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Abstract

The objective of this experiment was to determine the relative digestive capabilities and N retention between goats and llamas
fed three forages. Four llamas (2 yrs; 125 ± 7.3 kg BW) and four Boer-cross goats (2 yrs; 53 ± 8.4 kg BW) were housed in
metabolism crates and fed alfalfa (Medicago sativa; ALF), temperate C3 grass (Festuca arundinacea; C3G) and tropical C4

grass (Cynodon dactylon; C4G) hays. Each forage was fed for 21 d during which time the animals were adapted to the forage,
followed by a 5 d period of urine and feces sample collection. Dry matter intake species differences, when adjusted to metabolic

0.75
body weight (kg BW ; MW), were noted for ALF and C3G (P < 0.01), while the goats showed a difference between all three
forages (P < 0.05; 61.6, 31.0 and 46.2 g/(d kg0.75) for ALF, C3G and C4G, respectively), the llamas showed a difference between
the grasses (40.4, 52.1 and 38.5 g/(d kg0.75) for ALF, C3G and C4G, respectively). Digestible DM relative to MW (DDM/MW)
was higher for ALF and C4G for the goats versus the llamas (P < 0.03; 42.5 and 29.0 g/(d kg0.75) for goat ALF and C4G and
27.9 and 23.2 g/(d kg0.75) for the llama ALF and C4G, respectively). Llamas had a higher DDM/MW for the C3G, 19.6 and
28.9 g/(d kg0.75) than goats. Both animal species were in positive N balance for all three forages; llamas and goats retained more
N on the high-protein ALF, 0.60 and 0.22 g/(d kg0.75), respectively, than they did on either of the grasses (P < 0.05; 0.15 and
0.04 g/(d kg0.75) for C3G and 0.35 and 0.14 g/(d kg0.75) for C4G). Unexpectedly, however, both species retained more N on C4G
than on C3G. These results demonstrate that, under these circumstances, llamas do not have a higher digestive efficiency than
goats, and goats retained more DM and N than llamas. Thus the goats appear to be more efficient on these forages than the
llamas. Feeding strategy and morphology difference may account for these findings.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

There have been many questions regarding the
relative digestion efficiencies of pseudoruminant lla-
mas (three compartment stomach) and pecoran rumi-
nants (true ruminants; four compartment stomach) such
as goats and sheep (San Martin and Bryant, 1989;
Warmington et al., 1989; Sponheimer et al., 2003).
Some have suggested that llamas and their close rel-
ative, the alpaca, have superior digestive capabilities
compared to pecoran ruminants (Hintz et al., 1973;
San Martin and Bryant, 1989), while others have
found no differences between these taxa (Hintz
et al., 1976). Dulphy et al. (1997) and Warmington
et al. (1989) found no difference in DMD between
llamas and sheep fed a high CP diet, but suggested
that llamas are more efficient on low-quality feeds
because they lose less urinary N than do ruminants.
Under confined laboratory conditions camelids have
been reported to have a higher efficiency in extracting
energy and protein from forages than pecoran rumi-
nants (Warmington et al., 1989; San Martin and Bryant,
1989).

Grasses can be classified by the photosynthetic
pathway they use. In C3 plants, the first photosyn-
thetic products have 3-carbon structures, while the
first products of C4 plants have 4-carbon structures.
C4 grasses are found in all tropical grasslands and
are dominant in warm-season temperate grasslands.
C4 forage has thinner leaves, more bundle sheaths
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2. Materials and methods

