions of BP were 11.6%/h, 94.1% of NDF, 
and 0.8 h; and 14.3%/h, 92.6% of ADF, and 1.9 h, respec-
tively. DePeters et al. (1997) found while the NDF content 
of BP ranged from 33.22 to 42.18%, the rates of NDF di-
gestion ranged from 7.3 to 9.0%/h (with mean Kd=8.3%/h) 
for BP. In addition, Bhatti and Firkins (1995) reported a 
much larger range in NDF digestion for BP, 5.5 to 11.6%/h. 
Richardson et al. (2003) found that proportion of soluble, 
slowly degradable, and the rate of degradation of the poten-
tially degradable OM and N of unmolassed BP were 6.50%, 
87.20% and 7.70%/h; and 0.00%, 92.30%, and 3.20%/h, 
respectively. These results clearly showed that BP did not 
contain a rapidly degradable N fraction and had a slower 
rate of degradation of the potentially degradable fraction 
than winter barley. BP is commonly added with molasses or 
vinasses, which had an important effect on DM and protein 
solubility. However, the most experiments confirmed that 
rates of degradation for DM, NDF and CP were high and 
had similar trend. Gonzalez et al. (2001) found that in a BP 
sample with 49.1, 42.7, and 11.0 (% of DM) NDF, ADF, 
and CP content the soluble CP, insoluble degradable frac-
tion and potential degradable fraction were 17.7, 65.4 and 
83.1% of CP content, respectively. Pereira and Gonzalez 
(2004) tested 10 samples of dried beet pulp observed a 
range of variation of the soluble, slowly degradable fraction 
and fractional degradation rate of DM and CP from 1.53 to 
41.3%, 7 to 50%, 3.71 to 6.21%/h; 11.5 to 50.0%, 51.0 to 
80.7% and 5.55 to 10.5%/h, respectively. Pereira and Gon-
zalez (2004) reported that the ED values of DM ranged 
from 41.0 to 70.8% and those of CP from 34.3 to 73.1% 
and both values were correlated (r=0.874). Gonzaleze et al. 
(2001) tested the effects of degradation of soluble or in-
soluble proteins measured by rumen incubations at 0 h 
(washout value) and 16 h, respectively. Washing effects on 
essential amino acid proportions of DBP were limited. 
However, the DBP sample employed by Pereira and Gon-

zalez (2004) and Gonzaleze et al. (2001) included an im-
portant addition of molasses and therefore, its DM, NDF 
and protein solubility was high. In the present experiment, 
grounding and pelleting significantly increased and de-
creased soluble fraction of DM, NDF, and CP (Table 1), 
therefore, the significant difference on potential degradable 
fraction and fractional rate of degradation may be result of 
differences in soluble fraction of DM, NDF, and CP. In 
addition, the lag time of DM, NDF, and CP of three types 
of BP were not detected. The most experiments also, have 
confirmed the current results. However, using in vitro 
method, Bhatti and Firkins (1995) found that extent, frac-
tional rate and lag time of DM for FBP samples were 
67.4%, 8.41%/h and 3.9 h, respectively. In addition, Pereira 
and Gonzalez (2004) showed the ED values of CP had a 
high variability (range from 34.3 to 73.1%), therefore, us-
ing a mean constant value may lead to major errors to esti-
mate nutritive value of BP. In this experiment, based on 
chemical composition, the degradation parameters and the 
ED values were in a range that reported in literature, how-
ever, degradation rate of CP was much higher than the oth-
ers. Pereira and Gonzalez (2004) reported that there were 
marked differences between samples for all the degradation 
kinetic parameters and for the ED values. The values of 
soluble and slowly degradable fraction for CP were closely 
complementary, since the potential extent of CP degrada-
tion was relatively similar (from 86.7 to 95.5%). Conse-
quently, both fractions were closely correlated. Therefore, 
the ED of CP was closely correlated with both fractions. 
The variation of the ED values for both DM and CP were 
mainly caused by the variation of their soluble fractions. 
Therefore, these values are mainly conditioned by the addi-
tion of soluble raw materials and by the cell wall content in 
DBP, which in turn also depends on the original content of 
soluble materials in fresh beets and on the efficiency of the 
extraction process.  

