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Abrmwt-The influence of diet on the distribution of nitrogen isotopes in animals was investigated by 
analyzing animals grown in the laboratory on diets of constant nitrogen isotopic composition. 

The isotopic composition of the nitrogen in an animal reflects the nitrogen isotopic composition of its 
diet. The 6”N values of the whole bodies of animals are usually more positive than those of their diets. 
Different jn~viduals of a species raised on the same diet can have ~~i~~tly different 6”N values. 
The variability of the relationship between the 6”N values of animals and their diets is greater for 
different species raised on the same diet than for the same species raised on different diets. Different 
tissues of mice are also enriched in 15N relative to the diet. with the difference between the S15N values 
of a tissue and the diet depending on both the kind of tissue and the diet involved. The 6”N values of 
collagen and chitin. biochemical components that are often preserved in fossil animal remains. are also 
related to the 6rsN value of the diet. 

The dependence of the d”N values of whole animals and their tissues and biochemical components 
on the 6i5N value of diet indicates that the isotopic composition of animal nitrogen can be used to 
obtain information about an animal’s diet if its potential food sources had different 6’“N values. The 
nitrogen isotopic method of dietary analysis probably can be used to estimate the relative use of legumes 
vs non-legumes or of aquatic vs terrestrial organisms as food sources for extant and fossil animals. 
However, the method probably will not be applicable in those modem ecosystems in which the use of 
chemical fertilizers has influenced the distribution of nitrogen isotopes in food sources. 

The isotopic method of dietary analysis was used to reconstruct changes in the diet of the human 
population that occupied the Tehuacan Valley of Mexico over a 7000 yr span. Variations in the 5°C 
and 6i5N values of bone collagen suggest that C, and/or CAM plants (presumably mostly corn) and 
legumes (presumably mostly beans) were introduced into the diet much earlier than suggested by 
conventional archaeological analysis. 

INTRODUCTION 

THE STABLE isotopic composition of the carbon in an 
animal reflects the i “C/l %Z ratio of its diet (DENIRO 
and EPSTEIN. 1978; HAINES. 1976: Mmsor; et ul., 1975; 
TEERI and SGHOELLER. 1979). It foflows from this ob- 
servation that certain aspects of diet can be recon- 
structed from the isotopic ratios of animal carbon if 
an animal’s potential food sources had different 
i3C/‘zC ratios. It might be possible to study other 
aspects of diet by isotopic analysis if it could be 
shown that the isotopic ratios of other elements that 
comprise animal tissue also reflect the isotopic com- 
position of the diet. 

The relationship between the nitrogen isotopic 
composition of an animal and that of its diet has not 
been determined previously. Analysis of the i’N/‘*N 
ratios of organisms occupying successive levels in 
marine and freshwater food chains (phytoplankton, 
zooplankton and fish) (MIYAKJZ and WADA, 1967: 
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WADA and HATRXU. 1976: PANG and NRIAGU. 1977) 
suggests that the 6i5N values of animals refIect the 
6’ 5N values of their diets, although animals appear to 
incorporate dietary ’ sN preferentially over dietary 
**N. Analysis of blood collected from cows raised in 
the field ~STEFLE and DANIEL, 1978) also suggests that 
the nitrogen incorporated into animals is enriched in 
15N relative to diet nitrogen. 

The isotopic relationship between an animal and its 
diet cannot be determined reliably from analysis of 
plants and animals collected in the field because 
neither the makeup of the diet nor its isotopic compo- 
sition can be known accurately in such studies 
(DENIRO and Em, 1978). Accordingly, we have 
determined this relationship directly by analyzing ani- 
mals which have been raised in the laboratory on 
diets of known and constant 6”N value. The results 
indicate that the 6r ‘N value of an animal’s diet can be 
estimated from the 6i5N values of either its whole 
body or of its individual tissues and biochemical com- 
ponents. Isotopic analysis of animal nitrogen can thus 
be used to reconstruct aspects of diet when potential 
food sources had different 15N/14N ratios. In order to 
demonstrate the usefulness of the isotopic method of 
dietary re~nstru~ion, we used the relationships de- 
rived in this study and a previous analysis of the 
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Table 1. The animals and diets that were analyzed in this study. The d15N values of the duets 
are also given. The number of diet samples collected and analyzed is indicated for those diers 

that were sampled more than once 

ANIMAL DIET DIET 5% AIR ( :. ) 

3esk.z funemtis 
(moth) 

