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An experimental study of nitrogen flux in llamas: is
preferentially excreted?
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Abstract
Nitrogen isotope analysis is now commonly used to investigate the diets, and to a lesser extent, the environments of ancient
populations. These studies assume that mammals are predictably enriched in 15N over their food, and concomitantly, that 15N
becomes increasingly concentrated as one moves up the food chain. The literature commonly states that this 15N-enrichment of
mammalian tissues is due to preferential excretion of light nitrogen (14N), but there are few data to support this assertion. To
address the gap, we conducted two nitrogen flux trials in which four llamas (Lama glama) were fed high- and low-protein diets. The
ratios of fecal nitrogen loss to urinary nitrogen loss were 0.30 and 0.88 on the high- and low-protein diets respectively. Feces were
enriched in 15N by approximately +3‰ on both diets, whereas urinary nitrogen was depleted in 15N (2.1‰) on the low-protein
diet, but not significantly diﬀerent from intake 15N on the high-protein diet. Most importantly, there was no statistically significant
diﬀerence between dietary and total excreta 15N on either diet. Given these data and theoretical considerations, we argue that the
nitrogen influx and eﬄux of adult mammals at steady state should be isotopically commensurate. However, during growth, diet
change, thermal or nutritional stress, animals may not be at steady state and fractionation between intake and excreta 15N may
occur.
 2003 Elsevier Ltd. All rights reserved.
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1. Introduction
Nitrogen isotope analysis has become a common tool
for investigating the diets of ancient populations (e.g.
[2,4,6,7,16,19,34,38–40,42,53]). Previous applications
include determining the degree of carnivory by neanderthals [4,34], a population’s relative dependence on
marine and terrestrial resources [33,38,43,49], and even
ancient weaning practices [6,7,16,39]. The success of
such studies is predicated on knowing the fractionation
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that occurs between dietary and tissue 15N, which is
widely believed to be about +3‰ [13,15,24,35,37].
There is evidence, however, that mammalian diet–
tissue fractionation can be quite variable. For instance, a
recent study showed that diet–hair spacing can range
between +2.7‰ and +6.1‰ for mammals on identical
diets [44], and several researchers have hypothesized that
diet–collagen fractionation can be increased by thermal
[1,2] or nutritional stress [14,42]. Unfortunately, the
mechanisms that account for this variability are poorly
known, thus complicating interpretation of archaeological 15N data. Despite this, there has been little experimental research into the factors that influence diet–
tissue fractionation of 15N, with a few significant
exceptions [3,9,11,14,20].
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Table 1
Composition (dry matter) of the alfalfa (M. sativa) and
bermudagrass (C. dactylon) used in this study

Crude protein (%)
Neutral detergent fiber (%)
Acid detergent fiber (%)
Lignin (%)
Non-structural carbohydrate (%)
Acid detergent insoluble CP (%)
Crude fat (%)
Ash (%)
Digestibility (%)
15N (‰)
C/N ratio

Alfalfa

Bermudagrass

20.6
45.5
36.6
6.5
27.2
1.0
3.7
10.8
69
0.4
15.8

10.3
62.3
28.6
5.4
16.4
0.9
1.6
10.3
60
5.8
28.2

It is often stated that preferential excretion of 14N is
responsible for, or a consequence of, the 15N-enrichment
of mammalian tissues (e.g. [1,2,10,17,18,31,47]). There
are a number of mechanisms that could lead to preferential excretion of 14N: faster removal of 14N-containing
amine groups during deamination and transamination
of amino acids is a leading candidate [9,20], however
the fractionation might also occur during synthesis of
carbamoyl phosphate and in the urea cycle [2,47]. Despite the near consensus in the literature that 14N is
preferentially excreted, there exist few, if any data to
support this claim. Although mammalian urinary 15N
is usually depleted compared to diet, fecal 15N is
consistently enriched in 15N [46–48]. The literature has
tended to discount the 15N-enrichment of feces as insignificant, as fecal nitrogen losses have been considered
to be small [1,2,12,46]. Yet, fecal nitrogen loss can
constitute 50% of total nitrogen eﬄux, particularly for
herbivores on low-protein diets (e.g. [8,23,27,50]). Thus,
we cannot be certain that when both fecal and urinary
15N are considered, excreta 15N is depleted in 15N
compared to diet.
As a result of this uncertainty, we decided to test the
hypothesis that nitrogen influx and eﬄux have diﬀerent
15N values. To this end, we conducted nitrogen flux
trials with llamas (Lama glama) on high- and lowprotein feeds. To our knowledge, this is the first study to
present data on mammalian urinary and fecal nitrogen
losses as well as the 15N of total excreta. Admittedly,
one study with pseudoruminant llamas may not settle
the question for mammals in general, particularly
those with other digestive physiologies, but it should
nevertheless prove a reasonable start towards that end.
2. Materials and methods
Four adult male llamas were used for two trials. In
the first trial they were fed high-protein alfalfa hay
(Medicago sativa, 20.6% crude protein; Table 1), and in