These facts explain the close correlations observed be-
tween the ED values and those of ash and NDF for the DM 
degradation or ash, CP, soluble CP and NDIN for CP deg-
radation. The appearance of multiple correlations between 
ED values and soluble CP or many chemical parameters is 
logical, because most of these factors are intercorrelated 
(Pereira and Gonzalez, 2004). The results of this experi-
ment and Pereira and Gonzalez (2004) confirmed that the 
high and positive correlation between the degradation rate 
of DM and NDF is result of low degree of lignification of 
BP that does not seem to be an important barrier to ruminal 
degradation. 

 
Kinetic of hydration, and functional specific gravity 
Kinetics of ruminal hydration of three types of BP is pre-
sented in Table 2.  
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Initial water content (g/g insoluble DM) was not signifi-
cantly different among three types of BP pulps. Hydration 
rate (g/g insoluble DM/h) and WHC (g/g insoluble DM) 
were significantly different among the three types of BP. 
Grinding and pelleting significantly decreased hydration 
rate and WHC of BP. Therefore, NBP had the highest hy-
dration rate and WHC. In addition, there was no significant 
difference on hydration rate between NBP and PBP, but 
WHC was significantly different between NBP and PBP 
(Table 2). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Changes in FSG over incubation time are shown in Table 

3. Grinding and pelleting of BP increased FSG for FBP and 
PBP over incubation time (Table 3). Initial FSG and final 
FSG increased when were grinded and pelleted. Over the 
ruminal incubation, FSG of all typed of BP were higher 
than ruminal liquid that measured by Wattiaux (1990) that 
was 1.001 2 to 1.008 9. In addition, after the ruminal incu-
bation to 2 h for FBP and NBP and to 4 h for PBP, the FSG 
of different types of BP were higher than critical size 
(Poppi et al. 1980) for passage from reticulorumen orifice. 

Table 1 The Kinetics of ruminal digestion of three types of beet pulps 

Three types of beet pulp 
Item 

Fine Normal Pelleted 
SEM P-value 

Degradability of dry matter      

Soluble fraction (%) 31.00a 25.33b 22.67b 0.005 * 

Slowly digestible fraction (%) 59.00a 57.00ab 55.66b 0.004 NS 

Potential extent of dry matter (DM) degradation 
(a+b) 

90.00a 82.33b 78.33c 0.002 *** 

Indigestible fraction (%) 10.00c 17.67b 21.67a 0.003 *** 

Fractional rate of degradation (%/h) 11.2a 10.3b 10.1b 0.006 * 

Effective degradability (%/h)1      

Kp= 0.04 72.90a 65.81b 65.30b 0.002 *** 

Kp= 0.05 71.75a 63.66b 59.90c 0.002 *** 

Kp= 0.06 69.37a 61.31b 57.59c 0.002 *** 

Degradability of neutral detergent fiber      

Soluble fraction (%) 28.00a 25.00b 22.00c 0.003 ** 

Slowly digestible fraction (%) 58.00a 54.00b 53.00b 0.002 *** 

Potential extent of NDF degradation (a+b) 86.00a 79.00b 75.00c 0.002 *** 

Indigestible fraction (%) 14.00c 21.00b 25.00a 0.003 *** 

Fractional rate of degradation (%/h) 9.8a 8.8b 8.4c 0.001 ** 

Effective degradability (%/h)      

