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i. ABSTRACT 

This thesis is the outcome of a research project undertaken to determine how diet can affect 

the reliability of rat bone (especially that of Rattus exulans) for accurate radiocarbon 

analysis. It addresses questions about the reliability of R. exulans bone for radiocarbon 

dating with respect to the survival of bone in archaeological and natural burial sites, 

laboratory processing methods, and the extent to whieh diet influences radioearbon ages of 

bone. 

I have shown that R. exulans bone can return reliable radiocarbon dates, based on bone survival 

and the efficacy of chemical treatment to remove burial contamination. In three dietary 

investigations, stable isotope (813C and 815N) and radiocarbon e4C) analyses of modem 

populations and archaeological specimens also indicated that Rattus exulans and other 

omnivorous species can have radiocarbon values influenced by a diet linked to 14C - depleted 

reservoirs. Moreover, depleted carbon reservoir effects are localised and variable in their 

magnitude. 

Work on modem populations also provided an improved means of isotopic analysis in an 

ecological study, where bomb-generated radiocarbon (A 14C) signatures in the natural 

environment were used as for other "tracer" studies, in conjunction with stable isotopes (813C 

and 815N). Results indicated that the changing atmospheric 14C signal flXed into the biota in a 

given year by photosynthesis is transferred from plants through trophic levels to end-members, 

including rats. The additional isotopic "cluc" about diet given by radiocarbon analysis offered a 

better understanding of the variation in diets of R. exulans in different habitats. Variation in the 

isotopic signal among individuals supported other observations that diets of scavenging rats are 

opportunistic and associated with faunal availability in different habitats. 

To better understand diet-induced radiocarbon variations, I also examined the carbon 

contribution to bone protein from essential amino acids in the diet. Essential amino acids are 

the biochemical "messengers" in the carbon transfer from diet to bone protein. I originally 

proposed that the dietary l4C contribution might be measured by HPLC separation of essential 

amino acids in bone protein. Analysis of a selection of amino acid separations from protcin 

hydrolysates showed that essential and non-essential amino acids produced widely varying 

813C and A14c. I hypothesisc that the radiocarbon variations in non-essential amino acids may 

be due to metabolic effects that utilise essential amino acid carbon skeletons in the creation of 

non-essential amino acids. 
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Insights gained from this body of research support the position that when poor bone 

preservation or dietary variation can be ruled out, bone of R. exulans is able to return reliable 

radiocarbon ages. In particular, the reliability of the older than expected ages for R. exulans 

reported by Holdaway (1996) is supported by this new work 
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I. INTRODUCTION 

This thesis comprises a compilation of published peer-reviewed papers, manuscripts "in 
review" at time of thesis deposit, and an unpublished manuscript. These papers report on a 
PhD research program to examine the reliability of Rattus exulans bone for radiocarbon 
dating. I am the primary researcher and author of this study. I conceived the research 
questions, the research methodology, and collected the bulk of sample material. I prepared 
the sample materials for Accelerator Mass Spectrometry (AMS) radiocarbon, stable isotope 
analysis, amino acid separations and amino acid analysis that resulted in the original data 
presented here. The interpretation of that data has been solely my own, in consultation and 
consensus with co-authors. Dr. Rodger Sparks has been my on-site supervisor at the Rafter 
Lab, Institute of Geological and Nuclear Sciences. Dr. Sparks supervised the AMS analysis 
of all samples and contributed as a co-author in an editorial capacity, and with valuable 
assistance in understanding the statistical analysis of radiocarbon data. My co-author Dr. 
Bruce McFadgen contributed to manuscripts in an editorial capacity, and obtained additional 
bone samples and other material for the research at Pauatahanui and Lake Taupo. Dr. 
McFadgen has also tutored me in statistics, and provided statistical analysis of Pauatahanui 
and Lake Taupo results. 

Nancy R. Beavan-Athfield _________________ _ 

I. Introduction 

"The most productive thinking happens when you realise that something you've held as a 
truth is wrong, and therefore everything that depends upon it unravels, so then you're in 
confusion and you start to re-think the problem. (I learned early) never to consider any 
thought you've had as being sacred, because that's the worst thing you can get into." 

Dr. Wallace Broecker, The New York Times, March 17,1998. 

A paradigm shift may require a significant change in the way a body of evidence is viewed. 

New knowledge must be incorporated into an established body of data and interpretation of 

the latter may require some degree of reinterpretation. Publication of new radiocarbon dates 

indicating that the Pacific rat (Rattus exulans) was in New Zealand much earlier than is 

accepted (Holdaway 1996, Holdaway et al. forthcoming) provides an obvious example. Yet 

before new and controversial conclusions can be accepted and integrated with an established 

body of knowledge, the data on which they are based must be shown to be reliable; thus, the 

factors that influence the reliability of radiocarbon dates for R. exulans provide the theme of 

this thesis. 
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Rattus exulans is a human commensal whose distribution from a south-east Asian homeland 

throughout the Pacific Islands is directly associated with human voyaging (Roberts 1991, 

Matissoo-Smith 1994). The earliest dates for R. exulans in New Zealand, therefore, become 

a proxy for earliest human arrival, whether permanent or transitory. The reliability of 

radiocarbon dates on rat bone is also pertinent to the timing of the introduction of R. 

exulans, which has potentially wide-ranging implications for understanding the rate of 

extirpation and extinction of pre-contact faunal assemblages in New Zealand. 

Until 1996, a short prehistory was in favour among many New Zealand archaeologists. 

From this archaeological perspective, human contact with New Zealand began no earlier 

than dates established for the earliest Polynesian settlements in New Zealand, at 850 yrs BP 

or less. While this paradigm is based on an extensive corpus of radiocarbon dates on 

archaeological sites (Anderson 1991, McGlone et al. 1994), a refreshing consideration of the 

possibilities for earlier contacts and different voyaging patterns has also been presented by 

Kirch (1986) and Sutton (1987). What was required to bring alternative views of Polynesian 

contact and distribution patterns in the Pacific into hard debate were early and reliable dates 

on some material associated with human presence, if not settlement, in New Zealand. 

This evidence arose, finally, not from research based in archaeology, but from the field of 

paleobiology. In 1995, Dr. Richard Holdaway submitted a series of R. exulans bone and 

various bird species bone samples to the Rafter Radiocarbon Lab for 14C dating as part of a 

faunal extinction study on avian predator sites in the North and South Islands of New 

Zealand. In these sites, R. exulans dates would set the timing for the introduction of an alien 

predator and its impact on the pristine fauna. It was significant to both paleobiological and 

archaeological chronologies, then, when accelerator mass spectrometer (AMS) radiocarbon 

results on 15 of Dr. Holdaway'S rat bone samples extracted from various avian predator sites 

produced ages of 1500 to 2155 years BP (Holdaway 1996). 

The announcement of these dates in the journal Nature was the starting point for what then 

became an intense dispute among archaeologists. Were the radiocarbon dates secure and an 

indication of a significantly earlier human contact with New Zealand than the current 

paradigm, or were the dates unreliable for reasons of poor bone survival, burial 

contamination, or diet? To address these concerns, I began my research by assuming that 

one or more of three possible situations could explain the unexpected ages for R. exulans: 
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1. Bone had undergone diagenesis (burial conditions which degrade protein), or inadequate 

processing had not removed burial eontaminants, and thus altered radiocarbon dates 

2. Rat diet was a vector for depleted or dead 14C to become part of rat bone protein 

3. Rat bone 14C ages were secure, if deterioration, processing effects, and dietary influence 

could be excluded 

Considering the entire corpus of radiocarbon ages produced for R. exulans bone from both 

avian predator and archaeological sites since 1995, anyone of the above explanations were 

feasible for anyone radiocarbon age produced from R. exulans bone. 

In this work, the arguments raised to exclude R. exulans bone radiocarbon results from 

consideration in the debate on early (>800 yr BP) introduction of the species to New 

Zealand have been met with the data I accumulated in studies that evolved from the three 

possibilities listed above. A postulation by Anderson (2000), though, that radiocarbon dates 

>800 yrs BP had been produced due to a "production trend" in the processing laboratory has 

also had wide distribution, and must be addressed scparately. 

Anderson maintained that, at a very specific period in time, the lab either became more 

cxperienced in the preparation of bone for radiocarbon analysis, or that the lab altered and 

improved the chemical processing technique for small bone samples which included Rattus 

exulans bone. This remarkable "production trend" is the least probable of all possibilities 

regarding the validity of rat bone results. Firstly, the intensive review of laboratory 

techniques and results by Hedges (2000) for all of the R. exulans results produced between 

the 1995 and 1998 period at the Rafter Lab noted that: 

• a single, unaltered chemical processing technique was applied to all bones, including rat, 

during the period in question, 

• the processing technique was adequate for dealing with rat bones which were well 

preserved, a condition confirmed by CN ratios and amino acid analysis, and 

• there was no cvidence of contamination added during chemical processing or during 

accelerator mass spectrometry analysis. 
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Hedges concluded that these factors, "on the whole provides arguments against 

contamination explanations" (Hedges 2000: 397). Hedges also suggested that clustering of 

older rat dates in a given period of time could have been an effect of sample selection; that 

is, of a submitter purposely submitting bone and other material found in the deepest stratum 

of a site in order to resolve terminal ages for the site. Holdaway has stated that this was in 

fact the case (Holdaway,pers. com. 1998), and thus any clustering of older R. exulans bone 

dates produced in a certain period of time would certainly reflect sample selection. 

Anderson (2000: 250) rejected this possibility, pointing to additional "too-old" rat bone 

dates, analysed by the Rafter and Oxford Labs in 1996 and 1997, from archaeological sites 

on Norfolk Island and the Pleasant and Shag Rivers, Otago. Thus, from the published 

Holdaway (1996) and Beavan-Athfield (1999) data, and the results from Norfolk Island and 

the two coastal Otago sites, Anderson constructed the argument for a "production trend," 

While intriguing when first asserted, the primary weakness of this idea is simply that it was 

based upon an incomplete data set for all the radiocarbon dates on R. exulans that were 

produced by the Rafter Laboratory for the period in question. For example, Anderson 

(2000:248) stated, "All 10 archaeological determinations ... and 17 bones from natural 

sites ... measured 1995-1996 (were) younger than 800 BP" (here, Anderson means that 

calibrated ages were >800 yrs BP). Anderson was, in fact, not privy to almost twice as many 

bone determinations from natural sites and from my own dissertation research that had not 

yet been published or otherwise released, and did not enquire whether additional 

determinations existed. 

Anderson (2000:250) further stated, " .. , there are no determinations (>800 yrs BP) ... in the 

NZA 7000-8000 series," which led to the rather dramatic summation that the change in the 

age of rat bone results with time, " ... is almost as if there has been a geological event, with 

incremental movement giving way to sudden displacement" (Anderson 2000: 250). 

Although a colourful analogy, a comparison of Anderson's graph (Fig 1.1) with actual 

Rafter Lab production of rat bone dates (Fig 1.2) indicates that it was simply not a factual. 
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Fig 1.1 Reprint of Anderson (2000:252) "production trend" citing 60 radiocarbon determinations on rat bone 
by the Rafter Lab between 1995 and 1998. Exponentially weighted moving averages of AMS ages are 
plotted. NZA 7000+ results (after which Anderson claims only younger dates are produced) begin at point 
32. Archaeological results are shown as squares and natural/avian predator site results as circles. 
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Fig. 1.2 The total 171 AMS dates for rat bone (archaeological site, natural site and modem trapped populations), beginning October 1995 - November 2000 produced at the 
Rafter Lab. Note that 13 AMS ages of < 900 yrs BP were produced before the start of NZA 7000, and six AMS rat ages older than 900 yrs BP produced after NZA 7000, 
which contradicts Anderson's (2000) premise. Among these results are two R. exulalls with "negative" ages representing modern ( post- 1950, bomb carbon influenced) 
specimens, which were submitted in the suite of Holdaway samples for test purposes, and were produced between NZA5719 and NZA588I. The eRA results of these two 
Rattus exulans agreed within ± 5 yrs of their known dates of death in 1980 and 1976. 



Anderson also chose an "exponential running average" to produce a graph which 

ostensibly illustrated how only >850 yr BP dates were being produced before 1996, and 

only <850 yr BP dates produced after January, 1997. This statistical method would not 

have been an optimal way to illustrate the "production versus calendar dateINZA 

sequence" of "younger" and "older" dates, even if Anderson were in possession of the 

complete dataset. Running averages would have tended to obscure the small number of 

dates earlier than 800 yrs BP (before NZA 7000) and later than 800 yrs BP, which were 

produced after NZA 7000 (Fig 1.2). 

With the "production trend" put aside, a rigorous investigation of R. exulans bone dates 

must necessarily focus upon the aforementioned aspects of bone survival in a burial 

medium, the efficacy of ehemical processing to remove contaminants found in burial 

situations, and the ability of diet to alter radiocarbon ages. 

The work reported in this thesis on extant populations of R. exulans and other species 

showed that diet does effect radiocarbon values in bone and other tissue, and thus diet was 

a viable explanation for some cases of anomalous radiocarbon ages in sub-fossil bone, such 

as at the Pleasant River archaeological site. Multiple-isotope investigations were required 

to identify the carbon reservoir in complex food webs, such as those for omnivores that can 

access both terrestrial and aquatic food chains. For these complex diets, a 3-isotope 

configuration that better identifies diet/source associations was preferred, and I used a 

radioisotope, ~ 14C, for the first time in such a configuration. I also found that sub-fossil R. 

exulans bone had good protein survival in both natural and archaeological sites that were 

investigated, and the chemical treatment procedures used in their processing were 

appropriate and efficacious. 

Understanding the effects of diet, bone survival and processing also showed that a format 

could be developed to test ostensibly "anomalous ages" for R. exulans (see Holdaway and 

Beavan 1999). As to the original Holdaway (1996) results, there is no indication of diet

driven radiocarbon anomalies, and in those sites with dates on other contemporaneous 

materials and secure stratigraphic position, rat bone data are in agreement. Thus, R. 

exulans radiocarbon ages >800 yrs BP are shown to be secure, and indicate the presence of 

R. exulans in New Zealand up to 2000 years ago. 
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n. ARCHAEOLOGICAL BONE: PROTEIN SURVIVAL AND PROCESSING 

EFFECTS 

In this chapter the survival of Rattus exulans bone and its reliability in returning 

radiocarbon dates in agreement with a contemporaneous material (Austrovenus sp. shell) in 

an archaeological site at Pauatahanui, Wellington, was examined (Beavan-Athfield et al. 