the second they were fed low-protein coastal bermudagrass (Cynodon dactylon, 10.3% crude protein; Table 1).
The animals were owned, housed, and fed under the
auspices of the Stable Isotope Biology (SIB) Project,
which is jointly run by Brigham Young University and
University of Utah. We followed standard procedures
for dietary studies with large animals (e.g. [25,36]). Both
feeds were shredded to limit selectivity, and provided ad
libitum at 12 h intervals. In order to ensure proper
acclimation, the llamas were put on the experimental
diets at least 21 days prior to the studies, and placed in
individual metabolic crates with fecal collection bags
and urine collectors five days before the trials commenced. After the acclimation periods, feces and urine
were collected for five days. Urine was collected in a
container with a small amount of dilute sulfuric acid to
prevent ammonia loss. Urine volume and feces weight
were recorded daily. Feces were dried in a forced convection oven at 60 (C for 48 h, weighed again, and
homogenized. Urine was freeze-dried at 45 (C for 48
h. The nitrogen content of urine, feces and feeds was
determined by Kjeldahl analysis. Although nitrogen is
lost in hair and sloughed skin, these losses are extremely
small compared to urinary and fecal nitrogen eﬄux, and
were therefore not used in nitrogen balance calculations.
Homogenized urine and fecal samples for each individual were then combusted in an elemental analyzer
(Carlo Erba Instruments, Milan, Italy) and nitrogen
isotopes were measured using a flow-through inlet
system coupled to a continuous flow isotope ratio mass
spectrometer (Finnigan, Bremen, Germany). The standard deviation of replicate measurements of an internal
standard was <0.3‰ for all runs. We used analysis of
variance to test for diﬀerences between intake 15N,
urine 15N, fecal 15N, and total excreta 15N on both
feeds. We also tested for diﬀerences in the ratios of fecal
N loss to urinary N loss ratios (FN/UN), nitrogen
balance (NB), diet–feces fractionation (εd–f), diet–urine
fractionation (εd–u), and diet to total excreta fractionation (εd–e) (see Table 2 for definition of ε).
3. Results
Data from both trials are presented in Table 2. The
llamas were in positive nitrogen balance on both diets
excepting one individual on the bermudagrass. Even
with this anomaly, however, nitrogen balance was not
significantly diﬀerent on the two feeds (P=0.23). In
contrast, total nitrogen influx and total nitrogen eﬄux
were over twice as high on the alfalfa diet (P<0.01),
demonstrating that alfalfa crude protein levels far exceeded llama protein requirements. Hence, from the
perspective of nitrogen balance, these two diets were
nutritionally similar, or at least not as distinct as their
crude protein levels would suggest.