Yeliz aaperaa 
(snail) 

Metanoplua amguinipes 

(grasshopper) 

:Mus lm.4scutus, 
Strain PqR 
(mouse) 

A~tentia aatina 
(brine shrimp) 

Taenorhabditis etegan8 
(nematode) 

2zLZiphom vicim 
(blow fly) 

Algae 
(%nalietla s p.l 

Bacteria 
(Eacherichia colil 

Horsemeat 
iEquus cabazlu8l 

Or 
Pork 
/.%8 SCmfaai 

Grape leaves 
(Vi&s vinifeml 

Romaine lettuce leaves 
(Lactuca eatival 

Corn seedlings 
(Zea mrysl 

Or 
Wheat seedlings 
lTriticum ae8tiVd 

Purina Rat &ow mixture 

VU6 mu8culus, 
Strain B&B/c 
(mouse) 

VU6 m8CUtU6, 
Strain BALB/cJ 
(mouse) 

Yusca domeatica 
(house fly) 

Wayne Lab-Blox F6 mixture 

JPX 911A mixture 

Horsemeat 
(Equue caballusl 

Or 
Pork 
(Sus acmfal 

Milkweed seeds 
(.48depia8 EyriaCd 

Wheat seeds 
(Triticum aeativum) 

-8.5 

+3.3 

+5.2 

+5.4 

+2.2 

+2.8 f 1.1 (n=3) 

0.0 C 1.4 (n-3) 

+0.8 ? 2.4 (n-3) 

~5.8 _' 0.3 (n=4) 

+s.1 ? 0.7 (n=4) 

+4.6 t 0.3 (n=lO) 

+5.2 

fS.4 

+6.6 

Cl.3 

9ncopettus fasciatus 
(milkweed bug) 

SitOphiZU8 gMnariU8 
(weevil) 

OlZ 
Sitophitus oryzae 
(weevil) 

influence of diet on the distribution of carbon iso- 
topes in animals (DENIRO and EPSIWN, 1978) to inter- 
pret variations in the 615N and 613C values of colla- 
gen isolated from human bones deposited during a 
seven thousand year occupation of sites in the Tehua- 
can Valley of Mexico. 

4 preliminary report of this work was presented by 
DENIRO and EPSTEIN (1979). 

EXPERIMENTAL METHODS 

Ail ammals analyzed m this study were raised from birth 
on diets of known and constant mtrogen isotoptc compo- 

sInon. The animals and thetr diets are listed m Table 1. 
The animals were the same ones as those used in a study of 
the influence of diet on the distribution of carbon Isotopes 
in animals (DENIRO and EPSTEIN. 1978). The techniques 
used in raising the animals. in sampling them and their 
diets. in separating individual tissues and biochemical com- 
ponents and in preparing samples for isotopic analysis 
were the same as those used in the carbon isotope study 
except for a modification made in the procedure used to 
Isolate collagen from bone. After the bone was deminera- 
lized in 1 M HCI and littered as described previously. the 
residue was soaked in 0.125 M aqueous sodium hydroxide 
for 20 hr. filtered on a glass-fiber titter, then Hushed with 
water until the filtrate was neutral. The residue was then 
subjected to the previously described gelatinization step 
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&mu fed groae leaves 

Cu/hphoro{*) , Muscular _ 
fed Rorsemeol 

L Meh~oph fed wheat scedlmgs 

+ Precwon of 8”N analps 

 hDLitT8 
- JWENILES 
e ACULTS ANC JiiLFWiS 

0 

DIET  S15NA ,R(%d  
Fig. 1. 6j5N vahrcs of the whole bodies of animals and their diets. The whok body &15N values are for 
individual animals, except for the two S~to~j~us spccics fthrce spccimcns were eombus?cd ?ogc?hcr for 
each point) and for Ar?emia and Ca~o~u~ir~s fmany animais were combustcd togcthcr for each point). 

that involved heating it in 10m3 M HCI. The sodium hy- 
droxide soak was added to the procedure in order to pre- 
vent humic adds from contaminating the collagen isolated 
from fossil bone (H~CAMSON, 19’76). 