1999) 

In the second manuscript (Beavan-Athfield and Sparks 200la), the presence and 

availability of burial contaminants that might complex with bone protein were examined at 

a second archaeological site, Pleasant River, Otago. At this site, R. exulans bone has 

returned variable and sometimes anomalous radiocarbon ages with respect to dates from 

charcoal and Austrovenus shell. Anomalous ages returned by R. exulans bone had been 

attributed to ineffective chemical pretreatment to remove humic acids contributed by the 

burial environment.· I found no burial contaminant of great age that would compromise the 

14C ages of bone protein. From these two investigations, I also conclude that the processing 

techniques employed were effective for the material type and its condition after burial. 
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Reliability of bone gelatine AMS dating: Rattus exulans and marine shell 
radiocarbon dates from Pauatahanui midden sites, Wellington. 

Nancy Beavan-Athfield*, Bruce McFadgen and Rodger Sparks* 

*Rafter Radiocarbon Laboratory, Institute of Geological and Nuclear Sciences, Box 31-312, 
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(Radiocarbon 41 (2), 1999: 119-126, reprinted with minor editorial amendments) 

Abstract 

A suite of six bone gelatin accelerator mass spectroscopy (AMS) radiocarbon dates for Rattus exulans Peale 

and associated beta decay radiocarbon dates for Austrovenus stutchburyi shell are presented for four middens 

at Pauatahanui, Wellington. Mean calibrated age ranges of Rattus exulans (520 435 and 350 - 330yr BP at 

95% confidence level) and shell (465 375 yr BP at 95% confidence level) from the four midden sites 

overlap. The agreement between Rattus exulans bone gelatin dates and associated shell provides an inter

sample comparison of 14e dating using both gas counting (beta decay) and AMS dating techniques. We 

examine the adequacy of the standard gelatinization treatment for bone samples, which has been employed 

consistently at the laboratory since 1995. 

Introduction 

Bones of some Rattus exulans found in naturally deposited, avian predator middens in New 

Zealand have conventional radiocarbon ages of up to 2000 yrs BP (Holdaway 1996). These 

ages are considerably older than the accepted timing for the human colonisation of New 

Zealand of less than ca. 700 yr BP based on analyses of 14C dates for human occupation 

sites (Anderson 1991, McFadgen et al. 1994; Higham and Hogg 1997). Rattus exulans is 

not endemic to New Zealand. Its arrival on Pacific islands is associated only with transport 

by humans (Matissoo-Smith 1994) and 14C ages on sub-fossil specimens of Rattus exulans 

are thus a proxy for times of earliest human contact with New Zealand. 

An early date for the colonisation of New Zealand by Rattus exulans has implications for 

understanding changes in New Zealand's unique biodiversity following human contact. It 

is therefore important to determine whether the date of ca. 2000 yrs BP for the arrival of 

Rattus exulans is reliable. 
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There has been some controversy as to the reliability of the earliest dates of 1500 to 2000 

yrs BP for Rattus exulans from avian predator sites. It has been suggested that the 

anomalous Rattus exulans ages are a dietary effect arising from rodents eating marine

based foods depleted in 14C (Anderson 1996). Beavan and Sparks (1998) have reviewed 

modern, island-based populations of Rattus exulans and observed small variations of 14C 

that could be associated with diet. The partitioning of diet between marine and terrestrial 

sources of food, however, appears to moderate the full effect of a marine depletion, and 

depletions seen in modern populations of Rattus exulans suggest the effect on 14C ages 

would be <300 14C years. This is considerably less than required to explain the 800 to 1200 

yr shift from ca. 700 yr BP in the oldest Rattus exulans dates from the natural sites, as in 

Holdaway'S (1996) corpus of samples. 

Anderson (1996) has als.o criticised the efficacy of the preparation methods used in 

obtaining Rattus exulans ages. At one occupation site, Pleasant River in North Otago, 

New Zealand, results from two laboratories, including Rafter, have Rattus exulans with 

calibrated ages up to 900 yr greater than the 400 to 800 cal BP timespan of midden layers 

as based on 14C dates of associated shells and charcoals (Smith and Anderson 1998). The 

Rafter Lab examined soils from the site for significantly depleted carbon that could 

exchange with bone, yet found no obvious source of a tenacious contaminant. Work on the 

problem at this cultural site at Pleasant River will be described in a separate publication 

(Beavan-Athfield and Sparks 2001a). In addition, a review of the reliability of bone 

gelatin dates from CaC03-rich deposits in predator-deposited sites has been completed 

(Holdaway and Beavan 1999). 

In this paper we report on other tests of the efficacy of chemical preparation techniques 

employed at the Rafter Laboratory and used for all rat bone since 1995. We have used 

Rattus exulans mandibles from middens of known age on the southern shore of the 

Pauatahanui Harbour, north of Wellington, New Zealand (Figs. 1 & 2). We compare the 

results to 14C results on marine shells from the same middens. We also utilise a protocol 

for detecting the exchange of carbon between bones and their burial environment via 

amino acid and isotopic analysis of both bones and burial soils. 
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Pauatahanui Middens 

Pauatahanui Harbour is an inland ann of the sea that fonned when a river valley was 

drowned by the rising sea level at the end of the last Pleistocene glaciation (Fig. 1). Hills 

around the harbour are greywacke sandstone mantled by non-calcareous loess deposited 

during the Pleistocene glaciations (Healy 1980). Shell middens on the shoreline and hills 

around the harbour mark the sites of old cultivation grounds and temporary hunting and 

gathering camps used by the Maori in prehistoric times. 

Porirua Harbour 

Fig.2 

Fig. 1. Location ofPauatahanui Inlet 

The four shell middens (Ml, M2, M4, site R27/45; M9, site R27/35) on hills behind the 

south-eastern shore of the harbour (Fig. 2) were excavated in 1978179 (McFadgen 

unpublished). The middens were discrete deposits of shells originally discarded on the 

ground surface, covering an area between ca. 60m2 and ca. 225m2
. The maximum 

thicknesses of the deposits varied between the four middens from 10cm to 35cm. Over 

time the shells gradually became incorporated into the topsoil. At the midden edges, where 

shell layers were thin, the shells had been scattered through the topsoil by soil biological 

activity. On the thicker parts of 
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Contour interva115m 
Contour heights in meters above sea level 

Fig. 2. Locations ofPauatahanui shell middens from which Rattus exulans bone and Austrovenus shell 

were sampled. 

the middens, windblown drift had buried the shells and gradually percolated down through 

them. Soil-forming processes had not entirely destroyed the stratigraphy, and a few shell 

lenses comprising concentrations of bumt shell and various sized shell could be discerned. 

Apart from the few shell lenses, there were no other stratigraphic breaks. 

All four middens contained the bones of Rattus exulans that had been hunted and trapped 

in the surrounding forest and grassland. The bones were stained and blackened by contact 

with the burial soiL Soils formed of greywacke and loess are typically moderately acid 

(N.Z. Soil Bureau 1968), which would contribute to the weathering of the bone. The 

preservation of the Rattus exulans bones within the middens was aided by the calcareous 

nature of the associated shell. 

The shells from the middens (Ml, M2, M4, M9, Fig. 2) were l4C dated by the gas counting 

(beta decay) method in 1979 (R. A. Empson and B. G. McFadgen, unpublished data). 14C 

dates for shells of the harbour bivalve Austrovenus stutchburyi (MI, M2, M4, M9) and the 

ocean coast, rocky shore gastropod Haliotis iris (MI) indicate that the middens were 

deposited between 375 and 465 cal BP (see Table 3). Archived samples of Rattus exulans 
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jawbones from each of the four middens were submitted for 14C analysis by accelerator 

mass spectrometry (AMS) in 1997. 

Laboratory Procedures 

Rattus exulans Bone Samples: Jaw bones were brushed to remove burial soil, washed and 

sonically cleaned in deionized water, and dried in a vacuum oven at 30°C. Each sample 

was pulverised in mortar and pestle to <4S0 microns, and demineralized in O.SM RCI 

while stirring at room temperature for 1 h. Collagen was filtered from the solution and 

gelatinised with O.OlM RCI in a nitrogen atmosphere at 90°C for 16 h. The gelatin was 

double-filtered through Whatman® GF/C and O.4S flm Acrodisc® filters, and lyophilized to 

determine yields. An average of 4mg of bone gelatin was combusted in sealed tubes with 

CuO and silver wire at 900°C. The CO2 from the combustion was graphitized and 

analysed by AMS after an aliquot had been taken for 013C analysis. 

Shell samples: The shells were dated by conventional (gas counting) methods in 1979. x
ray diffraction showed between 0.6S% and 0.2S% calcite. Between 109g and 122g of 

crushed shell was treated with 400ml concentrated RCI. After drying, the evolved gas was 

purified by absorption in CaO at SOO°C and re-evolved by heating the resulting carbonate 

to 800°- 900°C. The CO2 from each sample was stored for up to three weeks before 

counting to allow radon to decay. 

Soil samples: A 1.87g sample of soil which was clinging to bones from Midden 4 (R27/4S) 

was picked free of root hairs and shell fragments, sieved to <212 microns, and ground in a 

mortar and pestle. The soil was washed twice in O.SM RCI at 8SoC for 30 minutes to 

remove carbonates, then filtered and rinsed to neutrality. Residue and final wash solution 

were lyophilized, for a yield of 1.49Sg. A 104.lmg sample of this prepared soil was 

combusted as above yielding 4.Omg of carbon, which was graphitized for AMS analysis of 

total organic carbon of the soil. 

We then prepared an extract of free amino acids from the total organic carbon component 

of the soil with SM RCI. The mixture was placed in a Pyrex tube and sealed under 

nitrogen, then heated at 100°C for 16 h. The extract was double-filtered through 

Whatman® GF/C and O.4Sflm Acrodisc® filters, and lyophilized to determine yields. 
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Amino acid analysis: Sub-samples of Img of hydrolysed bone protein, and a sample of the 

amino extract from Midden 4 soil, were analysed on a Waters Pico-Tag HPLC system by 

the Renal Research Unit of Wellington School of Medicine using the method of Negro et 

al. (1987). 

Stable Isotope Analysis: Carbon and nitrogen in the samples were analysed by an ANCA

SL elemental analyser in continuous flow mode interfaced to a Europa Scientific Geo 

20/20 mass spectrometer. Carbon and nitrogen isotopes were analysed simultaneously 

from an average l.5mg of sample. The C02 and nitrogen gases were resolved using 

chromatographic separation on a GC column at 85°C, and analysed for Ol3C and 015N and 

C/N ratios. Measurement error values are ± 0.1 %0 for carbon and ± 0.3 %0 or better for 

nitrogen. 

Results 

Rattus exulans bone condition: The. amino acid composition of bone protein was examined 

to detect protein degradation or intrusion of free amino acid from soils, in the manner of 

Stafford et al. (1988). The amino acid profile of the Pauatahanui bones is compared to a 

Sigma® rat tail Type 1 collagen and the average of nine amino acid profiles from modem 

populations of Rattus exulans (Table 1). 

The amino acid profiles of the Pauatahanui sub-fossil bones are in good agreement with the 

modem rat protein standards, and indicate minimal diagenetic change to the former. There 

is also no evidence of exogenous amino acid contamination in the purified protein when 

the Pauatahanui bones are compared to the profile of free amino acids in the burial soil. 

The Pauatahanui bones have stable isotope values (Table 2) within the expected range for 

terrestrial-based diet (DeNiro and Epstein 1978, 1981; DeNiro 1985). In addition, the C/N 

ratios for Pauatahanui bone protein (Table 2) are within the 2.9 to 3.6 range for well

preserved bone (DeNiro 1985). 
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Table I. Amino acid values (residuesll 000) from amino acid profiles for Pauatahanui Rattus exulans and 
soil of burial, compared with Sigma® Rat Tail standard and modem Rattus exulans bones. (a) Sigma® Rattus 
Type 1 collagen standard, Lot 36H3873; (b) Average of 9 modern Rattus exulans from Kapiti Island, 
Wellington, New Zealand, from Beavan and Sparks (1998); (c) average of 6 Pauatahanui Rattus exulans 
samples, R2156511,2,4,7,8,9 

Sigma@Rat Modern Pauatahanui 
Amino Acid Standard (a) Rattus exulans Rattus exulans R21565/1 Soil 

Average (b) Average (c) 
Hydroxproline 74.0 83.1±3,4 91.4± 3.5 10.0 

AspartiC 47.8 47.0 ± 2,4 51.5 ± 6.0 320.1 

Glutamine 76.5 81.0±3,4 84.7 ± 6.6 96.8 

Proline 112.4 111.0 ± 2.5 118.0 ± 4.0 54.2 

Glycine 300.0 310.0 ± 8.2 318.0 ± 13,4 156.1 

Alanine 117.4 107.0± 2.2 115.5 ± 3.6 94.4 

Arginine 49.1 49.9± 0.6 47.5 ± 0.3 8.4 

Table 2. C/N ratios and stable isotope data for Rattus exulans bones from Pauatahanui. 

Archaeological 
Sample ID site number 015N%o %N 013C %o %C CIN 

R21565/1 R27/45 (M4) 8.3 15.2 -20.6 49.7 3.3 

R21565/2 R27/45 (M1) 8.1 6.8 -20.2 21.2 3.1 

R21565/4 R27/35 (M9) 5.5 10.2 -20.9 32.7 3.2 

R21565/7 R27/35 (M9) 6.9 14.6 -19.6 43.1 2.9 

R21565/8 R27/45 (M2) 9.9 13.7 -20.2 40.5 2.9 

R21565/9 R27/35 (M9) 9.3 11.9 -19.3 34.9 2.9 

Comparison of rat dates and shell dates: The ages of the rat bones are compared to the 

shell ages in Table 3. There is no a priori reason to expect the shell middens to all be 

contemporary, nevertheless the shell dates are not significantly different (T' = 4.7, i' 0.95, 

v=5 = 7.81; T' test, Ward and Wilson 1978). Because the shells are marine organisms and 

rats are terrestrial their 14C ages are not directly comparable. However, if the rats are 

contemporary with the middens, the rat 14C ages should be a homogenous set and the 

calibrated mean ages of the shells and bones should overlap. Comparison of the rat dates 

shows that they are not significantly different (T' = 6.7, i' 0.95, v=3 = 11.07). Shells are 

corrected for the local marine reservoir effect by applying a ~R correction of -30 ± 15 %0 

(McFadgen and Manning 1990). Calibration of the weighted means of each date set shows 

that their 95% confidence limits age ranges overlap by 30 yr. 
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Table 3. Radiocarbon ages for rat bones and marine shells from Pauatahanui archaeological sites. Marine 
radiocarbon calibrations according to Stuiver and Braziunas (1993), with AR=-30 ± 15 yrs (McFadgen and 
Manning 1990). Comparison of weighted means of Conventional Radiocarbon Ages (CRAs) for rat and shell 

tested by T' statistic according to Ward and Wilson (1978) with i 0.95, v 5 = 11.07, X2 
0.95, >= 3 = 7.81 

respectively.) Terrestrial radiocarbon decadal calibrations according Stuiver and Pearson (1993) with no 
hemisphere offset. 