Four llamas (2 yrs old; 125 ± 7.3 kg BW) and four
Boer-cross goats (2 yrs old; 53 ± 8.4 kg BW) were
obtained from the Brigham Young University herds in
Provo, Utah. The animal metabolism room was main-
tained at 18 ◦C and lighting was on a 12:12 h on:off
cycle. Prior to starting the experiment each animal was
introduced to the metabolism crates for fourteen d,
during which time they were exercised daily, fed ad libi-
tum grass hay (mid-bloom tall fescue, Festuca arundi-
nacea) and ad libitum water. The experiment consisted
of every animal being fed each of the three forages dur-
ing three treatment periods. The three forage hays fed
were a mid-bloom alfalfa (Medicago sativa; ALF), a
mid-bloom tall fescue (Festuca arundinacea; C3G) and
mid-bloom Bermuda grass (Cynodon dactylon; C4G).
Forage chemical analysis was performed at a commer-
cial lab (DHI Forage Testing Laboratories, Dairy One,
Inc., Ithaca, NY) using wet chemistry procedures for
CP, ADF, NDF, lignin, NSC, fat and ash (Table 1).
Each forage hay was chopped to a 5 cm fiber length,
thoroughly mixed, then stored to reduce any variation
when fed during the experiment. The forage treatments
were tested during the same season in the same eight
animals, thereby minimizing artifacts due to changing
environmental conditions and intraspecific variability
(Rymer, 2000). All animals were fed each experimental
forage for 21 d prior to a 5 d collection period. Feed was
provided at 12-h intervals at approximately 100% ad
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nd smaller interveinal distances (Heckathorn et al.,
999). This generally equates to higher cellulose and
igher lignin content, and as a result, a decrease in
igestibility compared to C3 grasses (Minson, 1971).

more detailed description of C3 and C4 photo-
ynthesis can be found in Ehleringer and Cerling
2002).

This experiment was conducted to investigate the
elative digestive capabilities and N retention of llamas
Lama glama) and goats (Capra hircus) under labo-
atory conditions fed a dicot forage alfalfa (Medicago
ativa), a temperate monocot grass (tall fescue, Festuca
rundinacea). In addition we wanted to determine taxa
ifferences in digestive capabilities between monocots
sing a C3 photosynthetic pathway grass (tall fescue)
nd a tropical C4 photosynthetic pathway grass (coastal
ermuda, Cynodon dactylon) of similar protein and
ber content.
able 1
omposition data for mid-bloom alfalfa hay (Medicago sativa), a
id-bloom tall fescue hay (Festuca arundinacea) and mid-bloom

oastal Bermuda grass hay (Cynodon dactylon)

omponents Forage hay (% DMa)

Alfalfa Tall fescue Bermuda

P (%) 20.5 10.4 10.3
DF (%) 36.6 36.6 28.5
DF (%) 51.5 60.4 63.0
ignin (%) 6.5 5.2 5.6
on-structural carbohydrates (%) 27.2 15.6 18.2
rude fat (%) 3.7 2.7 1.5
sh (%) 10.8 11.5 9.2

a Composition determined by DHI Forage Testing Laboratories,
airy One, Inc., Ithaca, NY using wet chemistry procedures and are

xpressed as a percent of DM. Dry matter content was 92, 93 and
3% for the alfalfa, fescue and Bermuda hays.
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libitum intake, as determined during each animal’s 21 d
acclimation period. On the day before each collection
period, animals were fitted with a receptacle harness
system for total fecal and urine collection. During each
5 d collection period feed intake, feed refusal, total fecal
and urine output were determined for each animal. Feed
refusal, feces, and a forage grab sample were collected
daily and dried at 60 ◦C. At the end of each forage
collection period, these daily dried samples were com-
bined and ground through a Wiley mill (1 mm screen,
Arthur A. Thomas Co., Philadelphia, PA). Urine was
collected into flasks containing 50 ml of 12 N HCl and
the volume measured daily. Individual urine samples
for a forage treatment were combined, and an aliquot
frozen for future analysis. Nitrogen content of feces,
urine and feed was determined by combustion elemen-
tal analysis (LECO Corp., St. Joseph, MI). Biological
value of N was calculated to be N retained as a percent
of N absorbed.

Analysis of variance was determined by general lin-
ear model using the SAS procedure GLM (SAS, Inst.,
Cary, NC) to compare main effects of species, forage
and species by forage interaction. Data are expressed
as least squares means at a level of significance of
(P < 0.05).

3. Results

3.1. Digestibility
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62.7 and 68.9%, respectively). Dry matter digestibil-
ity was higher for ALF than C3G or C4G in the
llamas (P < 0.05), 68.9–61.6 and 59.5%, respectively.
Digestible DM was adjusted for metabolic weight
(DDM/MW) to represent the amount of DM retained
(g/(d MW)) by the animal. ALF and C4G DDM/MW
were higher for the goats than the llamas (P < 0.03),
while llamas had a higher DDM/MW for the C3G. Goat
DDM/MW was 42.5 g/(d MW) for ALF, decreasing to
19.6 and 29.0 g/(d MW) for C3G and C4G; all were dif-
ferent (P < 0.05). Llama DDM/MW was 27.9, 28.9 and
23.2 g/(d MW) for ALF, C3G and C4G, respectively;
ALF was not different from the grasses, while C3G was
different from C4G (P < 0.05).