The total carbon and nitrogen in the sampks were con- 
verted to carbon dioxide and mokcular nitrogen for iso- 
topic analysis by the combustion method of STUMP and 
FRAZER (1973). The gas sampks were analyzed in 60 
sector, doubk-collecting mass spectrometers. The results 
arc expressed in the 6 notation 

6”X = 
t 

c*X/XL,,,* 
(*x/x)*,,*,, - f 1 . lwm 

where *X and X are the heavier and lighter stable isotopes 
of the clement. For nitrogen, the standard is atmospheric 
nitrogen (AIR); for carbon. the standard is the Pecdce 
belemnite (PDB) carbonate. The precisions of both the 
6’“N and d13C analyses are &0.2yW 

RESULTS AND DISCUSSION 

Relationships berween the 6”N values of the whole 
bodies of animals and the S1 ‘N values of their diets 

The PSN values of the whole bodies of animals 
and the 615N values of their diets arc shown in Fig. 1. 
The following conclusions can be drawn from these 
data. 

(1) The animal nitrogen is in most cases enriched in 
“N relative to the diet nitrogen. The ~*i~~~~i~~ values 

(6’ 5Nanima&15Ndiet ) range from -0.50, to + 9.2:, 
averaging + 3.0 f 2.6”&, (n = 13). 

(2) The 6’ 5N values of different individuais of a 
species raised on the same die? can di ffer .  The range 
in the 6* SN x&es of individuals varies from 0. I &, for 
CaNiphora (blow fly) raised on horsemeat (n = 3) to 
3.17&, for Desmia (moth) raised on grape leaves 
(n = 3). 

(3) Two species fed the same die? GWI have large 
differences in their kninuldit, values. The values for 
Calfiphora (blow fly) and Musca (house fly) raised on 
horsemeat or Sitophilus granarius (weevil) and S. or)L 
zae (weevil) raised on wheat seeds differ by about 
3.2?&, for the two species in each case. The difference 
in &,iml-dirt values between CaUiphora and Musca 
raised on pork is 1.6Y&,. 

(4) The &nimd-dkl  values for a species fed different 
diets are similar. The largest difference in &nim*l-di., 
values for Calliphora (blow fly) raised on horsemeat 
or pork, Musca (house fly) raised on horsemeat or 
pork and Me~op~s ~~~op~r~ raised on corn or 
wheat seedlings is about lT&, 

Relationships between the b”N values of the tissues oj 
mice and the 6”N values OS their diets 

In many cases, it is more practical to measure the 
d’ ‘N value of a par? of an animal rather than its 
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a.) Mus,strm BALBk, fed Wayne Lab-9lox F6 

BRAIN 

HAIR 

HEART  

KIDNEY ,  LEFT  

KIDNEY ,  RIGHT  

LIVER  

LUNG  

MUSCLE ,LEFT  THIGH  -c  Precwon  of  

MUSCLE ,  RIGHT  THIGH  6 ' sN  onalys~s 

PANCREAS  

SPLEEN  

DIET  6  

b.l Mu, stram AOR, fed Puma Rat Chow 

BRAIN  

HAIR  

KIDNEY ,  RIGHT  

LIVER  

3lET  .  

c . i  Mu ,  Strom BALBkJ, fed JAX 911A 

BRAIN 

HAIR  

KIDNEY ,  RIGHT  - .  

LIVER  

DIET  .  

I I ! 

CI 

e* 

3  Pooled  sample  from  

eleven  antmals 

. . 
.8 

. . . 
  

8  

i I 

+5.0 + 1c.c 

Fig. 2.  d"N  values of tissues of mice and thetr diets. Each point represents the analysis of tissue 
dissected from a single mouse. except as indicated. 

whole body for dietary analysis. Consequently, the 
hL5N value of various tissues of mice raised on diets 
of known nitrogen isotopic composition were com- 
pared to the 6”N values of the diet. 

The tissues from eleven mice raised on a diet of 
Wayne Lab-Blox F6 were pooled and homogenized 
prior to analysis to minimize the effects of differences 
between individuals. The 615N values of the tissues 
and the diet are shown in Fig la. As is the case for 
whole animals. the tissues have 6l ‘N values which are 
more positive than that of the diet. The difference 
ranges from 2.0”,,, for pancreas up to 5X’,,, for brain. 
The 6t5N values for tissues taken from individual 
mice raised on the same diet cluster around the 615N 
values of the pooled samples, indicating that there are 
only small differences between individuals. This ob- 
servation is reinforced by analysis of tissues taken 
from individual mice raised on two other diets. shown 
in Fig 2b and c. 