R. exulans 
Archaeological Conventional 
site number Radiocarbon 

Age 
R27/45 (Ml) 422± 84 

R27/45 (M2) 452 ±69 

R27/45 (M4) 361 ± 68 

R27/35(M9) 439 ± 71 
R27/35 (M9) 548 ± 68 
R27/35 (M9) 313 ± 68 

Weighted 422 ± 30 
means of T'=6.7, v=5 

CRAs 

Calibrated 520 - 453 
age range of 350 - 330 

weighted BP(95%) 
means 

Lab number 
(R. exulans) 

NZA7932 

NZA74 1 1 

NZA7044 

NZA7410 
NZA7933 
NZA7934 

A. stutchburyi 
Conventional 

Radiocarbon Age 
Marine-calibrated af(e 

833 =67 
630 - 415 BP 

722 =28 
450 310BP 

797 =33 
510-395 BP 

736 =28 
460-315BP 

752=17 
T'=4.7, v=3 

465 375 yrs BP(95%) 

Lab number 
(A.stutchburyl) 

NZ4699 

NZ4859 

NZ4861 

NZ4855 

Soil Organic Carbon: We examined the possibility that a soluble component of soil 

organic carbon, either humic acids or free amino acids from soil humics, could be 

incorporated into the bone. Free amino acids are formed by the degradation of soil organic 

matter, and are incorporated in mobile soil humic acids. If the soil amino acids were 

contaminating the Rattus exulans bone protein, we might then expect an alteration of bone 

amino acid profile or an age for the bones which was different from the shells. To test for 

effects of burial environment on bone data, we analysed prepared soil and the extracted 

soil amino acids from Midden 4 burial soil for stable isotopes, and we determined the l4e 
ages of the fractions, and did a soil-extract amino acid profile. 

The total organic carbon component of the burial soil from around Rattus exulans samples 

from Midden 4 (R27/4S) had a ol3e of -270/00 (Table 4). Two targets made from the total 

organic carbon component returned conventional 14e ages of 386 ± 69 yr BP and 491 ± 69 

yr BP (Table 4). 
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Table 4. Stable isotope and radiocarbon ages for Rattus exulans bones from Pauatahanui, Midden 4, 
compared with components of the soil of burial. (a) Conventional radiocarbon age (CRA), expressed in years 
before present (BP). 

SampJetype ~ 13C %0 ~ 15N%0 CRA3 Lab. 
(95%) Number 

Rattus exulans bone 
R27/45 Midden 4 -20.2 8.33 361 ± 68 NZA-7044 

Soil (Total Organic Carbon) -27.0 No data 386 ± 69 NZA-7036 
491 ± 69 

Amino acid extract of soil -24.0 7.12 47 +/- 67 NZA-8357 

Insoluble soil residue, -26.6 No data 675 +/-70 NZA-8356 
after amino acid extractions 

We then carried out the extraction of free amino acids from the total organic carbon 

component. The yield of amino acid extract from the total organic carbon component was 

less than 1 % and when combusted yielded ca. 16% carbon. 

The age for the soil free amino acid extract (47 ± 67 yr, NZA-8357) is less than the eRA 

of the Rattus exulans bones from Midden 4 (361 ± 68, NZA-7044), and the insoluble 

residue of the soil after the amino acid extraction (675 ± 70 yr, NZA-8356) is greater 

(Table 4). While the soil amino acid shows a significantly younger 14e age than the bone, 

other evidence indicates that exogenous amino acids are unlikely to be affecting data 

derived from rat bone protein. The amino acid analysis of the soil extract has a non

collagenous profile (Table 1) which, when compared with the collagenous amino acid 

profile for the Pauatahanui Rattus exulans bones, indicates that free amino acids from the 

soil have not been incorporated into the bone protein. The amino acid extract of the soil 

has a (5ue of -24.0 %0 (Table 4), and the insoluble residue of the soil remaining after the 

hot water extraction has a (5ue of -26.6 %0 (Table 4). Rattus exulans samples from all four 

middens have (Pc, ranging from -19.3 %0 to -20.9 %0 (Table 2), indicating that the 

gelatinization process used in preparation of the Rattus exulans bones has removed soil 

contaminants. 

Conclusion 

Bone has long been seen as difficult to date. From the Rafter Laboratory's experience of 

dating over seventy Rattus exulans from New Zealand and elsewhere in the Pacific, and 
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some hundreds of other bone samples, we find that the eonfidence in ages returned for this 

material can be improved by employing analytical techniques to test for degradation and 

contamination. 

Comparison of AMS dates for Rattus exulans bone and shell from the Pauatahanui 

middens is a typical method of cross-dating associated materials to establish confidence in 

14C ages returned for a particular site or speeific level in a site. Holdaway (1996), for 

example, used the method to test the reliability of dates from a number of sites in the North 

and South Islands, most notably the agreement of associated bird bone, charcoal, and moa 

eggshell AMS dates in sequences bounded by the Taupo Pumice at Hukanui in Hawkes 

Bay. 

In the Pauatahanui Rattus exulans samples a standard Rafter Laboratory procedure has 

returned accurate ages for bone from an archaeological site, with respect to site 

stratigraphy and 14C ages for associated shell. We have also employed a combination of 

amino acid profiling and stable isotope analysis eSN, BC) to evaluate possible burial 

contamination effects and the quality of the bone sample. The results presented here 

support the efficacy of a standard treatment employed at the lab since 1995, with typical 

agreement for bone and stratigraphically-associated materials processed at the Rafter 

Laboratory, including the corpus of Rattus exulans and associated bone, charcoal and 

eggshell dates from avian predator sites, as produced for Holdaway (1996). 
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Abstract 

Burial effects can playa role in age anomalies of radiocarbon-dated bone. The presence and impact of site 

contaminants - humic and fulvic acids, transferred in soil pore waters - should be empirically known for a 

specific site. In this study, we examine the possibility that a previously unidentified and ineffectively 

removed burial contaminant affected radiocarbon ages from Rattus exulans bone at the Pleasant River, New 

Zealand, archaeological site. Although we found no evidence for such contamination, this exercise does 

address the need for local environmental effects to be considered before drawing conclusions from 

radiocarbon anomalies at a site. 

Keywords: Radiocarbon, humic acids, contamination, bone, pre-treatment effects 

Introduction 

Several issues have been raised about the reliability of Rattus exulans bones for 

radiocarbon dating of archaeological and ancient avian predator sites in New Zealand. In 

particular, radiocarbon determinations on R. exulans bone from the Pleasant River 

archaeological site, New Zealand, have been rejected on the basis of variability attributed 

to laboratory processing methods (Smith and Anderson 1998). This criticism has been 

extended to cover all R. exulans 14C ages measured at the Rafter Radiocarbon Laboratory 

before 1996 (Anderson 2000). 

The Pleasant River site has a well-established chronology based on charcoal and marine 

shell radiocarbon dates indicating occupation from the late 12th or early 13th century 

through to the 15th or 16th century AD. However, only one of four R. exulans dates from 

the site falls within this range (Smith and Anderson 1998.) 

Two of the R. exulans samples were dated at the Rafter Radiocarbon Laboratory (Lower 

Hutt, NZ) and two at the Research Laboratory for Archaeology and the History of Art 

(Oxford, UK). Differences in pre-treatment methods between these laboratories have been 

advanced as one cause for the observed results (Smith and Anderson 1998). In fact, the 

only substantive difference between laboratory processing procedures was that Oxford, at 
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that time, used the additional step of passing soluble bone gelatin through an ion exchange 

resin. Ion exchange removes non-polar components found in humic acids, which are 

potential contaminants of bone during burial. As the process can also affect 15N values in 

the bone protein, Oxford has since discontinued the use of ion exchange (Bronk-Ramsey et 

al. 2000: 253). 

Two of the Pleasant River R. exulans dates present a particularly acute problem in 

interpretation. A right femur and a left mandible from a clutch of 14 rat bones in Area 2, 

Layer 4 ( as described in Smith 1999) were dated by the Rafter and Oxford laboratories, 

and gave results of 1039 ± 69 BP (NZA 6532) and 515 55 BP (OxA 6744), respectively 

(Smith and Anderson 1998: Table 1). A possible way to account for this difference is to 

assume that a 14C-depleted contaminant was incompletely removed from the bone 

processed at the Rafter laboratory. 

This explanation was tested by examining the direct burial environment of the bones. If the 

bone is contaminated by some 14C-depleted constituent in the surrounding soil, then that 

constituent should be identifiable in the soil itself. Here, we describe a series of tests 

undertaken on the burial soil from Area 2, Layer 4 from which the rat bones were 

collected, and show that contamination from "old carbon" does not account for the 

anomalous old rat bone dates at Pleasant River. 

Methods 

An outline of the soil fractions used in our experiment is shown in Fig 1. A soil sample 

from within 1 metre of the rat bones in Area 2, Layer 4 was sieved to remove gross 

inclusions and the component of less than 600 microns retained for processing. The 600 

micron sample was then chemically processed to produce four components. We regard the 

distance from the soil sample to the bone location to be sufficiently small that the soil is 

representative of the material in which the bone was buried, and sufficiently large as to 

avoid confusion with any possible leachate from the bone. 

The entire portion of 600 micron sieved soil, Fraction 1, had a 0.5M HCI wash at 85° C for 

I hour, was filtered to neutral with deionised water, and vacuum dried at 40° C. Fraction 2 

was a portion of the Fraction I soil which had been through the 0.5M HCI wash, treated 

with an 85° C alkaline wash of O.IM NaOH / O.lM N~207, and then a final 0.5M HC! 

wash at 85° C. Alkaline-soluble humic acids were precipitated from the alkaline wash 

water retained from Fraction 2, by adding 6M HCI while stirring, until pH 1-3 was 
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attained. The precipitated humic acids were allowed to settle, collected by filtering through 

a Buchner funnel set-up with Whatman™ glass fibre filters (GF/C) while rinsing with 

deionised water. The precipitate was then re-dissolved in 0.5M NaOH, re-precipitated at 

room temperature by adding 6M HCl, until pH 1-3 was attained. After rinsing with 

deionised water, this humic acid Fraction 3 was vacuum dried at 40° C. 

Fraction 1: 
>600 micron soil 

... 
O.SM HCI wash .. 

Fraction 2: 
----I>-I> Sub-sample of O.SM HCI 

wash soil ,. 
Filter, Whalman glass 

fibrc fillers 

t 
0.1M NaOH/0.1M Nap,0, 

wash/ Er1!ctiilJl3: 
---jI>fIo Precipitate humic acids 

from base wash waler in 
6M HCI 

Vacuum dry 30Q C (Retain wash water) .. 
O.SM HCI wash ,. 

Vacuum dry 30' C 
t 

Filter humicslWhatman 
glass fibre filters 

t 
Rinse humics in de ionised Fraction 4: 

water Sub-sample of 
... precipitated humic acids 

Re-dissolve humics in / (Fraction 3) in 0.01 M HCI 
O.SM NaOH sealed under N2 

t t 
Re-precipitate humics in Heat @ 90° C 16 hrs 

8M HCI t 
t Filter twice 

Rinse re-preclpitated i) Whatmah glass fiber 
humics with deiohised filter 

water/filter ii) 0.45 micron Acrodisc 
t t 

Vacuum dry 30" C Freeze dry 

FIG. 1. Processing scheme for Pleasant River soil from Midden 21 Layer 4, for radiocarbon analysis of 
various soil fractions. 

A portion of the humic acids from Fraction 3 was used to create the final Fraction 4, which 

represents further fractions that might be extracted under bone gelatinisation methods. A 

10mg sample of humic acids was placed in a Pyrex tube with O.OIM HCl, the tube was 

evacuated, filled with N2 to approx. 970mb, sealed and heated at 90° C for 16 hrs. The 

liquid was coarse-ftltered with a Whatman™ GF/C filter, then filtered again with an 

Acrodisc™ 0.45!lm filter. The solution was freeze-dried. The "gelatinisation" extractions 

with hot 0.0 1M HCl and double filtering is the final purification stage of the bone gelatine 

process used by the Rafter laboratory. It was performed on the precipitated humic acids to 

test the age of the soluble material most likely to remain in a bone gelatine mixture after 

chemical processing. 
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All four fractions were prepared for AMS dating usmg standardised combustion and 

graphitisation methods (see Beavan and Sparks 1998, Beavan-Athfield et al1999). 

Results and Discussion 

Results of AMS analysis are given in Table 1. Fractions 1 and 2, the 600 micron acid 

washed and acid/alkaline washed soil respectively, returned the oldest radiocarbon ages for 

the burial environment (915 ± 57 BP, NZA 9158) and 1000 ± 57 BP (NZA 9104). Both 

ages are significantly older than the pooled mean charcoal ages for the site (T' = 16.8,28.7, 

respectively, X2 
0.95, v=2 = 5.99, Ward and Wilson 1978). Fractions 3 and 4, the precipitated 

humic acids from Fraction 2 wash and the gelatinised extract of Fraction 3 humic acids, 

respectively, were only slightly older than the pooled mean charcoal dates for Area 2 (T'= 

0.45, 1.70, respectively, X2 0.95, v=l = 3.84, Ward and Wilson 1978). 

Table 1. Comparison of radiocarbon ages of Rattus exulans bone, charcoal dates, and soil fraction 
ages for the site Area 2, Layer 4, at Pleasant River. 