Kp= 0.04 69.19a 62.12b 57.90c 0.003 *** 

Kp= 0.05 66.40a 59.43b 55.22c 0.003 *** 

Kp= 0.06 63.97a 57.10b 52.91c 0.003 *** 

Degradability of crude protein      

Soluble fraction (%) 21.00a 18.00b 14.00c 0.002 ** 

Slowly digestible fraction (%) 66.00a 65.00a 63.00b 0.002 * 

Potential extent of CP degradation (a+b) 87.00a 83.00b 77.00c 0.002 *** 

Indigestible fraction (%) 13.00c 17.00b 23.00a 0.002 *** 

Fractional rate of degradation (%/h) 10.8a 10.0b 9.7c 0.001 *** 

Effective degradability (%/h)      

Kp= 0.04 69.20a 64.39b 58.68c 0.002 *** 

Kp= 0.05 66.16a 61.29b 55.64c 0.002 *** 

Kp= 0.06 63.47a 58.58b 53.01c 0.002 *** 
1 The equation ED= [a + b × Kd / (Kd+Kp)] was used to calculate effective degradability (ED). In this equation, Kp represents the flow rate of particles out of the rumen that 
was considered equal to 0.04, 0.05 and 0.06 (Ørskov and MacDonald, 1979). 
The means within the same row with at least one common letter, do not have significant difference (P>0.05).  
* (P0.05); ** (P0.01) and *** (P0.001). 
NS: not significant. 

Table 2 Kinetics of ruminal hydration of three types of beet pulps 

Three types of beet pulp 
Item 

Fine Normal Pelleted 
SEM P-value 

Initial water content (g/g insoluble dry matter (DM)) 0.062 0.064 0.064 0.051 NS 

Hydration rate (g/g insoluble DM/h) 0.065b 0.075a 0.064b 0.002 *** 

Water holding capacity (g/g insoluble DM) 3.25c 4.21a 3.87b 0.021  *** 
The means within the same row with at least one common letter, do not have significant difference (P>0.05).  
*** (P0.001). 
NS: not significant. 
SEM: standard error of the means. 
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In ruminant, the voluntary dry matter intake and ruminal 
filling is related to the bulk density of forages (Wattiaux, 
1990), but ruminal retention time and passage rate are re-
lated to FSG of feeds (Wattiaux, 1990; Kaske and Engel-
hardt, 1990; Kaske and Engelhardt, 1992; Teimouri Yansari 
et al. 2004). 

Ramanzin et al. (1994) found that the FSG of DM of 
original unwashed feedstuffs estimated at 0 h soaking was 
not significantly related to the various chemical compo-
nents. However, the FSG of DM of unwashed feedstuffs 
estimated after 15 h of soaking, as well as that of the in-
soluble fractions of washed feedstuffs (both after 0 and 15 h 
of soaking) and that of soluble fractions, showed signifi-
cantly positive correlations with various fibrous fractions 
and negative correlations with CP and fat. Correlations 
were highly significant and positive between WHC and 
fibrous fractions, except lignin. On average, the FSG of 
DM of three type of BP was higher than those reported for 
forage particles (Wattiaux, 1990; Ramanzin et al. 1994; 
Teimouri Yansari et al. 2004) and were in agreement with 
the few data available for concentrates (Wattiaux, 1990; 
Ramanzin et al. 1994). Solubility effect on FSG is impor-
tant because soluble DM is in many feedstuffs a substantial 
fraction of total DM and has an FSG different from that of 
the insoluble fraction (Ramanzin et al. 1994). This result is 
in agreement with the results of Wattiaux (1990) in forages 
and confirms that measurements of FSG should be made on 
the insoluble DM of feedstuffs.  