The data shown in Fig. 2 demonstrate the similarity 
in the relationships of nitrogen isotope distribution 
among different tissues for mice raised on digerent 
diets. In ail three cases. the 6“N values increase pro- 
gressively from kidney. to hair. to liver, to brain. This 
progressive increase was not observed in the 615N 
values of these four tissues from a single white rat 
analyzed by HOERING (1956). It is difficult to relate 
Hoering’s results to those of the present study. since 
the dietary regime of his rat was not specified. 

In summary. the data shown in Fig 2 indicate that 
the relationship between the 615N value of a given 
tissue in an animal and the 6’jN value of the animal’s 
diet depends both on the tissue being analyzed and on 
the nature of the diet. Thus, the estimation of the 
61SN value of diet should preferably be based on 
analysis of several types of tissue, if possible. 

Relationships between the 6’jN values of some bio- 
chemical components of animals which are often pre- 
served in -fossil material and the 6”N values of their 
diets 

Information about the diet of a fossil animal can 
sometimes be obtained by isotopic analysis of a com- 
ponent whose original isotopic composition has not 
been altered by diagenetic processes. The isotopic re- 
lationship between the component and the diet must 
be known in order to perform this type of dietary 
reconstruction. Consequently. the 6’ ‘N values of col- 
lagen. chitin and the insoluble organic fraction of 
shell. isolated from animals raised on diets of constant 
nitrogen isotopic composition. were analyzed. These 
components are often preserved in fossil material 
without having undergone apparent chemical aiter- 
ation (e.g. ISAACS et a[.. 1963: ROSENHEIM. 1905: 

WEINER rr al.. 1976) and when such preservation 
occurs. are likely to retain their original 6”N values. 

The 615N values for chitin from insect exoskele- 
tons, for collagen from mouse bones and for the in- 



Distribution of nitrogen isotopes in animals 345 

+  5.0  -  

%-  
z -  

z 
2 
cu  o-  

2 -  
z!  

z -  

-5o-  

. 

. 

. 

+ 

M,slrom BALBlcJ, fed JAX 91lA 
? 

Mus,strom BALBk,fed Woyne Lob-Blox F6 

Mu&Strom AOR,fed Purmo Rot 

COLLAGEN  
CHITIN  

SHELL  INSOLUBLE  ORGANIC  FRACTION  

Preclslon of 81SN onolysls 

plus cocoa 

Oncoprllus fed mdkweed seeds 

Me/onopus fed corn seedtmgs 

- . . I 
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Fig. 3. P5N values of some biochemical components of animals which arc often preserved in fossil 
material and their diets. Each point represents the analysis of the spedfied component isolated from a 

single animal. 

soluble organic fraction of snail shells and the 615N 
values of the diets on which the animals were raised 
are shown in Fig 3. The 6”N values of chitin are 
more negative than the 6r5N values of the insects’ 
diets. The average difference ranges from 6.6ym for 
Melrmoplus (grasshopper) raised on corn seedlings to 
8.67& for Oncopeitus (milkweed bug) raised on milk- 
weed seeds. The insoluble organic fraction of Helix 
(snail) shells is slightly enriched in r5N relative to the 
diet. The average differences between the 6r ‘N values 
of mouse bone collagen and the 615N value of the diet 
is +1.4X for mice raised on Purina Rat Chow, 
+2.57& for mice raised on Wayne Lab-Blox F6, and 
+ 3.42 for those raised on JAX 9 11A. 

The b”C values of collagen prepared from mouse 
bones according to the modified procedure outlined 
in this paper were also determined. The average dif- 
ference between the 613C values of collagen and diet 
were +4.4ym +3.8ym and t-3.5?&, for mice raised on 
JAX 911A. Wa_yne Lab-Blox F6, and Purina Rat 
Chow, respectively. For purposes of comparison, the 
corresponding values for collagen prepared according 
to the procedure outlined in DENIRO and Em 
(1978) were +3.7?&, and +2.87&, for mice raised on 
JAX 9llA and Wayne Lab-Biox F6. This observation 
indicates that the sodium hydroxide soak, whose 
primary purpose is to remove humic acid contami- 

nants from collagen isolated from fossil bones, also 
removes a component of the collagen which is present 
in fresh uncontaminated bone. Removal of the 
sodium hydroxide extractable component causes the 
6’“C value of the fraction of collagen which resists 
extraction to be increased by about 0.7”,. 

DIETARY ANALYSIS BASED ON THE 
ISOTOPIC RATIOS OF ANIMAL 

NITROGEN 

All applications of the isotopic method of dietary 
analysis to date have been based on determination of 
the isotopic ratios of animal carbon. The results of the 
present study indicate that additional information 
about an animal’s diet can be obtained from the 
nitrogen isotopic composition of its whole body or of 
its tissues and biochemical components, provided its 
potential food sources had different S15N values. 