Sample # Area/Layer/ Lab# CRA Calibrated Description 
Square (YRSBP) range (20) 

PLR434- A2/L4/C4 NZA6532 1039 ± 69 882 -1161 AD R. femur from cluster 

1 
of rat bones in lOx2cm 

area 

PLR434- A21L4/C4 OxA6744 515 ± 55 1309 -1465 AD L. mandible from a 

3 
cluster of rat bones in 

lOx2cm area 

PLR 336 A2/SqB4 NZ7962 615 ± 59 1280 -1428 AD Charcoal 
PLR 338 A2/Sq C3 NZ7963 602 ± 69 1278 -1437 AD Charcoal 
PLR410 A2/SqA5 NZ7964 665 ±41 1275 - 1400 AD Charcoal 

639 ± 31 1287 - 1402 AD Pooled mean age 

PLR 339 A21L4 NZA9l58 915 ± 57 1014 - 1257 AD Frac 1) Acid washed 
soil from midden/oven 

site 

A21L4 NZA9104 1000 ± 57 964 -1170AD Frac 2) Acid/alkali 
washed soil from 
midden/oven site 

A21L4 NZA9105 683 ± 57 1251 -1404 AD Frac 3) Alkaline 
soluble humic acids 
fromsoil,< O.45/l 

A21L4 NZA9180 727 ±59 1219 - 1324 AD Frac 4) Acid soluble 
extract derived from 

hot acid wash of humic 
acids,< O.45/l 
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Components of Fractions 1 and 2 with sizes less than 600 microns could have been 

incorporated into raw collagen, which is the cold HCI-demineralized fraction of bone, and 

would increase the apparent age. The standard Rafter laboratory process, however, uses the 

raw collagen to derive a purified gelatin from hot acid extraction of collagen in an inert 

atmosphere (Beavan and Sparks 1998). Any contaminants present in the final gelatin 

would therefore need to be soluble in hot acid and be less than 0.45 microns in size to pass 

through subsequent filtering of the extracted, purified protein. 

The resulting ages of the humic acid (Fraction 3), and the <0.45 micron hot acid soluble 

and filtered humic acid extraction (Fraction 4), overlap with the pooled mean age of 

charcoal dates from Area 2, Layer 4, indicating that humic acids do not appear to be a 

source of "old carbon" which would contribute to anomalous ages for the rat bones from 

the site. Furthermore, given that a second mandible (from a contemporaneous part of the 

site), which had received ion exchange purification at Oxford yielded a date of 950 ± 60 

BP (OxA 6743, Smith and Anderson 1998: Table 1), we see neither a differential 

contamination effect, nor a single laboratory treatment effect as an obvious explanation for 

the inconsistent rat bone ages. 

An alternative possibility for the anomalously old rat bone ages is diet. When Shag River 

rat bone returned marginally enhanced 813C and 815N values, Anderson (1996: 181) argued 

for a high marine dietary input and subsequent increase of the radiocarbon age due to 

ingestion of 14C depleted foods, assumed to be marine. Recent work on modern 

populations of R. exulans has shown that while variations in 14C may be associated with 

food items available in distinct habitats, significant depletions in 14C are not always 

signalled by enriched 813C and 815N values (Beavan and Sparks 1998). In a subsequent 

paper, we shall review stable and radiocarbon results that we have recently completed for 

ancient bone from the Pleasant River site, from birds in terrestrial, marshland, and marine 

ecological niches (Beavan-Athfield and Sparks 200 I b). 

Conclusion 

We have been unable to find a chemical fraction from the soil that could be expected to 

accompany bone gelatin through all stages of sample processing and also result in a 

significant shift in the 14C age of the bone. The oldest component identified gave a CRA of 

1000 ± 57 BP and was eliminated at the "gelatinisation" stage of the processing. This is 

close to the CRA found for the R. exulans bone at the centre of this investigation; however 
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if this component had carried through to final processing it would require the sample that 

was measured to consist almost entirely of the contaminant, with very little material from 

the original bone. We regard this as quite unreasonable. 

We are left with the conclusion that contamination of R. exulans bone from older carbon 

found in mobile soil humic extractions does not account for the anomalously old ages 

found in bone from the Pleasant River site. 
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III. DIETARY EFFECTS ON RADIOCARBON VALUES IN POPULATIONS 
OF RATIUS EXULANS 

The papers in this chapter present research describing the uptake of dietary carbon from 

various reservoirs and its incorporation into the food chain. 

Dietary sources of carbon in living populations of Rattus exulans on Kapiti Island are 

examined in the ftrst paper (Beavan and Sparks 1998). Because dietary carbon is transferred 

to bone protein. by essential amino acids from diet, I proposed in that paper that this 

mechanism might be deconstructed by a Fast Protein Liquid Chromatography (FPLC) 

separation of essential and non-essential amino acids; intercomparison of the 14C values of 

essential and non-essential amino acids would then identify the carbon contribution from food 

items that were not in equilibrium with contemporary environments. After further work on 

amino acid separations, I found that dietary carbon transfers from essential amino acids to 

non-essentials appeared to be more complex than assumed in this model (see Beavan-Athfield 

and Sparks 200 I, Chapter N). 

In the second manuscript (Beavan et al. unpublished) isotope relationships of extant 

populations on Kapiti Island and Taranga (Hen) Island were examined using a three-isotope 

model, which paired OBC and 015N with bomb-generated il14C. 

To examine whether highly depleted radiocarbon signals are incorporated into food chains, 

14C - depleted carbon from a geothermal source was traced into food chain elements, 

including Rattus norvegicus, at Lake Taupo (Beavan-Athfteld et al 200 I). 

In manuscript four (Beavan-Athfteld and Sparks 200Ib), radiocarbon anomalies were found 

in three species of marshland ducks from the same midden sites/layers as the R. exulans bone 

dates that had been in question. These data provided evidence that anomalous 14C ages in 

some species at the Pleasant River, Otago archaeological site may be diet-driven. 
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Factors influencing 14C ages of the Pacific rat Rattus exulam 

Nancy Ragano Beavan and Rodger J. Sparks 
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(Radiocarbon Vol 40 (2) 1998: 601-613, reprinted with minor editorial amendments) 

Abstract 

An isotopic database for the PacificlPolynesian rat (Rattus exulans) and foods it scavenges is used to examine 

diet induced 14e age variation in onullvores. We discuss a suite of twenty-six A14e determinations and Be and 

l~ analysis for modern PacificlPolynesian rat bone gelatin and available food items from Kapit! Island, New 

Zealand (40° 51' S, 1740 75' E). These analyses provide the first isotopic data for modern specimens of the 

species, collected as part of a larger project to determine potential sources of bias in unexpectedly old 

radiocarbon age measurements on sub-fossil specimens of R. exulans from New Zealand. Stable e, N and 

radiocarbon isotopic and trapping data are used to trace carbon intake via the diet of the rats in each habitat. A 

survey of Kapiti has been completed and some preliminary observations can be made. Data from specimens 

linked to five specific habitats on the island indicate that modern populations of R. exulans are not in 

equilibrium with atmospheric values of A14
e, being either enriched or depleted relative to the atmospheric curve 

in 1996/97, the period of collection. The A 14e values recorded for Rattus exulans are associated with diet, and 

result from variation in A He values found in animal-protein food items available to a scavenging onullvore. The 

titre of carbon deviating from atmospheric values is derived from the essential amino acids in the protein-rich 

foods of the rat diet. 

Present evidence suggest.'> that the depletion required to affect 14e ages limits the possibility for diet to introduce 

dramatic offsets from true ages. Marine diets, for example, would have a variable effect on ages for terrestrial 

onullvores, and does not support the application of a standard marine correction for such specimens. We suggest 

that to identify the extent that diet may influence the l4e age in a given specimen of terrestrial onullvore, the 

separation and dating of essential amino acids versus a nonessential amino, such as glycine, be applied. 

Introduction 

The PacificlPolynesian rat (Rattus exulans) has been spread throughout the Pacific from Asia 

during approximately four thousand years of Polynesian exploration. Because the first 

appearance of R. exulans anywhere in New Zealand is associated with human occupation, its 

bones can be utilised as a proxy zoological tracer of human arrival, even when recovered from 

sites not associated with human occupation. 

There is active debate concerning the timing of contact with New Zealand by prehistoric 

voyagers. Some archaeological studies support a relatively short prehistory, with arrival at a 
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period between 700 years BP to 1000 years BP (Anderson et al. 1996). Conclusions drawn in 

many palynological studies infer that sharp changes in pollen assemblages are due to forest 

bum-off practices of prehistoric agriculture coinciding with this period (Elliot et al. 1995, 

McGlone et al. 1995, Davidson 1984, Mildenhall 1979). A case has also been made for a 

longer prehistory, with arrivals between approximately 1950 yrs BP to 1450 yrs BP (Bulmer 

1989, Sutton 1987, Kirch 1986, Groube 1968). 

In 1995 and 1996 a suite of nineteen samples of sub-fossil R. exulans from six natural sites in 

the North and South Islands of New Zealand was AMS 14C dated at the Rafter Radiocarbon 

Laboratory, New Zealand. The samples were submitted as part of a separate project to 

determine dates for R. exulans appearance and impact on the New Zealand ecosystem. Age 

determinations for the bone samples were found to be significantly older than allowed by the 

short prehistory paradigm, with ages ranging from of 1204 yrs BP to 2155 yrs BP (Holdaway 

1996). While stable isotope data excluded a significant contribution of marine food to the diet 

of these specimens, even with such a diet a simple marine correction would be insufficient to 

shift ages away from the expected maximum of around 900 yrs BP. 

The Rafter Radiocarbon Laboratory has subsequently undertaken a programme to review 

these apparently anomalous dates for Rattus exulans. The study took into consideration 

various possibilities for alteration of expected ages, among which was that dietary items 

ingested by R. exulans have strongly depleted 14C values not readily apparent in ()13C and 

()15N diet analysis, such as for intake of marine proteins. The bases of this dietary effect are 

the biochemical pathways of carbon, where essential amino acids in the diet transfer their 

carbon isotope signatures to bone proteins. Dietary offsets from true age could be an issue in 

omnivores or marine feeders, but the extent of such an effect was unknown. Based on work 

by Ambrose and Norr (1993) we hypothesised that the 14C information carried by non

essential amino acids reflects near contemporary values while the essential amino acids from 

protein in the diet can carry carbon that may deviate from atmospheric equilibrium. To 

examine diet-induced variation of radiocarbon ages, we chose a modem population of R. 

exulans whose food items and bone gelatin were analysed. 

Here we present the data from our program dealing with a possible dietary contribution to 

anomalous ages, using isotopic data from modem samples of R. exulans. Results from an 
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additional review of the effectiveness of bone treatments and laboratory methods will be 

presented in a forthcoming paper. 

Methodology 

CoHection. To identify dietary pathways for sources of depleted carbon in rat bones, we 

selected a modem population of Rattus exulans for isotopic analysis. R. exulans were 

collected during April and June 1996 on five trap lines set on Kapiti Island (40° 51' S, 174° 75' 

E), a wildlife sanctuary administered by the New Zealand Department of Conservation. The 

trap lines ran through five of eight distinct habitats as described on Kapiti by Miskelly 

(1992). Line 2, a coastal shrub/grassland on the north-eastern spur of the coastline, 

incorporated a brackish lagoon with nesting waterfowl; Line 4 was in a mixed tawalhinau 

forest on the north-west coast ridge of the island's summit, and incorporated a low density 

nesting colony of sooty shearwater, Ptiffinus griseus; Line 6 was in a mid-altitude, mixed 

forest of native trees; Line 7 was in kohekohe forest; and Line 8 was in a grassland / shrub 

succession on the north-west coast ofthe island. 

Rats were trapped and retrieved within twelve hours of death. Their femurs and tibiae were 

removed and bagged with an identification number indicating trap line, date of collection, and 

gender, and stored frozen until analysis. Food items available to scavenging rats were also 

collected in 1996. Carcasses of black-backed gull (Lams dominicanus), gannet (Sula 

serrator) and little blue penguin (Eudyptula minor) were sampled for flesh, skin, feather and 

bone. A reconnaissance of trap line habitats was made in February, 1997 to collect 

invertebrates, decayed wood, fungus and vegetable matter, all of which are possible food 

items in the diet of R. exulans in those habitats. 

Physical and Chemical Preparation 

Rattus exulans bone samples: Tibiae and femora from rats were defleshed, freeze dried, and 

scraped to remove cartilage and bone marrow. All bones were then washed and sonicated in 

deionized water, and dried in a vacuum oven at 30°C. Each sample was pulverised in a Retsch 

mill to < 450 j.Ul1, and demineralized in 0.5M HCI while stirred at room temperature for 1 

hour. Collagen was filtered from the solution and gelatinised with O.OIM HCI in a nitrogen 

atmosphere at 90°C for 16 hours. The gelatin was then double-filtered through GF/C and 0.45 

J.ll1l Acrodisc filters, and lyophilised to weigh yields. An average of 4mg of this bone gelatin 

was combusted and the C02 cryogenically distilled, with a gas split taken for BC analysis. 
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The remaining C02 from combustion was graphitized and analysed by accelerator mass 

spectroscopy (AMS) dating. 

Bird flesh: An average of 200mg of muscle was sampled from avian breasts, washed in 

deionized water and O.5M HCI, freeze-dried and pulverised. The flesh was hydrolysed in 6M 

HCI, and filtered. The hydrolysate was combusted, the CO2 distilled, an aliquot was taken for 

13C and the remainder graphitized for AMS analysis. 

Invertebrates: Invertebrates were washed in deionized water and 0.5M HCI, rinsed to neutral 

and vacumn dried in a 30°C oven, then combusted in a sealed tube, and the C02 distilled, 

graphitized and analysed by AMS. 

Vegetable matter and fungi: Samples of leaf material, berries, and bracket fungus were 

broken up, washed in deionized water and 0.5M HCI, rinsed to neutral, freeze dried and 

pulverised. Samples were then combusted, and the CO2 cryogenically distilled and 

graphitized as above. 

Amino acid analysis: Hydrolysates of flesh and bone samples were analysed by the Renal 

Research Unit of Wellington School of Medicine on a Waters Pico-Tag HPLC system by the 

method of Negro et al. (1987). 

Variation in 13e due to Lipids 

Concerns about small sample sizes of available rat bone (average l60mg each) and possible 

contamination effects to radiocarbon analysis from lipid extraction procedures required 

alternative methods of assessing the effect of lipids on 0 13C and A 14C analysis. A second leg 

bone from each of two specimens undergoing full analysis was defatted using the method of 

Radin (1981) and analysed for yield, A14C and a13C. Results from these preliminary 

experiments on the change to oBC values in bone gelatin show oBC enrichments of 0.3 to 

1. 7%0 in lipid-extracted samples. The A 14C values between lipid-extracted and non-lipid

extracted samples indicate no change within error of analysis. 
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13C and 15N analysis 

BC: Splits of CO2 from cryogenic distillation of each sample after combustion were analysed 

at the Institute for Geological and Nuclear Sciences on an NAA 6-60 RMS mass 

spectrometer, with machine error ± 0.1 %0. 