3.2. Nitrogen balance

Nitrogen intake and adjusted N intake (g/(d MW))
followed DMI for all three forages (see Table 2). Fecal
N excretion on a MW (FNE/MW) basis was differ-
ent (P < 0.04) for all three forages between the goats
and llamas, where the goats had a higher FNE/MW
for ALF and C4G than the llamas. Goat FNE/MW was
different (P < 0.05) between each of the forage treat-
ments (0.43, 0.26 and 0.17 g/(d MW) for ALF, C4G
and C3G, respectively). Llamas FNE/MW was not dif-
ferent between the three forages, ranging from 0.23
to 0.27 g/(d MW). Urine N excretion adjusted for MW
(UNE/MW) was not different between the two species,
but forage differences were noted within each species
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Dry matter intake (DMI) was different between
pecies and forages (P < 0.02 and 0.05, respectively;
ee Table 2) with the llamas consuming more than
he goats across the three forages. The goats con-
umed more ALF than either C3G or C4G (P < 0.05)
nd llamas consumed more C3G than ALF or CG4.

hen adjusted to metabolic body weight (kg BW0.75;
W) species differences were noted for ALF and C3G

P < 0.01), but not for C4G. The goat’s adjusted DMI
as greater for ALF compared to the grass forages

P < 0.05), while C3G was higher than C4G for the
lama’s (P < 0.05); ALF was not different from the
rasses.

There were no differences in the ability of the
oats and llamas to digest ALF, C3G and C4G hays
see Table 2). The DMD of C3G and C4G were not
ifferent to the ALF when fed to the goats (64.5,
or all three forages. Goat and llama UNE/MW was
ighest for ALF (P < 0.05), 1.00 and 0.85 g/(d MW),
espectively. UNE/MW for goat C3G and C4G were
.15 and 0.20 g/(d kg0.75), while llama UNE/MW was
.26 and 0.48 g/(d MW). Urine N expressed as a percent
f total N excreted adjusted for MW (UPE) was differ-
nt across species and forage (P < 0.01 and P < 0.05,
espectively). Llama UPE was higher than that of goats
cross all three forages and highest for ALF and low-
st for C4G (76.8, 64.1 and 53.5%/MW for ALF, C3G
nd C4G, respectively). Goat UPE followed the same
attern (69.6, 54.1 and 35.8%/MW for ALF, C3G and
4G, respectively).

Both species were in positive N balance for all three
orage trials (see Table 2). No difference was signif-
cant between the species, though the goats retained
umerically more N than the llamas on all three for-
ges. Llamas and goats retained more N on the high-
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Table 2
Digestibility and N balance data for goats and llamas consuming three different hays; mid-bloom alfalfa hay (Medicago sativa), a mid-bloom
tall fescue (Festuca arundinacea; C3 grass hay) and mid-bloom coastal Bermuda (Cynodon dactylon; C4 grass hay)

Species S.E.M. Species P

Goat Llama

Alfalfa hay
Dry matter intake (g/d) 1211 1512 79 0.02
Adjusted intake (g/(d kg0.75)) 61.6 40.4 2.7 0.01
Dry matter digestibility (%) 68.9 68.9 2.3 NS
Digestible DM/MW (g/(d kg0.75)) 42.5 27.9 2.0 0.03
N intake (g/day) 39.7 49.6 1.9 0.01
Adjusted N intake (g/(d kg0.75)) 2.02 1.33 0.05 0.01
N digestibility (%) 78.8 80.7 1.9 NS
Fecal N excreted (g/(d kg0.75)) 0.43 0.25 0.02 0.04
Urine N excreted (g/(d kg0.75)) 1.00 0.85 0.05 NS
Urine as percent of total N excreted (%/kg0.75) 69.6 76.8 2.7 0.01
N retention (g/d) 11.7 8.3 1.2 NS
Adjusted N retention (g/(d kg0.75)) 0.60 0.22 0.04 0.01
Biological value (%) 29.6 17.0 4.8 0.01