Little is known about the nitrogen isotopic compo 
sition of different types of food. It has been suggested 
that plants which can fix molecular nitrogen (due to 
the presence of symbiotic bacteria) will have charac- 
teristically lower 15N/r4N ratios than those which 
must assimilate other forms of inorganic nitrogen, 
such as ammonia or nitrate @ELWKHE  and STEYN, 
1970; DELU~~CHE et al., 1979). This suggestion is based 
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on the assumption that the characteristic differences 
between the 615N values of the respective nitrogen 
sources are inherited by the two types of plants 
because of the presumed absence of any significant 
fractionation during either type of nitrogen incorpor- 
ation (DELWICHE and STEYN, 1970; HOERING and 
FORD, 1960). The plants capable of nitrogen fixation 
in terrestrial ecosystems are almost exciusiveiy 
members of the legume family; blue-green algae are 
responsible for most of the molecular nitrogen fixa- 
tion that occurs in aquatic ecosystems (BURNS and 
HARDY. 1975). The data currently available indicate 
that Iegumes and blue-green algae usually have lower 
61SN values than plants which cannot fix molecular 
nitrogen. However, the differences between the 6”N 
values of the two types of plants appear to vary 
depending on the location in which they grew and the 
time of year during which they were collected 
(BARDIN rt al., 1977: DELWICHE et al.. 1979; DEL- 
W~CHE and STEXN, 1970: HOERING, 1955. 1956; 
MEINTS rt ui., 1975; RENNIE et al., 1976; WADA and 
HAWORI. 1976). The basis for geographical and tem- 
poral variability of plant 61sN values must be 
resolved before dietary analysis based on the isotopic 
ratios of animal nitrogen can be exploited to its full 
potential. 

The nitrogen isotopic method of dietary analysis 
will probably be of very limited usefulness in modem 
terrestrial ecosystems because of the extensive use of 
chemical fertilizers. The SiSN values of many ammo- 
nia-containing and nitrate”cont~ni~g fertilizers are 
similar to that of atmospheric molecular nitrogen 
(FREYER and ALY, 1974; SHURER et aZ.. 1974). The 
difference between the 61sN values of legumes and 
non-legumes will be reduced if the nitrogen used by 
non-legumes has a b”N value similar to that used by 
legumes. T~IUS, the optimal applications of the nitro- 
gen isotopic method will probably be in reconstruct- 
ing the diets of animals from remote modern eco- 
systems and from fossil situations. 

It may also be possible to use the nitrogen isotopic 
method of dietary analysis to determine the reiative 
amounts of terrestrial and aquatic food sources eaten 
by animals living in near-shore environments. The few 
availabte data suggest that the 6”N values of aquatic 
organisms that are iikefy to be eaten, such as fish and 
shell%h, are more positive than the 61SN values of 
most terrestrial food sources (HOERING, 1955; MIYAKE 
and WADA. 1967). More information on the distribu- 
tion of “N in these two types of food sources is 
needed, however, before this application of the 
method can be made. 

i 4 ,!! 

- 

-ier j j* jl 5”: ;na!ysi5 -2-i 3 COLLAGEN 
 MET (as estimared from coilapan) 
 DIET(as estmated from archaeological 

data 1 
Fig. 4. 8°C values of the diets of mdividuals who lived during the designated phases of rhe occupauon 
of the Tehuacan Valley of Mexico. as estimated from the S”C values of their bone collagen. The 513C 
values of the diet for the entire population during each phase, calculated from the archaeological data of 
MACNEISH (1967). are also presented. The ratios of the number of skeletons that were excavated to the 
number that were made available for analysis are gxven for each phase: in some cases. the available 

bones contained no collagen. 
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Fig. 5. ai5N values of the diets of individuals who lived during the designated phases of the occupation 
of the Tehuacan Valley, as estimated from the 615N values of their bone collagen. The 615N values of 
the diet for the entire population during each phase, calculated from the archaeological data of MAC- 
NEISH (1967). are also presented. The ratios of the number of skeletons that were excavated to the 
number that were made availabk for analysis are given for each phase; in some cases. the available 

bones contained no collagen. 