1~: Subsamples of gclatin of boncs or hydrolysatc of flesh samples were analysed at the 

University of Waikato Stable Isotope Unit on a Europa Scicntific Dumas elemental analyser 

interfaced with an Europa Tracermass mass spectrometer. Instrument error is reported as ± 

0.5%0. 

Results 

We analysed all samples for 14C to examine the range of variation from atmospheric 

equilibrium in different specimens. Here 1\ 14C is defined as the deviation of the 14C 

concentration from the absolute 14C standard, 0.95 times the activity of the HOxI oxalic acid 

standard, corrected for decay since 1950 (Stuiver and Polach 1977). Variation in the A14C of 

organisms, relative to atmospheric values during their lifetimc, has been associated with at 

least two phenomena: differences in the carbon signature of thc environment (reservoir 

effects); and "lag times" due to slow tissue turnover or accumulation of tissue which 

integrates changing atmospheric values over time (c.g. inbuilt age in long-lived trees.) Figure 

1 shows the Southern Hemisphere atmospheric curve for 1990 through 1996, and the data for 

all 14C analysis of materials. 

Plant materials and atmospheric 14C 

Plant materials from Kapiti Island and vicinity were analysed to determine agreement with the 

Southern Hemisphere 1\ 14C atmospheric values. The potential for using seasonal plant 

material to monitor 1\ 14C values in the atmosphere was recognised in early bomb carbon 

studiest (see Nydall963, Tauber 1967) and has had more recent application in determinations 

of variation in 1\ 14C in contemporary and pre-bomb vegetative matter (Druffel and Griffin 

1995, O'Brien and Stout 1978). Values for plant materials were also used in our determination 

of factors influencing rat bone values, as young shoots, fruits, and grass seed make up an 

important component of the Rattus exulans diet (Bunn and Craig 1989; Speed 1986). 

1 See a more detailed explanation of the application and rationale for using bomb carbon in "Stable 
isotope e5N, 13C) and radioisotope (14C) determinations of diet in Rattus exulans on two offshore 
islands in New Zealand," Beavan et al. manuscript, pp 58-59, this thesis. 
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The ~14C values of three different plant materials, karaka berry (Corynocarpus laevigatus), 

.mahoe berry (Melicytus ramiflorus) and a pohutukawa leaf (Metrosideros excelsa), collected 

on Kapiti Island in March 1997, are listed in Table 1. The weighted mean of the measured 

~14C values is 94.8 ± 8.0 %0. The latest date for which measured atmospheric ~14C values at 

Wellington are available is March 1995. Extrapolating the atmospheric curve to March 1997 

gave an expected ~ 14C of about 100%0, which were essentially the same as the averaged 

contemporary vegetation value. 
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Fig. 1. Southern Hemisphere Ll14C, before and after atmospheric testing. Atmospheric CO2 .Ll 14C data from 
Wellington, New Zealand, 41.3° S, 174.8° E. (Manning et al. 1990. Additional data Manning and Sparks pers. 
com. 1999.) 

Interesting information about differential carbon turnover rates, or "lag times" (Druffell and 

Griffen 1995) was provided by the sample of bracket fungus Polystictus, from which an 

unidentified species of wood mite and a Carabid beetle were also collected. The ~ 14C from a 

well mixed, powdered sample of the fungus, collected from a fallen tree on Kapiti, was +213 

± 11 %0 (NZA 7510). As a fungus, Polystictus does not photosynthesise but takes up carbon 

along with nutrients from the organic substrate. The apparent 20.8 year lag time in transfer of 

tropospheric 14C to the analysed material, the fungus, is actually a measure of the integration 

of previously fixed atmospheric values incorporated by the host tree. 
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Table 1: The Bile and A14e values for modem vegetation samples from Kapiti Island 

NZA Material 013e %0 ~14e%0 

7511 Karaka berries, Corynocarpus -28.6 +107.8 ± 9.2 
laevigatus 

7512 Mahoe berries, Melicytus ramiflorus -27.7 +79.7 ± 10.3 

7514 Pohutukawa leaf, Metrosiderus -26.2 +93.9 ± 9.4 
excelsa 

7510 Bracket fungus, Polystictus sp. -22.8 +213.4 ± 11.2 

Faunal Materials 

R. exulans scavenges invertebrate species and the carcasses of vertebrates, as well as taking 

grass seed and tender plant shoots and fruit. It has also been implicated in the predation of 

chicks and eggs of nesting birds (Booth et ai. 1996, Lovegrove 1996, hnber 1984). We 

analysed a number of possible food items (after Fuller1994), which were available to the rat 

population ofKapiti. 

Marine birds 

NZ Department of Conservation restrictions limited our collection of marine bird materials to 

found carcasses of animals. A gull was collected on Kapiti, and carcasses of a penguin and 

gannet from the immediate area were donated to the project. We were unable to sample the 

sooty shearwater, which nests ina trap line area on Kapiti, or their eggs. For dietary inputs to 

rats that scavenge marine birds such as the shearwater, we use the values for penguin and 

gannet, which have exclusively marine diets, and black-backed gull, a marine and terrestrial 

scavenger (Table 2). 

Food ~ 14C values are assessed in relation to the Southern Hemisphere atmospheric curve. For 

the penguin and gannet, stable isotope values on the flesh hydrolysate confinn the marine 

basis of their diets. The A 14C for the penguin and for the gannet were lower than the average 

value for surface ocean waters sampled at Plimmerton, a nearby mainland coastal site, viz.+90 

± 5.00/00. A possible reason for the variance from water values is that fish eaten by the birds 

come from sites with values more depleted than at Plirnmerton. In contrast, the black-backed 

gull had ~ 14C comparable to surface water values at Plimmerton, yet stable isotope values 
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suggest a varied diet which may well include scavenging from anthropogenic and other 

terrestrial sources; similar isotopic variation in 813C has been noted for Kelp gulls taking 

supplementary food from refuse dumps (Steele and Hockey 1990). 

Table 2: The 815N, 813C and L).
14C values for potential vertebrate and invertebrate protein sources of the R. 

exulans diet on Kapiti Island. 

NZA Material (i15N (i13C ~14C 

7049 Black-back gull, L. dominicanus +11.7 -22.0 87.5 ± 9.3 

7048 Little Blue penguin, E. minor +13.6 -17.9 75.6 ± 9.2 

7050 Gannet, Sula serrator +11.3 -17.2 66.8 ± 8.9 

7059 Gecko, unidentified species nd -23.4 128.9 ± 8.0 

7412 Weta, Hemiandrus, north coast +19.7 -25.7 110.0 ± 9.3 

7413 Beetle, Mimopims sp. nd -26.5 132.5 ± 9.5 

7414 Beetle, Carabidae sp., north shore +10.5 -27.8 126.4 ± 9.9 

7415 Beetle; ·Carabidae sp., tawalhinau +10.3 -26.4 126.7 ± 9.6 
forest 

7416 Weta, Hemiandrus, tawalhinau forest +6.21 -23.6 96.0 ± 9.3 

7417 Beetle, Armadillion sp., kohekohe nd -25.1 121.5± 10.9 
forest 

7508 Weta, Gymnoplectron, north coast nd -24.8 115.8 ± 9.9 

7509 Wood mite, unidentified nd -24.1 111.4 ± 9.2 

7513 Beetle, Carabidae sp., from bracket nd -24.9 137.4 ± 10.9 
fungus 

Invertebrates 

Stomach content analysis of Rattus exulans from Kapiti by Fuller (1994) indicated that Rattus 

exulans are largely insectivorous in forest habitats. Invertebrates from the island had a range 

of ~ 14C values associated with their different feeding habits and possibly the rate of tissue 

carbon turnover in some long-lived (3 to 10 years) species, such as wetas of the family 

Stenopelmatidae. 

The values for invertebrates in Table 2 were generally enriched relative to the atmospheric 

value of ~14C 100 ± 9%0 for the period, including three Carabidae species, 

carnivorous/scavenger beetles that feed upon invertebrates and vertebrate carcasses. The ~ 14C 

for a Carabid beetle from the island's north coast and a Carabid from tawalhinau forest on the 
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summit ridge are indistinguishable. A third earabid taken from the bracket fungus had a 

higher Li14e, suggestive of slightly different feeding habit than the previous samples, perhaps 

related to feeding on insects living in the fungus. 

Among the invertebrates collected were several wetas (Orthoptera: Stenopelmatidae), 

belonging to the genera Gymnoplectron and Hemiandrus. Two of these wetas from the north 

coast scree had similar terrestrial-like o13e values, but enriched 015N of 19.7%0. A second 

Hemiandrus specimen, from the taw a and hinau forest, had by contrast a 015N of 6.2%0. While 

the 01~ varied by 13.5%0 among samples from the north coast versus the tawa forest, the 

Li14e values were similar within measurement error. Isotopic analysis of these omnivorous 

wetas shows that the o13e range is reasonable for metabolic enrichment of plant values by the 

feeder. Enriched nitrogen values, though, for the coastal specimens may be explained by a 

larger percentage of these wetas' diet being small invertebrates or carrion, rather than 

vegetation. These food items are used to defme the parameters of isotope values that would be 

taken up by R. exulans feeding on terrestrial prey. 

Rattus exulans specimens were recovered from five of eight trap lines set in distinct habitats. 

Isotope data are summarised in Table 3, and the Li14e data is plotted against the Southem 

Hemisphere atmospheric curve in Figure 1. Enriched values of l4e for rat bone gelatin 

indicate that the individuals fed largely on items like the animal proteins listed above, which 

were shown to incorporate non-equilibrium 14e. 

There were notable variations in the Li14e values for Rattus exulans. The specimens K4A and 

K4J (Trap Line 4, in the shearwater nesting colony) are depleted relative to the atmospheric 

curve. K4A is the most significant depletion found, at approximately half the expected 

atmospheric value. While we initially suspected the depletions may have come through 

feeding upon sooty shearwater eggs or carcasses, the stable isotope values for K4A and K4J 

(013e -21.50/00, Ol5N +11.6%0, and 013e -20.6%0, Ol~ +12.9%0, respectively) would not have 

signalled a marine component to the diet, yet 15N values are higher than expected for 

terrestrial mammals (see Schoeninger and DeNiro, 1984). 
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Table 3: The S15N, 613C and A 14C values for modem Rattus exulans from Kapiti Island 

NZA Location Code 01~%o Ol3C %0 ~14C %0 

7034 Line 4, April, female K4AF +11.6 -21.3 54.4 ± 8.7 

7032 Line 4, July, female K4JF +11.3 -20.6 81.7 ± 8.8 

7407 Line 8, July, male K8JM +4.6 -21.6 116.3 ± 9.7 

7408 Line 7, July, male K7JM +5.2 -20A 125.9 ± 9.4 

7403 Line 2, April, female K2AF +11.0 -22.3 127.9 ± 10.3 

7405 Line 7, April, male K7AM +8.2 -21.4 129.9 ± 9.4 

7406 Line 8, April, male K8AM +4A -20A 140.9 ± 9.5 

7409 Line 6, July, female K6JF +5.3 -21.5 141.7 ± 10.4 

7404 Line 2, April, male K2AM +6.5 -22.3 144.1 ± 9.6 

Rat specimens from other forest and grassland trap lines showed enrichments in ~ 14c. The 

highest enrichment was in K2AM, from coastal shrub and grassland. The ol3e and 0
15N are 

within values expected for terrestrial mammals (Schoeninger and Moore 1992). In a second 

specimen from the coastal shrub/grassland trap area, K2AF, there is a difference of ~ 14e 

+16.2%0 from K2AM specimen taken 750m away on the same trap line and enrichment in 

015N. Differences in ~ 14e values may be attributable to the proximity of K2AF to a coastal 

black-backed gull colony, a scavenging opportunity not available to K2AM, since Rattus 

exulans ranges are limited to between 22m and 70m (Williams 1975). Mixed feeding of 

K2AF may have incorporated some black-back gull tissue into a mainly insect and plant diet, 

and might slightly deplete 14e and enrich 15N. Additional support for this explanation is that 

enriched nitrogen values are often associated with higher trophic levels of feeding 

(Schoeninger and Moore 1992). 

Other ~ 14e enrichments were found in ridgetop grassland specimens K8AM and in K6JF 

from the tnid-altitude tawa and hinau forest. In sample K8JM, from the same ridgetop 

grassland, the ~14C value was 116.3 ± 9.7%0 (NZA 7407), 25AO/oo less than that for K8AM, 

375m away on the same trap line. We cannot explain the large difference between specimens, 

except to note that the distance between the two would allow for the rats to have ranged in 

different areas, with different food sources available to the two individuals. However, stable 

isotope values of the two specimens do not vary significantly. 
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Our fmal rat speCImens, K7 AM and K7JM from the kohekohe forest trap line, gave 

equivalent isotope concentrations. 

Discussion 

Enriched values of 14C for most rat bone gelatin, and depleted values for rats from Trap Line 

4, indicate that the species has fed on items other than grass seed and plants, which would 

have had 14C in atmospheric equilibrium. The radiocarbon isotopic analysis for food items, in 

addition to stable isotope analysis, apparently has the potential to track the uptake of carbon 

from various food sources that are a part of a scavenging rat's diet. We have paid particular 

attention to the 14C values of available animal-protein foods of the rat in our examination of 

the sources and paths of carbon at variance with atmosphere found in rat bone protein. 

When drawing conclusions from measurements, understanding biochemical pathways is as 

important as assessing the food webs from which organisms derive their carbon. For example, 

Druffel and Griffen (1995) made an important observation about the different biochemical 

pathways that must exist for chicken egg yolks and albumen to differ in ~ 14C relative to the 

shell. However, their suggestion that this variation was due to the inclusion of dead calcium 

carbonate in hen feed was challenged by Long et al. (1983) and von Schirnding et al. (1982) 

who observed that carbon from such a mineral inclusion would be lost as C02 due to 

dissolution of carbonate with stomach acids. Carbon in eggshell is derived from blood 

bicarbonate, as is the mineral part of bone apatite, and at values reflecting respiration of 

organic nutrients (Long et al. 1983). The inclusion of dead 14C in avian feeds produced no 

measurable effect on eggshell carbonate or organic matter (Long et al. 1983). 