ε diet-feces
(‰)

ε diet-urine
(‰)

8.6
7.4
8.9
8.3
8.3
0.7

0.5
0.6
1.2
0.9
0.8
0.3

3.0
3.1
2.5
2.9
2.9
0.3

0.6
0.6
0.2
0.3
0.3
0.4

0.1
0.2
0.8
0.5
0.4
0.3

0.69
0.82
1.19
0.83
0.88
0.22

0.9
5.3
9.3
7.5
5.3
4.5

5.7
5.7
6.8
6.1
6.1
0.5

3.2
2.4
3.4
3.0
3.0
0.4

2.3
2.1
1.9
1.9
2.1
0.2

0.1
0.1
1.0
0.3
0.3
0.5

200.4

0.39

31.0

1.1

2.6

0.1

0.7

57.9

51.5

1.12

45.9

6.6

3.3

2.0

0.8

9.0

21.8

0.4

5.8

1.6

3.0

0.1

0.8

Urinary
15N (‰)

Medicago diet
Jaxson
0.4
Patch
0.4
Slingshot 0.4
Theo
0.4
Mean
0.4
SD

3.4
3.5
2.9
3.3
3.3
0.3

0.2
0.2
0.6
0.1
0.1
0.4

51.9
53.4
40.3
52.9
49.6
6.2

8.9
10.1
8.2
10.8
9.5
1.2

34.4
36.0
23.2
33.8
31.8
5.8

0.26
0.28
0.36
0.32
0.30
0.04

Cynodon diet
Jaxson
5.8
Patch
5.8
Slingshot 5.8
Theo
5.8
Mean
5.8
SD

9.0
8.3
9.2
8.9
8.8
0.4

3.5
3.7
3.9
3.9
3.7
0.2

18.4
25.4
25.2
25.7
23.7
3.5

7.9
9.1
8.7
8.2
8.5
0.5

11.4
11.1
7.3
9.9
9.9
1.9

3.0

0.3

309.4

78.0

9.1

3.8

155.3

3.8

0.6

36.7

E. caballus
Medicago 0.4
diet
Cynodon
5.8
diet
Sutoh et al. [48]
O. aries
Medicago 0.8
diet

Nitrogen intake
(g/day)

Excreta
15N (‰)

Fecal
15N (‰)

Intake
15N (‰)

Nitrogen feces
(g/day)

Nitrogen urine
(g/day)

Fecal
N/urine N

Nitrogen balance
(g/day)

ε diet-excreta
(‰)
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Table 2
Daily nitrogen balance and 15N data for llamas in this study. Fractionation is expressed here as ε values (((1000+15Nurine/feces/excreta)/(1000+15Ndiet)1)*1000), which are sometimes, but not
always equivalent to  values (see [5]). Mean data are also provided for a pilot study of horses [45] and sheep [48]
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3.1. Fecal nitrogen/urinary nitrogen
Fecal nitrogen eﬄux was not significantly diﬀerent on
the two diets (8.5–9.5 g/d) (P=0.15). Urinary nitrogen
loss was very similar to fecal loss on the bermudagrass
(9.9 g/d), but increased by over three times on the alfalfa
diet (31.8 g/d) (P<0.01). Hence, almost all of the alfalfa’s
excess nitrogen was lost in urine. As a result, the mean
FN/UN ratios for the alfalfa and bermudagrass diets
were significantly diﬀerent (P<0.01; Table 2), with feces
accounting for 46% of total nitrogen eﬄux on the
low-protein coastal bermudagrass, but only 23% on the
high-protein alfalfa. This suggests that dietary protein
levels exert a strong influence on the relative proportions
of nitrogen lost in feces and urine.
3.2. Excreted 15N
Feces were enriched in 15N over diet by about +3‰
on both feeds (P=0.87). Diet to urine fractionation
(εd–u), in contrast, diﬀered on the two feeds (P<0.01).
There was no significant fractionation between diet and
urine 15N for the alfalfa diet (P=0.58), although the
urinary mean was slightly depleted (0.3‰). On the
bermudagrass, however, urine was highly depleted in
15
N (2.1‰) relative to diet (P<0.01). Most importantly, total excreta 15N (15N of urine and feces
adjusted for their percentages of nitrogen eﬄux) was not
significantly diﬀerent from the 15N values of the alfalfa
(P=0.43) or bermudagrass (P=0.30) hays. The reason
for this was that fecal and urinary 15N and flux were
counterbalanced. For instance, although diet–urine fractionation was more negative on the bermudagrass, it was
oﬀset by a relatively greater amount 15N-enriched of
fecal nitrogen eﬄux.