DIET RE~DN~U~ON BASED ON 

NITROGEN AND CARBON ISOTOPIC 
RATIOS OF COLLAGEN FROM HUMAN 

BONES EXCAVATED IN THE 
TEHUACAN VALLEY OF MEXICO 

The isotopic method of dietary analysis was used to 
reconstruct the diets of members of the population 
that occupied sites in the Tehuacan Valley of Mexico 
over a seven thousand year span. This area is of criti- 
cal importance to the rise of civilization in Meso- 
america because corn. a major food source in the 
region. was probably first domesticated and cultivated 
extensively in the Tehuacan Valley (MACNEISH, 1967). 

The ?il 3C and 6r 5N values of collagen extracted 
from human bones of known age excavated in the 
Tehuacan Valley {ANDERSON’. 1967) and the corre- 
sponding isotopic ratios of the diets are shown in Figs 
4 and 5. The isotopic compositions of the diets were 
calculated by subtracting 3.9& from the collagen 
a1 jC values and 2.49, from the collagen 8 5N values. 
These corrections represent the average isotopic frac- 
tionations associated with assimilation of the diet and 
collagen synthesis by the three strains of mice ana- 
lyzed in this study. 

MACNEW (1967) summarized the results of a multi- 
disciplinary investigation into the diet of the popula- 
tion that occupied the Tehuacan Valiey sites. For 
each phase of the occupation, he estimated the per- 
centage of the diet that was obtained by eating ident- 
ified species of wild and domesticated animals and 
wild and cultivated plants. Using Macneish’s recon- 
struction, we estimated the S13C values of the diet for 
each phase in the following way. First, the plants in 
the diet were classified according to the pathway they 
use to fix carbon dioxide (i.e. C3. Cg, or CAM) 
@LACK and WILLIAMS, 1976: D~WNTOK, 1971; EVANS. 
1971; SMITH and ROBINS, 1974; SZARECK and TING. 
1977). Second. the C3 plants were assigned 6’ 3C 
values of -25.0:& while the C, and CAM plants 
were assigned values of -9.0Tm (BENDER, 1968, 1971; 
BENDER et al., 1973: LERMAN and RAYNAL, 1972: 
OSMOND et al., 1973; SMITH and BROWN. 1973: SWTH 
and EPSTEIN. 1971). The 6’ 3C value of the total meat 
component of the diet was estimated by using an iso- 
topic mass balance expression for the Venta Srilada 
phase. This phase has more isotopic and archaeologi- 
cal data on the diet available than any other phase. 
The br3C value of meat was calculated to be - lS.S& 
by this method. indicating that the animals‘ diets 
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favored C3 plants. The 613C value of the diet for each 
phase was then estimated using an isotopic mass 
balance expression, utilizing MACNEISH’S (1967) esti- 
mates of the composition of diet and the 613C values 
we assigned to or estimated for each diet component. 

The 6r5N values of the diet for each phase were 
calculated from the archaeological data by the same 
method. The leguminous plants were assigned 6”N 
values of O.OY& while the non-legumes were assigned 
values of +6.2”&, (BARDIN et al., 1977; DELWICHE and 
SWYN, 1970; Dawrcr~~ ec al., 1979; HOEXUNG, 1955, 
1956; MEINTS et al., 1975; RENNIE et nf., 1976). The 
6’sN value of meat was calculated to be +5.2’& by 
solving the isotopic mass balance expression for the 
Venta Salada phase diet, indicating that the animafs’ 
diets were based primarily on non-legumes. 

The 613C and 615N values of diet determined for 
individuals by analysis of collagen are compared with 
those calculated for the entire population from the 
archaeological data of MACIWSH (1967) in Figs 4 and 
5. These comparisons indicate significant differences 
in the patterns through time. The 4°C values of the 
diet as estimated from collagen display a significant 
shift to diet sources enriched in 13C between the El 
Riego and the Coxeatlan phases, and a relative con- 
stancy thereafter. The diet 6°C values that we recon- 
structed from the archaeological data on the other 
hand, show only small changes from the El Riego up 
to the Santa Maria phases, followed by a rapid in- 
crease in 6r3C values during the Palo Blanc0 and 
Venta Salada phases. The diet 615N values as esti- 
mated from collagen decrease in going from the Ef 
Riego to the Venta Saiada phases whereas the 
archaeological data suggest that the diet S15N values 
increased slightly over the same period. 

The P3C and 6’sN values estimated from the 
archaeological data for the diet of the Ajalpan phase 
are subject to more uncertainty than those for the 
other phases because the amount of fossit food re- 

covered for this phase was approximately an order of 
magnitude less than that recovered for any other 
phase. Accordingly, we have connected the Ajalpan 
points to the curves in Figs 4 and 5 with dashed lines. 