In our examination of diet-induced ~14C variance, we found that organisms may vary by 

:::;60%0 from atmospheric values of 14C due to carbon inputs via the food web. In the 

invertebrates analysed, ~ 14C values reflect the known feeding habits (carnivore or herbivore 

diet) of the specimen. The omnivorous/scavenger Carabidae, for instance, had ~ 14C values 

enriched over plant material and more closely associated with the values of herbivore insects 

and carcasses that could be in the beetle diet. For herbivorous wetas, which live three to ten 

years, a factor contributing to the slightly enriched ~ 14C over fresh plant material values may 

be the inclusions of carbon derived from older leaf litter and lichens, or "old" carbon 

reflecting slow tissue turnover. 
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Differences in the radiocarbon values of Rattus exulans, which on average have a one-two 

year lifespan (Bunn and Craig 1989), are expected to be a direct function of diet. Dietary 

protein - to - bone protein routing of carbon was first proposed by Chisholm, et al (1982, 

1983) and Krueger and Sullivan (1984). While collagen can incorporate carbon from non

protein sources under conditions of a low protein diet, the direct routing of dietary carbon to 

bone protein is normally via the essential amino acids, which are most abundant in 

proteinaceous dietary items, as shown by Ambrose and Norr (1993). In their study, the 

essential amino acids strongly influenced the oBC signature of bone protein by metabolic 

processes which are not fully understood, but which seemed to be a nonlinear function of the 

percentage of protein in the diet. The carbon from essential amino acids in animal foods also 

carries 14C, which could be at variance with contemporary atmospheric carbon if the feeder is 

taking sustenance from a non-equilibrium carbon reservoir (e.g. a seabird feeding on marine 

fish, or a worm living on humus). We have calculated that essential amino acids in bone 

samples of R. exulans carry approximately 30% of the carbon in the bone protein. As there is 

no evidence thus far for a fractionation of 14C that would metabolically enrich values in tissue, 

we assume 14C values integrated from proteinaceous dietary items are reflected in those 

values analysed for bone gelatin. 

These assumptions allow us to model the impact of dietary 14C on the previously measured 

samples. The basis of this approach is shown in Tables 4 and 5, which show amino acid 

analyses of hydrolysed bone protein from two Kapiti Rattus exulans specimens, K4J and 

K8JM. From the relative molar amounts of amino acids and the number of carbon atoms in 

each molecule, it is possible to calculate the effectiveness of each component acid at 

influencing the overall carbon isotope signature for the bulk protein. If the oBC and A 14C of 

each amino acid were known, a more precise calculation would be possible to obtain the 

corresponding values for the resultant bone protein. We have not yet obtained such detailed 

data, but we may still crudely illustrate the effects to be expected by identifying the essential 

(derived solely from diet) and the non-essential (metabolised) amino acids, assigning 

"typical" isotope signatures to each component from known parameters III diet, and 

comparing the calculated protein signatures with the values actually measured. 
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Table 4: Modern R. exulans specimen K8JM, enriched in 14c. Measured isotope signatures: Sl3C = -21.6%0, 
A14C == +116.3 ± 9.7%0 (NZA 7407). Model calculation: S13C -229"00, A14C = +107.8%0. Column headings: 
Amino acid - essentials marked with *; MW - molecular weight in protein; Carbons - Number of carbon 
atoms carried; Moles - number of moles of amino acid present in analysis; S13C, A 14C - input values for 
model. 

Amino acid MW Carbons Moles o13C %0 A14C %0 

Aspartic acid 114 4 1.249 -22 99 

Glutamine 151 5 2.140 -22 99 

Hydroxyproline 129 5 2.092 -22 99 

Serine 87 3 0.863 -22 99 

Meth. sx. 147 5 0.013 -22 99 

Arginine * 156 6 1.263 -22 127 

Threonine* 101 4 0.528 -22 127 

Glycine 57 2 7.779 -22 99 

Alanine 71 3 2.800 -22 99 

Proline 97 5 2.822 -22 99 

Valine * 99 5 0.781 -22 127 

Methionine * 131 5 0.205 -22 127 

Isoleucine'" 113 6 0.393 -22 127 

Leucine'" 113 6 0.901 -22 127 

Phenylalanine* 147 9 0.447 -22 127 

Hydroxylysine 144 6 0.235 -22 99 

Lysine* 128 6 0.774 -22 127 

Histidine * 137 6 0.194 -22 127 

Tyrosine 163 9 0.178 -22 127 

Specimen K8JM (Table 4) is taken to be representative of a largely terrestrial based diet. 

Here, the non-essential amino acids are metabolised in the body from energy substrates 

(carbohydrates, sugars from plant materials) and glycine syntheses, while the essential amino 

acids come largely from protein rich sources, such as invertebrates, in the diet. As inputs to 

the calculation, equivalent A l4e values of +99%0 are used for the energy substrate component, 

and + 126%0 for the protein/essential amino acid component, a value reflecting an average of 

the A l4e for invertebrates. For the ol3e, we have used a connnon value of 
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Table 5. Modem R. exulans specimen K4J, depleted in 14c. Measured isotope signatures: OI3C = -20.6%0, 
A14C = +81.6 ± 9.7%0 (NZA 7032). Model calculation: 013C -19.4%0, Ll14C = +89.6%0. Refer to Table 4 
caption for column descriptions. 

Amino acid MW* Carbons Moles ol3C %8 A14C %6 

Aspartic acid 114 4 0.515 -22 99 

Glutamine 151 5 0.861 -22 99 

Hydroxyproline 129 5 0.919 -22 99 

Serine 87 3 0.384 -22 99 

Meth. sx. 147 5 0.017 -22 99 

Arginine * 156 6 0.550 -14 72 

Threonine * 101 4 0.236 -14 72 

Glycine 57 2 3.467 -22 99 

Alanine 71 3 1.158 -22 99 

Proline 97 5 1.251 -22 99 

Valine * 99 5 0.316 -14 72 

Methionine * 131 5 0.104 -14 72 

Isoleucine * 113 6 0.180 -14 72 

Leucine* 113 6 0.373 -14 72 

Phenylalanine* 147 9 0.191 -14 72 

Hydroxylysine 144 6 0.107 -22 99 

Lysine * 128 6 0.358 -14 72 

Histidine * 137 6 0.086 -14 72 

Tyrosine 163 9 0.061 -22 72 

-22%0, based on an average of values of -25%0 for plants and -26%0 for insects, with a 

metabolic enrichment of +3.5%0 applied, following the observation of Ambrose and Norr 

(1993). Our model of partitioned carbon values from a diet believed to be terrestrial plant and 

insect based predicts that the values would be A 14e = 108.00/00 and a13e -22 %0. Measured 

values for the specimenK8JM are A14e = 116.3 ± 9.70/00 and al3e = -21.6 ± 0.1%0. 

Table 5 shows a similar analysis for Rattus specimen K4J, for which a marine-based food 

source (shearwaters, Pzifjinus gri'ieus) was available. The isotope signatures analysed for 

penguin and gannet tissue were used for the essential amino acid component, at A 14e = 72%0 

and aBe -17.0 %0, and we use the previous, modern/terrestrial isotopic values for 
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nonessential amino acids. Here, calculated bone protein values are ~ 14e = 89.9 %0 and ()l3e = 

-19.5 %0, which compares well with the actual measurement, ~14e = 81.7 ± 8.8%0 and ()l3e = 

-20.6 ± 0.1 %0. Good agreement between calculation and measurement need not be expected 

for such a simplistic set of assumptions, but nevertheless the 14e and l3e values obtained 

through the model agree to within the experimental error. In particular, the assumption that 

either all of the essential or all of the non-essential amino acids can be assigned a common 

isotope signature is unlikely to be accurate; the variability of the individual amino acid 

isotopic ratios has been observed previously by Hare and Estep (1983) and Macko et al. 

(1983). 

This crude model examines the possibility that diet introduces carbon that could seriously 

offset true ages in subfossil specimens. In the case of an anomalously old sample from the 

Holdaway (1996) suite, we can use the model to estimate the amount of 14e depletion 

required in a protein food source to produce the observed 14e ages (Table 6). Here we have 

assumed that the rat is actually only 400 years old; the non-essential amino acids are derived 

from 400-year-old carbon from energy substrates, while the essential amino acids are supplied 

from an unspecified protein source that is strongly depleted in 14e, but with a "normal" ()l3e. 

The target total i114e is about -200%0, corresponding to a eRA of approximately 1700 BP. 

The amino acid analysis used in the calculation is that for the Holdaway (1996) Rattus 

exulans sub-fossil specimen (eRA 1747 ± 69 BP, NZA 5922). The non-essential amino acids 

are assumed to have ~14e -54%0, i.e. the chronological age of the rat at about 400 BP. The 

calculation shows that the protein source requires a ~ 14e of -600%0, corresponding to a eRA 

of 7300 BP, to duplicate the measured age. However, it is likely that the rat will have access 

to a variety of protein sources, and the calculated depletion represents an average value. 

Hence, some proteins could be contemporary, but this would require that a significant 

component be more depleted than -600%0. In the extreme case, further calculation shows that 

a mixture of 82% contemporary carbon can achieve the required depletion and 18% totally 

depleted carbon via dietary protein. Whether or not such numbers are reasonable requires 

support from further field studies, but it should be noted that highly ~14e depleted fauna have 

been observed in natural environments, for example snails dwelling in artesian springs (Riggs 

1984). 
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Table 6: Sub-fossil Rattus exulans specimen from the Holdaway (1996) suite, CRA = 1747 ± 69 BP. 
Measured isotope signatures: ODC = -20.8%0, ,1.14C -200.0 ± 6.8%0 (NZA 5922). Model calculation: OBC -
20.4%0, ,1.14C = -200.3%1,), CRA = 1751 BP. Refer to Table 4 caption for column descriptions. 

Amino acid MW* Carbons Moles 013C 0/00 A14C %0 

Aspartic acid 114 4 0.439 -22 -54 

Glutamine 151 5 0.852 -22 -54 

Hydroxyproline 129 5 0.898 -22 -54 

Serine 87 3 0.325 -22 -54 

Meth. sx. 147 5 0.003 -22 -54 

Arginine* 156 6 0.492 -16 -600 

Threonine * 101 4 0.186 -16 -600 

Glycine 57 2 3.342 -22 -54 

Alanine 71 3 1.147 -22 -54 

Proline 97 5 1.156 -22 -54 

Valine * 99 5 0.242 -16 -600 

Methionine* 131 5 0.032 -16 -600 

Isoleucine * 113 6 0.111 -16 -600 

Leucine* 113 6 0.261 -16 -600 

Phenylalanine* 147 9 0.143 -16 -600 

Hydroxylysine 144 6 0.108 -22 -54 

Lysine* 128 6 0.260 -16 -600 

Histidine* 137 6 0.021 -16 -600 

Tyrosine 163 9 0.029 -22 -54 

From our modelling, it appears that the type of depletion required in the diet to affect 14C ages 

severely limits the possibilities for diet to introduce dramatic offsets from true ages. Marine 

diet inclusions for terrestrial-based animals, for example, would have a variable effect on true 

age, since the depleted carbon from a marine-based source would be partitioned among other 

dietary inputs. This suggests that caution is required when applying a marine correction to 

materials other than marine shell or animals living and feeding solely in a marine 

environment. Conventional radiocarbon ages for marine shell or animals with a fully marine 

substrate (e.g. sea turtle, fish) have marine corrections applied to account for the known 

difference in A 14C between the ocean and atmosphere. 
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Other materials, such as bone and tissue from organisms that have been found to have an 

enriched or "marine-like" 813C and 81~ have been assumed to require similar types of marine 

corrections. However, the application of a marine correction in these circumstances should 

either not be used or be used with caution. For terrestrial animals that have an omnivorous 

diet - even where marine foods make up the richest portion of the protein intake - only ~ 30% 

of the carbon via essential amino acids in the bone protein can carry depleted carbon 

signatures. Unlike a marine shell, which incorporates 100% of its carbon from bicarbonate in 

seawater, an omnivore with a bone gelatin value enriched in 813C and 815N to "marine" levels 

retains a terrestrial substrate for the bulk of its carbon. 

Conclusion 

We observed in our modern populations of Rattus exulans variations in 14C that could be 

associated with diet. To examine whether similar variations over habitat occur elsewhere, this 

project will be repeated on a second offshore island, Taranga (Hen Island) in the Hauraki 

Gulf, New Zealand. For the subfossil samples of R. exulans, or other subfossil bones of 

terrestrial omnivores, we require an alternative method to gauge the presence and effects of 

dietary carbon, especially as stable isotope values may not readily indicate dietary variation. 

F or this reason we consider that HPLC separation of essential amino acids and their 

comparative analysis with other bone protein fractions is required to assess the presence and 

impact of disequilibrium dietary carbon. Our current research involves the application of 

amino acid separation techniques to extract individual essential amino acids, to group these in 

an aliquot with sufficient carbon for AMS analysis, and to compare these with a nonessential 

amino, such as glycine, from the same extraction procedure. As a nonessential amino acid 

such as glycine is formed in the body from CO2 and ammonia by the action of a glycine 

synthase, the glycine should have a 6,
14C approximately in equilibrium with blood 

bicarbonate levels and with atmospheric levels during the lifetime of the individual. Variance 

between the 6, 14C of essential amino acids and glycine should reveal the presence of carbon 

from diet that is in disequilibrium with contemporary values. 
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Abstract 

,We collected R. exulans on Kapiti Island and Taranga Island, New Zealand, and derived Sl3C, Sl~, and AI4C 

from rat bone protein and from foods available to the rats within the habitat where they were trapped. When 

"bomb pulse" radiocarbon (AI4C) was compared with stable isotope values in rat bone gelatine, it was found that 

SBC and Sl~ alone did not reliably indicate the inclusion of marine-sourced foods in a terrestrial omnivore diet. 

Stable isotope data relative to diet was thlls enhanced with the addition of AI4C analysis, and assisted the 

identification of caroon sources in the diet. A ternary plot demonstrated how the 3-isotope method showed 

cumulative feeding habits and detected the inclusion of marine-sourced carbon some diets. 

Introduction 

Rattus exulans (kiore, Polynesian rat) is a small rat of 60-80 grams, and a body length of up to 

180mm (Atkinson and Moller, 1990). R exulans were introduced to the North and South 

Islands of New Zealand up to 2000 years ago by ocean-voyaging Polynesians (Roberts 1990, 

Matissoo-Smith 1994, Holdaway 1996, 1999), and to offshore and outlying islands after 700 

yrs BP (Holdaway 1999.) Modem populations of R. exulans exist mainly on offshore islands 

close to the New Zealand coast. They are seen as potential predators of nesting birds and the 

endangered tuatara (Sphenodon punctatus; Newman and McFadden 1990), and are currently 

targeted by the New Zealand Department of Conservation pest-eradication programs on those 

offshore islands which are designated as native flora and fauna sanctuaries. 