The WHC of three BP samples were 3.25, 4.21 and 3.87 
(g/g insoluble DM) in FBP, NBP and PBP, respectively. As 
mentioned in material and methods, using an exponential 
model (cure fitting method; Wattiaux (1990); Teimouri 
Yansari et al. (2004)) the values of WHC were estimated. 
Using the centrifugation method and polyester bags, 
Ramanzin et al. (1994) found an average higher WHC (6.44 
and 597 g/g insoluble DM) than the filtration methods 
(Giger-Reverdin, 2000; 5.37 g/g insoluble DM). However, 
many experiments (Wattiaux, 1990; Teimouri Yansari et al. 
2004) explained that the estimated WHC with an exponen-
tial model was lower than the WHC that obtained with fil-
tration or the centrifugation method. Giger-Reverdin (2000) 
found that WHC was highly correlated with NDF 
(R2=0.456) and ADF (R2=0.418), but not with lignin 
(R2=0.013). It increased with the cell wall content of feed-
stuffs and decreased with the bulk density. However, BP 
had a WHC value higher than other feed because of high 
pectin content.  

By the way, for stimulating chewing activity, particles 
must be retaining in rumen. The extent of FSG especially 
for concentrate and by products is a better indicator of ru-
minal mean retention time than the particle size (Kaske and 
Engelhardt, 1990; Teimouri Yansari et al. 2004).  

When particle reached to threshold of size and FSG, they 
must pass the rumen. BP has a size lower than critical point 
that can easily pass from the riticulorumen orifice. It seems 
that FSG is more important to control ruminal retention 
time, consequently ruminal degradation of BP.      

 
Relationship of degradation and hydration parameters 
As a general conclusion, the correlation between digestion 
and hydration parameters is significantly high. Soluble frac-
tion of DM, NDF and CP had high positive and negative 
correlation with slowly digestible and indigestible fractions, 
respectively. In addition, soluble fraction of DM, NDF and 
CP had high negative correlation with hydration rate, 
WHC, initial and final FSG. Slowly digestible fraction of 
DM, NDF and CP had similar trend to soluble fraction of 
DM, NDF, and CP (Table 4). In contrary, indigestible frac-
tions of DM, NDF and CP had high positive correlation 
with hydration rate, WHC, initial and final FSG. Fractional 
rate of degradation of DM, NDF and CP had high positive 
correlation with soluble and slowly digestible and negative 
correlation with indigestible fractions, with hydration rate, 
WHC, initial and final FSG. The ED of DM had negative 
correlation with indigestible fractions of DM, NDF and CP, 
hydration rate, WHC, initial and final FSG, but positive 
correlation with soluble and slowly digestible fractions of 
DM, NDF and CP and fractional rate of degradation of DM, 
NDF and CP (Table 4).  

The ED degradability of DM had close correlation with 
ED of NDF (r=0.966) and CP (r=0.989). Therefore, the 
values in Table 4 showed only the values of degradability 
for DM. The ED degradability of DM had negative correla-
tion with soluble, slowly digestible fraction, fractional rate 
of degradation, ED of DM, hydration rate, WHC, initial and 
final FSG, indigestible fraction of NDF and CP, but high 
direct correlation with soluble and slowly digestible frac-
tion of NDF and CP and fractional rate of degradation of 
NDF and CP. Pereira and Gonzalez (2004) found that the 
ED of DM was significantly correlated with the soluble, 
slowly degradable and fractional rate of degradation for all 
chemical fractions, except ADL and ADIN; however the 
closest correlations were recorded with NDF (negative) and 
ash (positive). Both fractions also showed the closest corre-
lations with the soluble, slowly degradable, and fractional 
rate of degradation parameters. In addition, the ED of CP 
showed close and direct correlations with the soluble CP, 
CP and ash content that the closest correlations were re-
corded with the CP content. On the contrary, the ED of CP 
showed inverse correlations with the proportion of NDIN 
and the NDF and ADF contents (Pereira and Gonzalez, 
2004). In addition, Haj-Ayed et al. (2000) found that ED of 
CP in vetch-oat hays was positively correlated at a lower 
level with the CP content and at high level with NDF.  
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For DM degradability, NDF and ADL contents explained 

79.4% of the total variation, while for CP degradability; the 
cellulose content explained 83.9%. Rodriguez (1996) 
showed that the soluble fraction was linked to the cell con-
tent (complementary to the NDF fraction) while the slowly 
degradable and indegradable fractions were mainly linked 
to fiber components and lignin, respectively. Consequently, 
the variability of the soluble and slowly degradable frac-
tions was linked to the variability of the fiber fractions 
while a higher variability of the undegradable fraction was 
related to the higher variability of lignin and ADIN. 