4. Discussion
These data challenge several assumptions found in
the nitrogen isotope literature. For instance, they show
that herbivore fecal nitrogen loss can make up nearly
50% of total nitrogen eﬄux on low-quality diets. This
result is consistent with other studies of varied taxa
[8,23,27,51], including a recent pilot study of horses
(Equus caballus) in which fecal nitrogen loss made up
53% of total nitrogen eﬄux on a low-protein bermudagrass hay diet [45] (Table 2). Most herbivore fecal
nitrogen is not of dietary origin, but rather derived from
sloughed endogenous tissues and microbial cell walls
[50]. Endogenous tissues and gut microfauna are enriched in 15N compared to diet [46], which likely explains
the +3.0‰ fecal enrichment observed in this study. This
is supported by preliminary data showing that feces
treated with acid detergent to remove sloughed tissues

and microbes become depleted by 3‰ to 5‰ [45].
Therefore, it is unlikely that fecal 15N-enrichment is due
to selective removal of lighter nitrogen during digestion
and assimilation (see [32]). Studies of cattle, sheep,
goats, pigs, and locusts have also found that fecal 15N is
enriched compared to dietary values [46–48,52], which
suggests it is a nearly universal phenomenon (but see
[11]). Exceptions are most likely to be found when
animals are fed synthesized diets that have components
with highly diﬀerent 15N values and digestibilities.
Unlike the fecal results, diet–urine fractionation was
diﬀerent on the two diets. Diet–urine fractionation is
also known to be variable in cattle, ranging from 1‰
to 5‰ [2,46]. The diet–urine fractionation observed
here for llamas on bermudagrass (2.2‰) was consistent with these findings, but the small, statistically insignificant fractionation on alfalfa (0.3‰) was not.
Although this latter result is unusual, it is not unique.
Sutoh et al. (1993) showed that sheep (Ovis aries) fed
alfalfa diets had nearly identical urinary and dietary
15N (Table 2). In tandem, these results strongly suggest
that some intrinsic property of alfalfa hay was responsible for the lack of diet–urine fractionation. Alfalfa is a
legume with more nitrogen and less fiber than grass hays
[25,28,29]. Its high nitrogen content considerably exceeds the nitrogen requirements of most large herbivores
[28,29], and as a result, much of its nitrogen must be
purged to prevent ammonia toxicity. Grass hays such as
the bermudagrass used here, however, barely exceed
minimum nitrogen requirements for most herbivores,
necessitating more complete utilization of dietary nitrogen (Table 1) [28,29]. It is probable that this diﬀerential
utilization of dietary nitrogen by mammals on alfalfa
and grass hays is responsible for the observed diﬀerences
in diet–urine fractionation—perhaps because excreted
dietary nitrogen is so much more common on the former
that it “swamps” nitrogen derived from endogenous
sources. Future tests of herbivores on homogenous,
non-synthesized diets with diﬀering protein contents will
be necessary to test this hypothesis.
This study’s most notable finding was that there were
no significant diﬀerences between dietary and excretory
15N values on either diet, despite a large literature
arguing that preferential excretion of 14N leads to
a relative enrichment of 15N in tissues (e.g.
[1,2,10,17,18,31,47]). It might be argued that this unanticipated finding is an artifact of the study design.
Animals in this study (and in most nitrogen balance
studies) were placed on each test diet only 21 days before
data collection. As a result, not all of their tissues
were fully equilibrated with the test diets [49], and since
body tissues (particularly those of the digestive tract) are
an important component of nitrogen eﬄux, this could
have impacted our calculated excreta 15N. However,
the fact that we obtained virtually identical results
for two diﬀerent diets with such highly distinct 15N
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values militates against this being a significant problem.
Furthermore, there are other data that support our
observation. Although Sutoh et al. [48] never calculated
total excreta 15N, they provided suﬃcient data for us to
do so, and as in our study, the excreta of their sheep
were not depleted in 15N, but rather slightly enriched
(+0.8‰) compared to diet (Table 1). Likewise, a recent
pilot study of horses consuming alfalfa and bermudagrass hay found that total excreta were not depleted in
15
N compared to either diet (Table 2). This is what we
would expect for mammals at steady state. Adult mammals at steady state have tissues that are already enriched in 15N relative to their diets [3,11,13,47]. To