Improved ecological knowledge about R. exulans diet and the impact of rats on indigenous 

faunal populations, especially sea birds, can contribute to the conservation management of 

these and other rat species. The ecology of Rattus exulans has been extensively studied since 

first described in 1848. However, R. exulans' omnivorous diet has been investigated directly 

only via stomach content analysis (Fuller 1994, Fall et al. 1971) and field trials (Bunn and 

Craig 1989, Craig and Bunn 1988, Campbell et al. 1984), which indicate that rat diet consists 

mainly of invertebrates, grass seed, plant shoots and fruit. Some studies also cite incidental 

inclusion of vertebrate carrion remains, and feathers (Fuller 1994, Speed 1986, Atkinson 
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1986, Campbell et al. 1984, Campbell 1978, Fall et al. 1971, Bettesworth 1972, Beveridge 

1964). Anecdotal reports cite seabird chicks or egg predation (Newman and McFadden 1990, 

Craig 1986, Imber 1984, Daniel 1969, Kepler 1967, Stead 1936), and at least two reports of 

field observations directly implicate R. exulans as a predator of bird eggs (Lovegrove 1996, 

Booth et al. 1996). 

R. exulans maintain small home ranges of 30 to 60 meters, although long range dispersal over 

their two-year lifespan can be as much as 268 meters (Atkinson and Moller 1990, Moller 

1977). Rat diet is therefore expected to vary over a given area, relative to what items are 

available to scavenge within a radius of less than 150 m. Population dynamics, food 

availability, and habitat also appear to influence the composition of diet from population to 

population (Roberts and Craig 1990, Bunn and Craig 1989, Moller and Craig 1987, Craig 

1986, Campbell et al. 1984, Williams 1973). There is a wide range of reported diet mixes for 

Rattus emlam in the wild. Fuller (1994) reported undifferentiated chitin as 50-100% of the 

stomach contents of 83% of trapped rats~ with higher-end percentages contributed by animals 

from forested habitat. Bettesworth's (1972) stomach content analysis cited up to 60% animal 

remains (invertebrate fragments and vertebrate flesh) in a sample of 25 rats from Red 

Mercury Island. Speed (1986) reported a mean of 31.7% invertebrates in stomach contents 

. (n = 163) for Little Barrier Island rats of all agel gender classes. 

Stomach content analysis (e.g. Fuller 1994) is a useful tool that can discriminate a range of 

specific foods in a given rat's diet, providing that the food remains can be isolated and 

identified. Estimates of insect and other animal matter eaten can be compromised by 

fragmentation of insect prey or unequal digestion time, making quantitative and qualitative 

analysis of all foods ingestcd difficult (Hobson et al. 1997). fu addition, stomach content 

analysis is a quantitative snapshot in time, and may not be representative of a lifetime diet, 

which is determined by seasonal availability of foods. 

Stable isotope analysis (in particular 013C and 015N) is a well-established method of 

investigating food webs in both modem ecology and paleodietary studies (e.g. Hobson et al. 

1994, Sillen et al. 1989, Rounick and Winterboum 1986, DeNiro and Epstein 1978a, 1978b). 

fuferences about diet can be drawn from 013C and 015N, based upon the differentiation in 

isotopic composition of various food sources and estimation of the typical isotopic enrichment 

of the consumer during metabolic fractionation from diet to tissue. However, some protein 
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and non-protein components in a mixed diet make tissue al3C poorly correlated with whole 

diet (Ambrose and Norr 1993); if, in addition, an omnivorous terrestrial diet includes l3C 

and 15N-emiched, marine-linked foods, the cumulative stable isotope signal can be 

inconclusive. Identification of the carbon reservoirs in complex food webs can be improved 

by using multiple isotopes (Hobson et al. 1999, Burton and Price 1990, Sillen et al. 1989, 

Peterson and Fry 1987). 

Here we report the results of a stable isotope (a15N, al3C) and radioisotope (A 14C) analysis of 

Rattus exulans feeding on two offshore islands in New Zealand. The radioisotope value A14C 

used is defmed as the 14CfCotai ratio relative to the absolute international radiocarbon 

standard, after correction for isotopic fractionation (Stuiver and Polach 1977). Radiocarbon 

(14C) is produced by cosmic ray interactions in the atmosphere and is oxidised to 14C02. 

Atmospheric values of 14C were substantially increased by testing of nuclear devices in the 

1950s and early 1960s, and A14C rose in the Southern Hemisphere from -17.7%0 in 1954 to 

approximately 7000/00 at the height of bomb testing in 1964 (Manning et al. 1990.) Since the 

atmospheric test ban, the level of A14C has decreased at about 5.5% per annum, mainly due to 

anthropogenic C~ emissions from fossil fuels and mixing between atmosphere and ocean 

(see Fig. 1.) The excess 14C produced by the nuclear weapons testing is conventionally 

referred to as "bomb carbon," and its potential carbon cycle tracer in biological and 

geophysical systems was described by Broecker and Walton (1959). 

Whether naturally produced or bomb generated, atmospheric 14C02 is incorporated into the 

biosphere via two pathways. One pathway is plant photosynthesis into the terrestrial food 

web, and the fractionation correction included in the calculation of A 14C enables the 

contemporary atmosphere and vegetation to be compared directly. For example, the mean 

atmospheric value (A14C = 111.7 ± 70/00, NZ atmospheric data from Manning et al. 1990 and 

Sparks pers. com.) and terrestrial plant weighted mean (A 14C 108.3 ± 7.90/00, n::::16) for the 

period of the study (1996-1998) indicate that, overall, vegetation is fixing atmospheric values 

of 14C. 

A second atmosphere-to-biome pathway is via atmospheric 14C02 mixing with surface ocean 

C02. The surface ocean in tum mixes with upwelling, 14C -depleted deep water, a process 

resulting in surface-ocean bicarbonate that is 14C-depleted relative to the atmosphere. For 
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example, the shallow-water seawater value for il14C measured at the Taranga Island site in 

1998 was +70.7%0. 

Southern hemisphere atmospheric 14C 

oco~--------------------~----------~--------------------~ 

700 .+ 

100 

o 

1970 1975 

Year 

1980 1985 1900 1995 

FIG 1. Atmospheric CO2 ;i14C data measured a1 Wellingt:on, New Zealand, 41.3°S, 174.8°E. (Manning et al. 1990: 
37-58). Data can then be extrapolated to 2000 (Sparks pel's. com. 2000.) 

Phytoplankton fix this mixed inorganic carbon into the marine food web. Whether an 

organism is marine or terrestrial, we assume that at least at the basal levels of the food chain, 

il14C is taken up in equilibrium with its environment and the organism will therefore have a 

"marine" or "terrestrial" il
14

C value. The il14C signatures of the terrestrial and marine 

reservoirs are well separated, and organisms feeding in these two environments reasonably 

reflect those values. 

"Bomb pulse" il14C has been used previously to trace the exchanges between major biosphere 

reservoirs and to determine tissue turnover rates in human populations (Nydel et al. 1971, 

Tauber 1967). It has also been applied in determinations of variation in il14C in contemporary 

and pre-bomb vegetation and in measuring turnover of soil organic matter (Druffe1 and 

Griffen 1995, O'Brian and Stout 1978). The application of il14C as a third isotope to 

complement stable isotope dietary studies in an ecological study was first reported for Kapiti 
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Island data presented in the previous chapter (Beavan and Sparks 1998), and represents the 

first use of bomb-generated .. !114C in such a context. 

Methods 

Kapiti Island (400 51' S, 1740 75' E) : Rats were snap-trapped during April and June 1996 on 

established index trap lines in five distinct habitats as described on Kapiti by Miskelly (1992). 

The habitats were a coastal shrub/grassland on the north-eastern spur of the coastline near a 

brackish lagoon with nesting waterfowl; a mixed tawalhinau forest on the north-west coast 

ridge of the island's summit, which incorporated a low density nesting colony of sooty 

shearwater, Puffinus griseus; a mid-altitude, mixed forest; in kohekohe (Dysoxylum 

spectabile) forest; and a grassland / shrub succession on the north-west coast of the island. 

Results of this first survey have been published (Beavan and Sparks 1998), and were 

presented in the previous thesis chapter. 

Taranga Island (35 0 58' S, 174 0 43' E): Two surveys on Taranga Island were completed in 

November 1997 at Dragon Mouth Cove, and 1998 at Wahine Bay. At Dragon Mouth Cove, 

trap lines were laid in a mixed karaka (Corynocarpus laevigatus) and nikau (Rhopalostylis 

sapida) forest. In Wahine Bay, the steep terrain and the great number of rocky or root 

outcrop niches and occupied nesting burrows of birds suggested the use of groups, rather 

than lines of traps, designed to capture in an area dense with burrows from 1m ASL 

(altitude above sea level) to 100m ASL, in a mainly puka (Meryta sinclairii), karaka and 

nikau forest. At both field sites, area covered by trapping was no more than about 250 m2
• 

All trapped rats were retrieved within twelve hours of death. Basic autopsies were conducted, 

and rear haunches with femurs and tibiae were dissected out and bagged with an identification 

number indicating trap line, date of collection, and gender. During the five-day field camp the 

flesh covered bone samples were packed in rock salt for preservation. Once back at the lab, 

the haunches were thoroughly washed with deionised water, excess flesh was trimmed away, 

and they were stored frozen until analysis. 

Other sample collection 

Hand collection of food items available to scavenging rats were made from trap sites on both 

islands, and included fruit, vegetation, invertebrates, unidentified land snails, and worms. 

Fresh carcasses of black-backed gulls (Larus dominicanus), gannets (Sula serrator) and little 

blue penguins (Eudyptula minor) were sampled for flesh, skin, feather and bone.ln late 1999 
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we were provided with a number of albatross carcasses from southern New Zealand waters, 

which we added to our database as indicators of stable and radiocarbon values for open-ocean 

feeding birds, which are rare but possible food sourees for rats on the two islands. Shallow 

seawater samples (at high and low tides, n=6) were also collected at Wahine Bay beach, 

Taranga Island in 1998 (mean il14C +70.7%0), to establish local baseline seawater bicarbonate 

values for marine organisms. 

Physical and Chemical Preparation of Samples 

Rattus exulans bone: Leg bones were freeze-dried, scraped of all muscle and cartilage, 

washed and sonically cleaned in deionized water, and dried in a vacuum oven at 30°C. 

Each sample was pulverised with a mortar and pestle to <450 microns, and demineralized 

in O.5M HCI while stirring at room temperature for I hour. Collagen was filtered from the 

solution and gelatinised with O.OIM HCl in a nitrogen atmosphere at 90°C for 16 hours. 

The gelatin was double-filtered through Whatman® GF/C and 0.45 micron Acrodisc® 

filters, and lyophilized to detennine yields. Three mg aliquots were subsampled for stable 

isotope analysis. Another 4mg of bone gelatin was combusted in sealed tubes with CuO 

and silver wire at 900°C. The CO2 from the combustions was cryogenically distilled, 

graphitized and analysed by AMS. 

Bird flesh: An average of 200mg of muscle was sampled from avian breasts, washed in 

deionized water and 0.5M HCI, freeze-dried and pulverised. A 3mg sample of material was 

used for BC and 15N analysis. An average of 5 mg of prepared flesh was combusted in a 

sealed quartz tube with cupric oxide and silver wire. The CO2 from the combustions was 

cryogenically distilled, graphitized and analysed by AMS. 

Invertebrates: Whole invertebrate bodies were washed in deionized water and 0.5M HCl, 

rinsed to neutral and vacuum dried in a 30°C oven. A 3mg sample of material was used for 

OBC and 01~ analysis. A 4mg sample was combusted in a sealed tube, and the C02 distilled, 

graphitized and analysed by AMS. 

Vegetable matter: Samples of leaf material and berries were washed in deionized water and 

0.5M HCl, rinsed to neutral pH, freeze-dried and pulverised. A 3mg sample of material was 

used for BC and 15N analysis. Another 4mg sample was combusted in a sealed quartz tube as 

above, and the C02 cryogenically distilled and graphitized for AMS analysis. 
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Seawater: For each seawater sample, 120 ml of seawater and anti-bumping granules were 

placed in a sidearm reaction vessel flushed with N2. After evacuation, approximately 6 m1 of 

orthophosphoric acid in the sidearm was introduced to the water and stirred at room 

temperature until the reaction ceased. Evolved C02 was cryogenically distilled, collected and 

measured for yield, and graphitised as above. 

He and lsN analysis. Samples for C and N were analysed on a Europa Geo 20/20, interfaced 

to an ANCA-SL elemental analyser in continuous flow mode. Carbon and nitrogen 

isotopes were an.alysed simultaneously from an average 1.5mg of bone protein. Carbon 

dioxide and nitrogen gases were resolved using chromatographic separation on a GC 

column at 85° C, and analysed for % abundance and delta element values. Analysis of 

each sample was done in duplieate and reported values are drift-correeted and averaged. 

Measurement error values are ± 0.1%0 for carbon, and ± 0.3%0 or better for nitrogen. 

Standards were flour (Sl3C -25.3; S15N 3.01) and ANU sucrose 1 lAEA-N2 (Sl3C -10.4; 

S15N +20.34) which were run after every six samples. 

Radiocarbon (A14C) Analysis. We analysed all samples for A 14C to determine the range of 

variation from atmospheric equilibrium in different specimens. Typical error in analysis is 

A14C ± 7%0, but because measurement error does vary by sample, we employ Ward and 

Wilson's T statistic for comparing radiocarbon determinations (Appendix B, and see Ward 

and Wilson 1978). 

The magnitude of the uncertainty in a radiocarbon analysis is mueh greater than would 

normally be encountered in conventional stable isotope mass spectrometry, and is 

determined mainly by counting statistics that reflect the physical process by which the 

extremely low abundance isotope is measured. The uncertainty is, however, low enough 

for the task in hand, which is to use A 14e as an overall atmospheric-to-biome incorporation 

and cycling marker in the 50 yr period in which the A 14C levels in the atmosphere have 

declined by approximately 500%0. The error size also allows the combining of specimens 

collected between 1996 and 1998, during which time A 14C has declined by approximately 

5%0 to 7%0. 

Ternary Plots. Relationships among S13C, S15N and A14C were mapped in ternary plots, 

which show the relationships of the three different components based on percentages 

derived from a summing of delta values and percentages derived from this manipulation. 
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Scaling factors were used to clarify trends in the data (see Appendix A for a detailed 

explanation of the ternary graphing method.) 