Using the stepwise procedure, physical characteristics 
(hydration kinetics and degradation parameters) and chemi-
cal fractions as independent variables, we obtained regres-
sion equations to estimate relationships between degrada-
tion and hydration kinetic with soluble fraction (Figure 1), 
slowly degradable fraction (Figure 2) and indigestible frac-
tion (Figure 3) of DM for BP samples. For DM degradabil-
ity, soluble fraction of DM explained 82.4, 94.8, 2.7, 54.2, 
87.3 and 79.7% of the total variation of factional rate of 
degradation, ED, hydration rate, WHC, initial and final 
FSG, respectively (Figure 1).  

In addition, the slowly degradable fraction of DM ex-
plained 34.1, 50.0, 2.2, 31.4, 62.2 and 63.4% of the total 
variation of fractional rate of degradation, ED, hydration 
rate, WHC, initial and final FSG, respectively (Figure 2). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 Relationships between degradation and hydration kinetics with 
the soluble fraction of DM in beet pulp samples. Relationships with the 
soluble fraction of dry matter are shown with the following equations:  
1) The fractional rate of degradation (%/h)= 0.073 + 0.121 × soluble frac-
tion of DM (%) (R2=0.824; P=0.0007) 
2) Effective degradability (%/h)= 0.304 + 1.317 × soluble fraction of DM 
(%) (R2=0.948; P=0.0007) 
3) Hydration rate (g/g insoluble DM/h)= 0.071 – 0.024 × soluble fraction 
of DM (%) (R2=0.027; P=0.6753) 
4) Water holding capacity (g/g insoluble DM)= 5.917 – 8.115 × soluble 
fraction of DM (%) (R2=0.542; P=0.0238) 
5) Initial FSG= 1.472 – 0.730 × soluble fraction for DM (%) (R2=0.873; 
P=0.0002) 
6) Final FSG= 1.173 – 0.127 × soluble fraction for DM (%) (R2=0.797; 
P=0.0012) 

Table 3 Changes in the functional specific gravity over incubation time

 Functional specific gravity of beet pulp over the incubation time (h)  
Beet pulp types 

0.1 2 4 6 12 24 36  48 

Fine beet pulp 1.243a 1.209a 1.148b 1.018d 1.003d 1.094c 1.117c 1.123c 

Normal beet pulp 1.285a 1.274a 1.106f 1.056c 1.001d 1.056c 1.118b 1.136b 

Pelleted beet pulp 1.312a 1.302a 1.235b 1.112c 1.054e 1.098c 1.135c 1.132c 
The means within the same row with at least one common letter, do not have significant difference (P>0.05).  

Table 4 Correlation coefficients (%, above diagonal) between digestion and hydration parameters and their P-values (below diagonal) 
Parameter2 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

1 - 0.54 -0.95 0.91 0.97 -0.16 -0.74 -0.93 -0.89 0.95 0.88 0.96 0.85 0.83 -0.89 0.92 0.90 