A shift towards higher 613C values for the diet 
would be caused by an increased utilization of C4 
and/or CAM plants (or of animals that fed on them) 
as diet sources. A shift towards lower diet d’ 5N values 
wouid result if legumes (or animals that fed on them) 
made up an increasingly larger part of the diet. The 
most likely cause for these trends would be an in- 
crease in the use of corn, a C4 plant, and beans, which 
are legumes, as food sources. The archaeological evi- 
dence suggests that utilization of these two types of 
food increased during the occupation of Tehuacan 
(KAPLAN, 1967; M~cmm, 19671. However, the kin- 
etics of the processes whereby these two food sources 
came to be used are different as judged by the isotopic 
and archaeological evidence. 

The question arises as to which estimate of diet is 
more reliable. The archaeological reconstruction of 
diet done by MACNEISH (1967) is based on identifica- 
tion of plant and animal remains recovered either 
free or bound in feces. in association with human 
artefacts and skeletons. The method involves estimat- 
ing how much edible food a single fragment of a food 
source (e.g. a corn cob. a bird feather. etc) represents 
and estimating how many specimens of that food 
source would be recovered if the total debris of the 
population that occupied the sites during a given 
phase could be excavated. After these estimates have 
been made for each type of food that was recovered. 
the percentage of diet derived from each food can be 
calculated. The method is subject to some uncer- 
tainty. since some diet components are more likely to 
be represented in the debris and feces than others. due 
to difTerences in resistance to disintegration during 
digestion and/or burial (MACNEISH. 1967). Addition- 
ally, this approach @ves a better estimate of the food 

Table 2. S‘jC and 615N values of fossil plants recovered in association with human bones m the Trhuacan Valley 

PLANT 
CARBON DIOX;DE 
FIXATION TYPE 

NITROGEN 
INCORPORATION TYPE 

% non-legume - 9.5 +11.2 

Gmmon bean 
(Pkaeeolus mdgarisl 

C3 legume -2L.O + 8.4 

c, non-legume - a.5 4.13.1 

Gua je 
(Leucaena saeutentai 

C3 legume -21.2 C13.6 

Soluchil 
iBeaucarnea gracilisl 

c, non-legume - 9.13 iL6.1 

Tepary bean 
(Phaseotas cteutifotksi 

C3 legume -23.5 4-14.5 
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sources that were available to the population. rather 
than those that were actually eaten (SCHO!NNGER. 
1979). 

The methods we used to estimate the isotopic ratios 
of the foods available in the Tehuacan Valley add 
uncertainty to the isotopic ratios calculated for the 
diets of each phase from MACNEISH’S (1967) data. If 
the 613C and 6r5N values assigned to the various diet 
components differ from the actual values. the isotopic 
ratios we calculated will be in error. However, if the 
isotopic ratios of the food sources remained relatively 
constant over the lifetime of the population at Tehua- 
can, the general shapes of the two curves that trace 
shifts in the diet 8 “C and 8’ ‘N values would be simi- 
lar to those shown in Figs 4 and 5. The 613C values of 
the different plants eaten by the human population of 
the Tehuacan Valley and by the animals that they ate 
probably did not change considerably during the 
occupation. since plant 613C values are determined 
primarily by the well-buffered #‘C value of atmos- 
pheric CO2 (PARK and EPSTEIN. 1960). Any systematic 
change in the 615N values of the available plants 
would probably have been toward higher 8 5N values 
as time progressed (and hence in the opposite direc- 
tion of the trend we observed in collagen 615N 
values), since both cultivation and fertilization with 
animal waste cause soil 615N values to increase 
(KREITL~R. 1975). 

there is a reasonably large data base (the Venta 
Salada). the standard deviations about the means for 
both the 613C and 6’ 5N values of collagen are on the 
order of +O.SS& The changes in the diet isotopic 
ratios that are of significance in the arguments 
presented above are larger than this measure of the 
uncertainty in estimates of diet 6’ )C and 6l ‘N values. 
Second. in order to estimate the isotopic ratios of diet 
from the collagen ‘3C,‘1zC and 15N,/14N ratios, we 
assumed that the isotopic fractionations between diet 
and collagen in humans are the same as those we 
observed in mice. If this assumption is not valid. the 
diet 613C and 6i5N values are in error, although 
probably by no more than 39, However. as long as 
the isotopic relationships between diet and collagen 
were the same for all individuals from the Tehuacan 
Valley. the diet isotopic ratios we calculated are all off 
by the same amount. Thus, although the estimates of 
diet S13C and 6r5N values based on isotopic analysis 
of collagen may be wrong by 2-3Ym the patterns of 
shifts in diet isotopic ratios are probably correct. 