C3 grass hay
Dry matter intake (g/d) 608a 1758a,c 79 0.01
Adjusted intake (g/(d kg0.75)) 31.0a 52.1c 2.7 0.01
Dry matter digestibility (%) 64.5 61.6a 2.3 NS
Digestible DM/MW (g/(d kg0.75)) 19.6a,c 28.9c 2.0 0.03
N intake (g/day) 10.1a 29.3a,c 1.9 0.01
Adjusted N intake (g/(d kg0.75)) 0.52a,c 0.78a 0.05 0.01
N digestibility (%) 67.8a 66.1a 1.9 NS
Fecal N excreted (g/(d kg0.75)) 0.17a,c 0.27 0.02 0.04
Urine N excreted (g/(d kg0.75)) 0.15a,c 0.26a,c 0.05 NS
Urine as percent of total N excreted (%/kg0.75) 54.1a,c 64.1a,c 2.7 0.01
N retention (g/d) 2.9a,c 1.4a,c 1.2 NS
Adjusted N retention (g/(d kg0.75)) 0.15a,c 0.04a 0.04 0.05
Biological value (%) 30.3c 4.5c 4.8 0.01

C4 grass hay
Dry matter intake (g/d) 900a 1436b 79 0.01
Adjusted intake (g/(d kg0.75)) 46.2a 38.5b 2.7 NS
Dry matter digestibility (%) 62.7 59.5a 2.3 NS
Digestible DM/MW (g/(d kg0.75)) 29.0a,b 23.2b 2.0 0.03
N intake (g/day) 14.8a 23.7a,b 1.9 0.01
Adjusted N intake (g/(d kg0.75)) 0.76a,b 0.63a 0.05 NS
N digestibility (%) 65.7a 63.7a 1.9 NS
Fecal N excreted (g/(d kg0.75)) 0.26a,b 0.23 0.02 0.04
Urine N excreted (g/(d kg0.75)) 0.20a,b 0.48a,b 0.05 NS
Urine as percent of total N excreted (%/kg0.75) 35.8a,b 53.5a,b 2.7 0.01
N retention (g/d) 6.9a,b 5.3b 1.2 NS
Adjusted N retention (g/(d kg0.75)) 0.35a,b 0.14 0.04 0.01
Biological value (%) 46.3a,b 20.4b 4.8 0.01

NS: no differences (P > 0.05); S.E.M.: standard error mean.
a Different from alfalfa (P < 0.05).
b Different from C3 grass hay (P < 0.05).
c Different from C4 grass hay (P < 0.05).
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protein ALF than on either of the grass hays (P < 0.05),
and both species retained more N on C4G than on
C3G (P < 0.05). Nitrogen retention relative to MW
(Nret/MW) was higher in goats than llamas for both
grass hays (P < 0.01). Alfalfa Nret/MW was higher in
goats than in llamas (P < 0.06). For all three forages
within species ALF Nret/MW was highest followed
by C4G then C3G; significance was noted for goats
between the three forages, while only C3G was differ-
ent from ALF. Digestibility of N was not significant
between species, but a forage effect (P < 0.05) was
apparent between ALF and the two grasses; 79.8% for
ALF to 66.9 and 64.7% for C3G and C4G, respectively.
Biological value (BV) of N was lower (P < 0.01) for the
llamas than the goats across all three forage treatments.
Goat BV was higher (P < 0.05) for C4G than ALF or
C3G, while BV for the llamas was the same for ALF
and C4G and lower (P < 0.05) for C3G.