2 NS - -0.77 0.65 0.72 -0.15 -0.56 -0.79 -0.80 0.64 0.69 -0.69 0.81 0.52 -0.76 0.78 0.78 
3 *** * - -0.92 -0.99 0.19 0.76 0.99 0.96 -0.94 -0.95 0.98 -0.95 -0.93 -0.81 0.94 -0.98 
4 ** NS ** - 0.94 -0.35 -0.82 -0.92 -0.91 0.87 0.96 -0.95 0.90 0.81 0.77 -0.84 0.94 
5 *** * *** ** - -0.19 -0.77 -0.99 -0.96 0.95 0.96 -0.99 0.95 0.92 0.83 -0.93 0.98 
6 NS NS NS NS NS - 0.76 0.73 0.84 -0.60 -0.83 0.73 -0.78 -0.55 -0.41 0.53 -0.84 
7 ** NS * ** * ** - 0.73 0.94 -0.94 -0.95 0.97 -0.96 -0.96 -0.81 0.96 -0.97 
8 ** * *** ** *** * ** - 0.94 -0.94 -0.95 0.98 -0.96 -0.96 -0.81 0.96 -0.97 
9 ** * *** ** *** * ** ** - -0.91 -0.90 0.94 -0.91 -0.87 -0.70 0.86 -0.97 
10 ** NS *** ** *** NS ** ** ** - 0.85 -0.97 0.84 0.92 0.85 -0.95 0.88 
11 *** * *** *** *** * *** ** ** ** - -0.96 0.96 0.84 0.82 -0.87 0.98 
12 *** * *** *** *** * *** *** ** *** *** - -0.93 -0.92 -0.87 0.94 -0.96 
13 ** * *** ** *** NS *** *** ** ** *** ** - 0.87 0.77 -0.89 0.98 
14 ** * ** ** ** NS *** *** ** ** ** ** ** - 0.78 -0.89 0.97 
15 ** NS ** ** ** NS ** ** ** ** ** ** ** ** - -0.89 0.77 
16 ** * ** ** ** NS *** *** ** ** ** ** ** *** ** - -0.89 
17 ** * *** ** *** ** *** *** *** ** *** *** *** ** ** ** - 

1: soluble fraction of DM (%); 2: slowly digestible fraction of DM (%); 3: indigestible fraction of DM (%); 4: fractional rate of degradation of DM (%/h); 5: effective degradability of DM 
(%/h); 6: hydration rate (g/g insoluble DM/h); 7: water holding capacity (g/g insoluble DM); 8: initial functional specific gravity; 9: final functional specific gravity; 10: soluble fraction of 
NDF (%); 11: slowly digestible fraction of NDF (%); 12: indigestible fraction of NDF (%); 13: fractional rate of degradation of NDF (%/h); 14: soluble fraction of CP (%); 15: slowly di-
gestible fraction of CP (%); 16: indigestible fraction of CP (%) and 17: fractional rate of degradation of CP (%/h). 
* (P0.05); ** (P0.01) and *** (P0.001). 
NS: not significant. 
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Figure 2 Relationship between degradation and hydration kinetics pa-
rameters with slowly digestible fraction of beet pulp samples. Relation-
ships with slowly digestible fraction of dry matter are shown with the 
following equations:  
1) Fractional rate of degradation (%/h)= -0.0003 + 0.184 × slowly digesti-
ble fraction of DM (%) (R2=0.431; P=0.0546) 
2) Effective degradability (%/h)= -0.512 + 2.003 × slowly digestible frac-
tion of DM (%) (R2=0.500; P=0.0333) 
3) Hydration rate (g/g insoluble DM/h)= 0.094 – 0.046 × slowly digestible 
fraction of DM (%) (R2=0.022; P=0.7063) 
4) Water holding capacity (g/g insoluble DM)= 11.214 – 12.991 × slowly 
digestible fraction of DM (%) (R2=0.314; P=0.1168) 
5) Initial FSG= 2.021 – 1.296 × slowly digestible fraction for DM (%) 
(R2=0.622; P=0.0115) 
6) Final FSG= 1.277 – 0.239 × slowly digestible fraction for DM (%) 
(R2=0.634; P=0.0102) 

 
 

 
 
 
 
 
 
 
 
 
 