The results of isotopic analysis of a few of the many 
plant specimens recovered in association with human 
skeletal material in the Tehuacan Valley, presented in 
Table 2, indicate that it may be possible to determine 
if there were temporal variations in the 8°C values of 
different plants available during the occupation. The 
6r3C values of the archaeological plant specimens are 
similar to those of modem C3 and C, plants (BENDER, 
1968, 1971; LERMA~’ and RAYNAI_ 1972; SMI~ and 
BROW~V. 1973; SMITH and EPSK%+ 1971). suggesting 
that these plants have retained their isotopic identi- 
ties. On the other hand, the 6r5N values of the fossil 
plants. also given in Table 2, are much higher than 
observed for modem legumes and non-legumes 
(BARDS er al.. 1977; DELW~CHE and STEEN, 1970; 
DELWKHE et al.. 1979; HOERING. 1955. 1956; MEMTS 
er al.. 1975; RENNIE et al., 1976). The relatively high 
615N values for the archaeological specimens cannot 
be explained by the effects of chemical fertilizer on the 
6”N values of modem plants. Rather, it appears that 
the original 6r5N values of the archaeological speci- 
mens have been shifted during diagenesis. If this pro- 
cess affected all of the plant material excavated from 
the Tehuacan Valley, it will probably be impossible to 
determine the variability of the S15N values of the 
plants that were available during the occupation. 

Finally. the isotopic method of dietary analysis 
involves the assumption that the 6’ “C and 6’ ‘N 
values measured for bone collagen are not signifi- 
cantly different from the values the collagen had when 
it was incorporated into the bone. The isotopic ratios 
of collagen might be altered by processes that occur 
during diagenesis, such as those that cause changes in 
the concentration of collagen in bone and in its amino 
acid composition (e.g. Ho, 1967). The bones from the 
Tehuacan Valley apparently have undergone some 
diagenesis. The concentration of collagen in the 
bones, as shown in Fig. 6, varies over a wide range. 
For comparison, the fresh mouse bones we analyzed 
had 16.7 + 1.1% collagen (n = 10). The carbon/nitro- 
gen ratios of the fossil collagen, also shown in Fig. 6, 
are significantly higher than the ratios observed for 
collagen from the mouse bones, which averaged 
2.9 * 0.1 (n = 10). We do not have data on fresh 
human bone to determine the degree to which the 
discrepancies between the values observed for human 
and mouse bones reflect differences between species. 
However, the observation that the 6l ‘C and 6’ ‘N 
values of collagen from the bones of the eight Venta 
Salada individuals agree to within +O.Sy& in spite of 
the fact that the collagen concentrations range from 
12.0:~ down to 5.4% suggests that diagenetic alter- 
ation did not have a significant effect on the isotopic 
composition of the collagen in these and the rest of 
the Tehuacan samples. We stress, however, that this 
argument is only suggestive of the conclusion we have 
drawn, and that rigorous analysis of the effects of 
diagenesis on the isotopic ratios of bone collagen is 
needed. 

The estimates of diet based on isotopic analysis of We conclude that the reconstruction of diet based 
bone collagen are also subject to uncertainty. First. on the isotopic ratios of bone collagen may be more 
the diet isotopic compositions were estimated from reliable than that based on archaeological analysis of 
isotopic ratios of collagen from only one or two indi- plant and animal remains from the deposits in the 
viduals for three of the four phases for which any data Tehuacan Valley. However. the reliability of the diet- 
were obtained. However. for the one phase for which ary reconstruction based on isotopic analysis will be 
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Fig. 6. Concentrations. carbon/nitrogen ratios, d”C values and 615N values of collagen Isolated from 
bones of individuals who lived during the designated phases of the occupation of the Tehuacan Valley. 
The collagen conCentrat]ons are given as percentages of the dry bone wetghts. The carbon/nitrogen 

ratios were calculat@ from the elemental weight percentages of the collagen. 

greatly increased when more fossil skeletal and plant 
samples are analyzed and when the effects of dia- 
genesis on the isotopic composition of bone collagen 
are understood. 
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