4. Discussion

The three forage hays used in this study were cho-
sen for specific reasons; the alfalfa hay was chosen for
its high crude protein and digestibility. The temperate
grass (tall fescue, Festuca arundinacea) using the C3
photosynthetic pathway and the tropical grass (coastal
bermuda, Cynodon dactylon) using the C4 photosyn-
thetic pathway where chosen because they had similar
crude protein and fiber content. Although both grass
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the llamas retained more on the C3 grass than the
goats. This observation is associated with DM intake
and represents the same pattern. The goats consume
more on a MW basis resulting in a higher retention
of DM when compared to the llama. This retention
or extraction of DM can proxy for energy consumed
and demonstrate that the goats have a greater capac-
ity to consume more energy. Goats are classified as
intermediate to concentrate selectors, while llamas are
classified as intermediate feeders to grazers (Van Soest,
1994; Hoffman, 1985). Domingue et al. (1991) com-
pared Red deer, goats and sheep digestibility. Sheep
are classified in the same category as llamas, while
the Red deer and goat are classified the same as the
goats. They found that the goats and deer were better
at digesting the forages used in the experiment than the
sheep. They summarized that goats chewed the Med-
icago sativa forage to smaller particle size than the
sheep, increasing surface area for microbes to attach
allowing for a greater microbial breakdown of the fiber.
Our findings may be attributed to this difference in par-
ticle size. The alfalfa and C4 hays had higher lignin
content than the C3 hay. Although the diets in this
study were ground to avoid sorting of coarse and fine
material, it was observed that the goats ate more of
the fine material, leaving more of the coarse, and the
llamas consumed more of the coarse, leaving more of
the fines. Based on their feeding strategies this would
be expected and also may account for DDM/MW dif-
ferences. The higher capacity for forage intake at the
s
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ays had similar fiber and protein concentrations, the
atter would be expected to have lower N availabil-
ty because C4 grasses concentrate protein in highly-
ascularized bundle sheath cells, which have proven to
e a deterrent to insectivorous and bacterial degrada-
ion (Caswell and Reed, 1976; Wilson and Hattersley,
983; Heckathorn et al., 1999).

Several studies have reported that camelids have
uperior digestive capabilities to pecoran ruminants
Hintz et al., 1973; San Martin and Bryant, 1989;

armington et al., 1989). In this study, however,
e found no evidence of this. The llamas and goats
igested alfalfa DM and the two grass hays equally well
hen expressed on a percentage basis, although the lla-
as had a higher digestibility of the alfalfa than the two

rass hays. However, when digestible DM retained was
xpressed on a MW basis the goats retained more on
he alfalfa and the C4 grass than the llamas; conversely
ame digestibility will result in the goat extracting
ore nutrients on a MW basis than the llama. Under

he circumstances our animals were under, it does
ot appear that the llama digests DM more efficiently
han the goat. Regardless, these results do suggest that
hen considering digestive capabilities of taxa, one

annot do so without also considering their feeding
lassification.

The animals in this study were in late stage of
rowth, where we would not expect great differences in
retention. Because of the intense nature of this study,

he animals were not weighed in a manner that would
rovide data to evaluate protein weight gain based on
retention. The N retention data indicate that the goats

etained relatively more N than the llamas. Given the
tage of growth and the fact that llamas recycle urea N
ore than sheep (Hinderer and Engelhardt, 1975), the

lamas’ N requirement may have been met at a lower
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level, and the lower N retention was due to excretion
of excess N in urine and the low BV. The forage dif-
ference in N retention of the llamas compared to goats
was due to the loss of relatively more urinary N; fecal
N losses relative to N intake were identical for both
species. Couple this response to the higher BV for goats
consuming each of the different forages, and it appears
that the goats have a better biological utility of the N
absorbed given their stage of growth, instead of a bet-
ter ability to access it. Nitrogen recycling by the llama
could also account for the differences.

The high N retention for both species on the alfalfa
hay was expected, but the greater N retention for C4G
than C3G ran counter to our expectations. Considerable
attention has been paid to the potential importance of
the biochemical and anatomical differences between
C3 and C4 plants (Wilson and Hacker, 1987; Wilson
et al., 1991; Ehleringer and Cerling, 2002). Tropical
C4 plants typically have lower N and higher cell wall
concentrations than C3. The concentration of protein
in the highly protected bundle sheath cells of C4 plants
should reduce their DM and N digestibility even further
(Wilson and Haydock, 1971; Ehleringer and Monson,
1993). In this experiment, where the grass hays were
similar in chemical composition, we found the goats
and llamas digested the C4 and C3 grasses equally well.
Both species digested the grass N the same, but C4G
resulted in a higher BV than the C3G. This finding
was surprising given the evidence that C4 N is well
protected and unavailable. One possible explanation for
t
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as shown by our data. Further research in this area is
needed, as the wide-scale emergence of C4 plants since
the late Miocene period has been suggested to be a
driving force in the evolution of modern grazing her-
bivores (Ehleringer and Monson, 1993; Cerling et al.,
1998).
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