Figure 3 Relationship between degradation and hydration kinetic with 
indigestible fraction of beet pulp samples. Relationships with indigestible 
fraction of dry matter are shown with following equations:  
1) Fractional rate of degradation (%/h)= 0.120 – 0.094 × indigestible frac-
tion of DM (%) (R2=0. 856; P=0.0004) 
2) Effective degradability (%/h)= 0.819 – 1.021 × indigestible fraction of 
DM (%) (R2=0.991; P<0.0001) 
3) Hydration rate (g/g insoluble DM/h)= 0.064 + 0.020 × indigestible 
fraction of DM (%) (R2=0.031; P=0.6497) 
4) Water holding capacity (g/g insoluble DM)= 2.735 + 6.352 × indigesti-
ble fraction of DM (%) (R2=0.517; P=0.0175) 
5) Initial FSG= 1.184 – 0.588 × indigestible fraction for DM (%) (%) 
(R2=0.986; P<0.0001) 
6) Final FSG= 1.233 + 0.104 × indigestible fraction for DM (%) 
(R2=0.929; P<0.0001) 
 

For DM degradability, indigestible fraction of DM ex-
plained 85.6, 99.1, 3.1, 51.7, 98.6 and 92.9 % of the total 
variation of fractional rate of degradation, ED, hydration  

 

 
rate, WHC, initial and final FSG, respectively (Figure 3).  
In addition, fractional rates of degradation, explained 89.1, 
12.2, 68.0, 84.7 and 92.9 % of the total variation of ED, 
hydration rate, WHC, initial and final FSG, respectively 
(Figure 4). 

 
 
 
 
 
 
 
 
 
 
  

 
 
 
Figure 4 Relationship between fractional rates of degradation and hydra-
tion kinetics of DM for beet pulp samples. Relationships with fractional 
rates of degradation of dry matter are shown with following equations:  
1) Effective degradability (%/h)= -0.355 + 9.571 × fractional rates of 
degradation of DM (%/h) (R2=0.891; P=0.0001) 
2) Hydration rate (g/g insoluble DM/ h)= 0.108 – 0.386 × fractional rates 
of degradation of DM (%/h) (R2=0.122; P=0.3572) 
3) Water holding capacity (g/g insoluble DM)= 10.948 – 68.192 × frac-
tional rates of degradation of DM (%/h) (R2=0.680; P=0.0062) 
4) Initial FSG= 1.847 – 5.390 × fractional rates of degradation for DM 
(%/h) (R2=0.847; P=0.0004) 
5) Final FSG= 1.243 – 0.975 × fractional rates of degradation for DM 
(%/h) (R2=0.929; P=0.0006) 

 
Using the stepwise procedure, relationships between 
NDF degradability coefficient and hydration parame-
ters were significantly explained with the following 
equation  
A) Soluble fraction of NDF (a)= 1.327 – 0.841 × initial 
FSG (R2=0.878; P=0.0002; equation 1). 
B) Slowly digestible fraction of NDF= 1.481 – 0.727 × 
final FSG (r2=0.894; P=0.0001; equation 2). 
C) Indigestible fraction of NDF= -1.808 + 1.568 × initial 
FSG (R2=0.953; P<0.0001; equation 3). 
D) Fractional rate of degradation for NDF= 0.349 – 0.203 × 
initial FSG (R2 0.926; P<0.0001; equation 4). 
E) ED for NDF= 2.690 – 1.609 × initial FSG (R2=0.966; 
P<0.0001; equation 5). 
F) WHC= 12.155 – 15.227 × slowly digestible fraction of 
NDF (R2=0.688; P=0.0057; equation 6). 
G) Initial FSG= 1.659 – 0.601 × ED of NDF (R2=0.966; 
P<0.0001; equation 7). 
H) Final FSG= 1.207 – 0.105 × indigestible fraction for 
NDF (R2=0.889; P=0.0001; equation 8). 
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The best prediction soluble (R2=0.878), slowly degrad-
able (R2=0.894), indegradable fraction (R2=0.953 and 
0.994) and fractional rate of degradation (R2=0.926) of 
NDF were derived from the initial FSG (equation 1, 2, 3, 4 
and 5). In addition, the best prediction WHC (R2=0.688), 
initial FSG (R2=0.966) and final FSG (R2=0.889) were de-
rived from the slowly digestible fraction of NDF (equation 
6), ED of NDF (equation 7), and indigestible fraction for 
NDF (equation 8). 