maintain the status quo, 15N of nitrogen influx and
eﬄux must be the same according to the principles of
mass balance [12,32]. Thus, if a mammal’s excretions are
15
N-depleted its tissues must become correspondingly
enriched. If this state of disequilibrium were to continue,
the animal would become more and more enriched in
15
N throughout its life. Several studies have demonstrated that 15N does not usually increase in this
manner [3,24,26,47,52], although there are possible exceptions [3,30,41]. Consequently, our finding that the
15N values of intake and excreta are not significantly
diﬀerent conforms to theoretical expectations of animals
at steady state. Ironically, though, because our llamas
were in positive nitrogen balance and thus not at steady
state, their tissue 15N was probably changing despite
similar influx and eﬄux 15N [32]. Regardless, these data
demonstrate that we can no longer assume that 14N is
preferentially excreted by adult mammals. However,
future studies of animals that have been on the same
diet their entire lives are required to confirm this
finding.
This does not mean that 15N-depleted excreta play no
role in determining mammalian tissue 15N. It does
suggest, however, that such depletion will be of import
only when an animal is not at steady state, as would be
the case during growth, pregnancy, dietary change,
negative nitrogen balance, or thermal stress. Indeed, we
have experimental evidence of one such instance. We
recently conducted a nitrogen balance study of alpacas
(L. pacos) eating bermudagrass. Alpacas, unlike their
llama brethren, performed poorly on this grass hay and
were in negative nitrogen flux during the study. Their
urine was more depleted in 15N (2.6‰) and their feces
less enriched (+1.5‰) relative to diet than the llamas in
this study, resulting in a total excreta depletion of
1.2‰. Thus, it is clear that influx and eﬄux 15N
diﬀerences can and do occur, but only when an animal is
not at steady state.
This all begs the question, What role does excreta
15N play in determining the nitrogen isotope compositions of modern and archaeological mammals? Ambrose
[2] has advanced the hypothesis that interspecific diﬀerences in mammalian collagen 15N might be explained
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by thermophysiological adaptations. Animals with adaptations to prevent heat stress and dehydration tend to
lose more urinary nitrogen (primarily as urea) than their
water-dependent counterparts [21,22]. Because urine
tends to be depleted in 15N [46,47], animals that lose
more urinary nitrogen should lose relatively more 14N,
and concomitantly, have higher tissue 15N. This “urinary nitrogen excretion” hypothesis fits nicely with the
observation that water-independent taxa (which tend to
lose more urinary N than water-dependent species) have
higher 15N than those that drink regularly [2].
Moreover, there is evidence that the relationship
holds for domestic animals. We recently fed llamas and
goats pure alfalfa diets for a period of one year. The
llamas lost relatively more urinary nitrogen than goats
(77% and 70% of total nitrogen eﬄux respectively), and
as predicted by Ambrose’s hypothesis, had higher
diet–hair fractionations (+6.3‰0.2) than the latter
(+5.0‰0.3). Furthermore, the urinary nitrogen excretion hypothesis may also explain why diet–hair fractionation of 15N increases in step with dietary protein levels
[44], because as shown in this study and elsewhere,
dietary protein and urinary N loss increase in tandem.
Thus, there is considerable evidence that varying
amounts of urinary nitrogen loss are at least partially
responsible for the observed inter- and intra-specific
diﬀerences in diet–tissue fractionation of 15N. This
influence, however, must be wholly exerted while the
animal is in a state of isotopic disequilibrium, after
which intake and excreta 15N will be equivalent.
Nevertheless, it is likely that other factors (e.g., urea
recycling) also play a significant role.
All told, these results suggest that most current
models explicating mammalian 15N values need rethinking. Understanding the basis of diet–tissue fractionation is of vital importance if we are to fully utilize
the potential of nitrogen isotopes as paleoenvironmental
and paleodietary proxies, yet it is clear that we still know
little of the nutritional, physiological, and biochemical
factors that determine mammalian nitrogen isotope
compositions. Controlled-feeding studies of physiologically diverse taxa with varied diets and under a variety
of conditions are necessary to improve our ability to
interpret archaeological 15N data.
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