Using the stepwise procedure, relationships between CP 
degradability coefficient and hydration parameters were 
significantly explained with the following equation:  
 
A) Soluble Fraction of CP= 1.640 + 0.022 × WHC – 1.208 
× initial FSG (R2=0.966; P<0.0001; equation 9). 
B) Slowly digestible Fraction of CP= 1.155 – 0.397 × initial 
FSG (R2=0.653; P=0.0084; equation 10). 
C) Indigestible fraction of CP= -1.522 - 1.937 × hydration 
rate + 1.429 × initial FSG (R2=0.985; P<0.0001; equation 
11). 
D) Fractional rate of degradation for CP= 0.273 – 0.003 × 
WHC – 0.224 × initial FSG (R2=0.990; P<0.0001; equation 
12). 
E) ED for CP= 2.468 + 1.498 × hydration rate – 1.507 × 
initial FSG (R2=0.989; P<0.0001; equation 13). 
F) WHC= 22.432 – 11.296 × indigestible fraction of CP + 
163.511 × fractional rate of degradation (R2=0.981; 
P<0.0001; equation 14). 
G) Initial FSG= 1.809 – 2.970 × fractional rate of degrada-
tion - 0.353 × ED of CP (R2=0.988; P<0.0001; equation 
15). 
H) Final FSG= 1.251 – 1.089 × fractional rate of degrada-
tion for CP (R2=0.938; P<0.0001; equation 16). 
 

The best prediction soluble and fractional rate of degra-
dation for CP was derived from the WHC and initial FSG 
(R2=0.966; equation 8 and R2=0.990; equation 13, respec-
tively). Similar to NDF fraction, slowly digestible fraction 
of CP was derived from initial FSG (R2=0.653; equation 
10), but indigestible fraction and ED of CP was derived 
from Hydration rate and initial FSG (R2=0.985; equation 11 
and R2=0.989; equation 13). WHC was a function of indi-
gestible fraction and fractional rate of degradation of CP 
(R2=0.981; equation 14). Initial FSG of CP was derived 
from fractional rate of degradation and ED of CP 
(R2=0.988; equation 15), but final FSG well explained with 
fractional rate of degradation for CP (R2=0.938; equation 
16). The results of current experiment were confirmed with 
previous experiments (Rodriguez, 1996; Gonzalez et al. 
2001; Pereira and Gonzalez, 2004). Pereira and Gonzalez 
(2004) reported that a good prediction of the ED of DM 
(R2=0.933) was obtained from the contents of NDF and 

ADF as the first and second predictive variables. The best 
prediction (R2=0.954) of the ED of CP was derived from 
the concentrations of CP and NDF and the CP content al-
lowed to explain 87.8% of the variation. 

 

  CONCLUSION 

The grinding and pelleting of BP had significant effects on 
degradation parameters of DM, NDF and CP. The rate and 
extent of degradation for DM, NDF and CP were high and 
had similar trend. Grinding and pelleting significantly in-
creased and decreased soluble fraction of DM, NDF and 
CP, respectively. It seems that the significant difference on 
potential degradable fraction and fractional rate of degrada-
tion may be result of the differences in soluble fraction of 
DM, NDF and CP. The high and positive correlation be-
tween the degradation rate of DM and NDF is result of low 
degree of lignification of BP that does not seem to be an 
important barrier to ruminal degradation. Grinding and pel-
leting significantly decreased hydration rate and WHC, 
increased initial and final FSG over incubation time. The 
correlation between digestion and hydration parameters is 
significantly high. In addition, the correlations between 
digestion and hydration parameters were significantly high. 
As beet pulp has size lower than critical size, can easily 
pass from the reticulorumen orifice, therefore, its functional 
specific gravity is more important to control ruminal reten-
tion time and degradation. 
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