Results 

Kapiti Island and Taranga Island vegetation. Plant materials in Table 1 provided baseline 

values for atmosphere-to-plant ftxing of i114C for the period of collection. Values for plant 

materials from Kapiti and Taranga islands were used to determine the factors that influence 

rat bone values, since young shoots, fruits, and grass seed make up an important 

Table 1. The 81SN, o13e, il 14e isotoRe values for Kapiti Island and Taranga Island vegetation. Ternmy totals 
are summed delta values (81~ %0+ 8 3C%0 +~ 14C %0). Percentages of 01~, ol3e , il 14e are then derived from delta 
value/ternary total. See Appendix A for detailed explanation of ternary method. 

Ternary 
NZA# Kapiti and Taranga 515N%o* I)13C%o il 14C%o totals 01 %lSN %13C % 14C 

Vegetation delta values 
7511 Karaka (CO/ynocarpus 2 -28.6 107.8 ± 9.2 138.4 1 21 78 

laevigatus) berry 
9143 Karaka (G. laevigatus) 2 -30.4 114.0 ± 7.9 146.4 1 21 78 

leaf 
9418 Karaka (G. laevigafus) 2 -29.4 120.4 ± 8.4 151.8 1 19 79 

leaf 
7514 Pohutakawa 2 -26.2 93.6 ± 9.4 122.1 2 21 77 

(Metrosideros excelsa) 
leaf 

9419 Pohutakawa (M excelsa) 2 -29.6 96.2 ± 8.8 127.8 2 23 75 
leaf 

9141 Pohutakawa (M excelsa) 2 -24.7 108.5 ± 7.8 135.2 1 18 80 
leaf 

9142 Heketara (Olearia rani) 2 -27.9 94.0± 7.7 123.9 2 22 76 
leaf 

9169 Puahou (Pseudopanax 2 -34.9 110.2± 8.2 147.1 1 24 75 
arboreus) leaf 

7512 Mahoe (Melicytus 2 -27.7 79.7± 10.3 109.4 2 25 73 
ramiflorus) berry 

9424 Kawakawa (Macropiper 2 -33.6 115.3 ±7.9 150.9 1 22 76 
excelsum) leaf 

8494 Whau (Entelea 2 -25.5 113.00± 8.4 140.5 1 18 80 
arborescens) seed 

9425 Flax (Phomlium tenax) 2 -27.9 129.4 ± 8.4 159.3 1 18 81 
seed 

9170 Filmy fern (Polyphlebium 2 -28.6 103.4 ± 11.1 133.9 1 21 77 
venosum) 

9171 Mapou (Myrsine 2 -30.1 107.2 ±7.9 139.3 1 22 77 
australis) leaf 

9140 Rewarewa (Knightia 2 -31.6 115.9 ± 7.9 149.5 1 21 78 
excelsa) leaf 

9420 Kowharawhara (Astelia 2 -28.6 124.3 ± 8.1 154.9 1 18 80 
banksii) leaf 

"'estimated mean of Ol~ for 
plants (Schoeninger and 

DeNiro 1984:626) 

part of the diet of R. exu/ans. Nitrogen (815N%o) was estimated based upon data reported by 

Schoeninger and DeNiro (1984:626). Vegetation (new growth leaf, fruits, etc.) collected 
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from Kapiti and TarangalSlands between 1996 and 1998 had a weighted mean A 14e = 108.3 

± 7.9%0 (n=16), which agreed well with the mean atmospheric A 14e value for the period 

1996-98 (111.7 ± 1.1%0, n:::5). 

Faunal Materials. The isotopic variability in foods of Rattus exulans appear to dampen the 

isotopic diet signal in the endmember. For example, Beavan and Sparks (1998) showed that 

ol3e remained in the terrestrial range for two R. exulans which were significantly radiocarbon 

depleted, indicating these rats had fed from a nearby sooty-shearwater colony, a marine

Hnked source. ISotopic variation among prey can also impart infonnation about the different 

feeding ecologies of items that rats scavenge, as well as the range of isotopic values which 

can be transferred to rats from diet. Here we have used the T' statistic (Ward and Wilson 

1978, Appendix B) to compare and combine radiocarbon values and account for variable 

measurement error, and arithmetic ranges for stable isotopes 

In Table 2, terrestrial invertebrates had highly significant differences in A14e values 

(T'=542.2l, X2 0.95, v :=26::: 38.89). The large A14e variation, and the range of o13e (-29.7 to-

21.9%0, x::: -24.9%0) and 015N (-1.4 to 110/00, x = 6.1%0) is associated with many different 

feeding habits and carbon sources for the group: detritus/leaf litter, incorporating previous 

years' values of A14e fixed from atmospheric levels; fresh vegetation, representing current 

season's atmospheric signature; and carnivores. Another factor affecting the A 14e signature of 

the insect is the rate of tissue carbon turnover in some long-lived (3 to 10 years) species, such 

as the wetas (Gymnoplectron and Hemiandrus spp.). 

The A 14e variation for six marine-sourced animals was also significant (T'::: 28.06, X2 0.99, \=6 

= 16.81), with a range of ol3e and 015N (-22.4 to -17.2%0, x -18.90/00, and 11.3 to 15.9 %0, x 
::: 12.8 %0, respectively), because of the inclusion of black-backed gull (Lams dominicanus). 

Gulls can exhibit either a "marine"- type A14e value (87.4%0), or a more terrestrial value 

(A 14e 131.4 ± 9.70/00). Here, variations in radiocarbon while maintaining "terrestrial" o13e 

values are presumably due to scavenging in terrestrial zones, especially refuse dumps. The 

extent of scavenging from anthropogenic sources alters one values which otherwise would be 

a fimction of a marine-sourced diet, as has been noted 
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Table 2. The (51"N, (513C, A MC isotope values for terrestrial invertebrates and a vertebrate (gecko) on Kapiti and 
Taranga Islands. Ternary totals of delta values calculated as «(i15N 0/00+ (i13C%o +A14C %0). Refer to Table 1 
caption for further column descriptions. 

NZA# Kapiti and Taranga 01~%u 1)13C%.J A 14C%o 
Ternary 
totals of % 15N oJ.Pc %14C 

Invertebrates delta 
values 

7052 WOffil (Acanthrodrilidae sp.) -1.4 -23.6 229.8±10 254.8 1 9 90 

10028 WOffil (Acanthrodrilidae sPJ 7.5 -24.8 119.9±7.7 152.8 5 17 78 

9732 Beetle (Oedemetidae sp.) 4.1 -24.2 99.3±7.7 127.6 3 19 78 

9730 Spider (Miturgidae sp.) 5.5 -25.1 134,4±9 164.9 3 15 81 

8495 Spider (Miturgidae sp.) 5.6 -24.3 122.7±9,4 152.6 4 16 80 

11125 Stick insect (Mimarchus 6.1 -29.7 97.l± 8.5 132.9 5 22 73 

salebrosus) 

7416 Weta (Hemiandrus sp.) 6.2 -23.6 96±9.2 125.8 5 19 76 

7508 Weta (Gymnoplectron sp.) 9.1 -24.8 115.9± 9.9 149.8 6 17 77 

7412 Weta (Hemiandrus sp.) 9.7 -25.7 109.9± 9.3 145.3 7 18 76 

7413 Beetle (fenebrionidae: 6.0 -26.5 132.4± 9.5 164.9 4 16 80 

Mimopeus sp.) 

7417 Isopod (Armadillion sp.) 5.8 -25.1 121,4 ± 10.9 1523 4 17 78 

7415 Beetle (Carabidae sp.) 10.3 -26,4 126.7± 9.6 163.4 6 16 78 

7414 Beetle (Carabidae sp.) 10.5 -27.8 126.3± 9.8 164.6 6 17 77 

9735 Robber fly (Asilidae sPJ 11.0 -23.8 184.0±8.3 218.9 5 11 84 

9733 Millepede (Harpaphe sp.) 1.5 -23.4 120.5± 8.6 146.5 1 17 82 

9729 Grass grub beetle 6.9 -26.3 134.6± 8.0 167.4 4 15 80 

(Melolonthidae sp.) 

10027 Snail (Paralaoma 8.2 -26.3 120.5± 8.6 156.1 5 18 77 

caputspinulae? ) 

7509 Slater (unid. isopod) 1.5 -24.1 111.4 ± 9.2 137.0 1 18 81 

9290 Moth (Lepidoptera sp.) 3.0 -27.9 105.9± 9.3 131.7 2 18 80 

11126 Sandhopper (unidenL 7.0 -25.6 224±8.5 253.5 3 9 89 

ampbipod) 

9139 Beetles (lmident.) 5.1 -23.0 112,4± 7.9 142.6 4 18 79 

8499 Beetles (unident.) 6.0 -22.7 70.9±7.6 101.1 6 24 70 

9731 Cockroach (unident.) 1.4 -27.4 126.3± 7.9 1553 1 18 81 

9118 Cockroach (unident.) 2.4 -25.6 96.3± 9.9 1223 2 19 79 

8497 Ants (unident.) 4,4 -21.9 45.3± 7.8 75.04 6 34 60 

8496 Black fly (unident.) 7.2 -21.9 92.9± 8.2 122.0 6 18 76 

8498 Black fly (unident.) 10.1 -24.5 80.2± 7.6 112.5 9 20 71 

Terrestrial Vertebrate 

7059 Gecko (unidentified sp.) 10.5 -23,4 128.9± 8.0 162.8 6 14 79 

for Kelp gulls taking supplementary food from refuse (Steele and Hockey 1991). Little blue 

penguins (E. minor) and gannets (Sula serratol') possessed typical marine-range ol3e values 
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and the depleted ~ 14e values typical of marine-based feeding. In companson, 

monoisotopic-reservoir feeding, open ocean birds such as Mollymawks and Albatross 

exhibited similar stable and radioisotope values (Table 3). 

Table 3. The 015N, 013C, A MC isotope values for seabirds, fish from Kapiti and Taranga Island, and Southern 
open ocean birds. Ternary totals of delta values calculated as (S15N %0+ S13C%o +1114C %0). Refer to Table 1 
caption for further column descriptions. 

Kapiti and Taranga 
ols.N%o 013C%o A 14C%o NZA# SeabirdIMarine 

Ternary 
totals of %1s.N %13c %14C 

delta 
values 

7046 Gannet ( Sula serrator) 11.3 -17.2 86.4 ±9.2 114.9 10 15 75 
7050 Gannet ( S. serrator) 11.3 -17.2 66.8 ±8.9 95.3 12 18 70 

7047 Black back gull 11.7 -22.4 131.4 ± 9.7 165.5 7 14 79 
(Larus dominicanus ) 

7049 Black back gull 12.1 -21.9 87.4 ±9.2 121.5 10 18 72 
(L. dominicanus) 

7048 Little Blue Penguin 13.6 -17.9 94.3 ± 10.2 125.8 11 14 75 
(Eudyptula minor) 

7045 Little Blue Penguin 13.6 -17.9 75.6 ±9.2 107.1 13 17 71 
(E. minor) 

9329 Fish from penguin stomach 15.9 -18.0 84.9±7.6 118.8 13 15 71 
contents 

Open Ocean Birds 
10979 So. Bullers Mollymawk 17.5 -20.6 63.4 ±7.4 101.5 17 20 62 

(Diomedea bulleri) 
10974 White cap Mollymawk (D. 16.9 -17.9 64 ±7.5 98.8 17 18 65 

steadi) 
10975 White cap Mollymawk (D. 15.9 -18.8 59 ±7.5 93.7 17 20 63 

steadi) 
10976 Campbell Blk browed 15.8 -17.2 52.5 ±9.3 85.6 19 20 61 

Mollymawk(D.meTanophrys) 
10977 Salvins Mollymawk (D. 17.3 -16.7 51 ±7.3 85.0 20 20 60 

salvin!) 
10978 So. Black browed 16.5 -17.1 66.7 ±7.8 100.3 16 17 67 

Mollymawk (D. melanophrys) 
10980 Royal Albatross (D. 16.5 -18.5 40 ± 7.6 75.0 22 25 53 

epomophora) 

Rattus exulans 

The Kapiti R. exulans population had a highly significant ~ 14e isotopic spread (T'= 123, 

X2 0.99, v=8 = 20.09), with a small range for SI3e (-20,4 to -22.3 %0, X -21.3 %0) and a large 

range of S15N (4,4 to 11.6 %0, x =7.6) which would not be unexpected for a sample set 

culled from five different traplines in varied environments. On Taranga Island, the rats 

were trapped over no more than 250 m2
, so similarities in feeding were expected. Taranga 

rats had a ~ 14e isotopic spread that was not significant (T'= 21.07, X2
0.95, v=13 22.36) but 

at relatively low values (mean ~14e = 108 %0) with respect to terrestrial plant weighted 

mean (~ 14e = lO8.3 ± 7.9%0, n=16). At face value, ~ 14e would thus indicate rats had 
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consumed a diet solely of vegetation. However, ranges of 813C (-22.9 to -15.3 %0, x = -20.8 

%0) and 815N ( 11.1 to 17.0 %0, X = 13.2 %0) indicated that the population had actually fed on 

a variety of isotopic sources, and that the diet was rich in animal protein. 

Table 4. The 015N, Ol3C, L\ l4C isotope values for Rattus exulans from Kapiti and Taranga Island. Ternary 
totals of delta values calculated as (Ol~ %0+ o13C%o +L\14C %0). Refer to Table 1 caption for further column 
descriptions. 

R. exulans Ternary totals 
NZA# Kapiti Is. 1)15N%o 1)130'Alo A 14C%o of delta values o;.,t~ %13C %14C 

7406 Kap8AM 404 20.37 140.8 ± 7.7 165.6 3 12 85 

7407 Kap8JM 4.6 21.63 116.3± 7.8 142.5 3 15 82 

7405 Kap7AM 8.2 21042 129.8± 7.7 159.4 5 13 81 

7408 Kap71M 5.3 20.37 125.8± 8.0 151.5 3 13 83 

7409 Kap61F 5.3 21.49 133± 7.0 159.8 3 13 83 

7404 Kap2AM 6.64 22.25 144± 7.0 172.9 4 13 83 

7403 Kap2AF 11 22.28 127.8± 8.0 161.1 7 14 79 

7032 Kap41 11.3 20.62 81.6± 7.0 113.5 10 18 72 

7034 Kap4A 11.6 21.29 54± 8.0 86.9 13 25 62 

R. exulans 
TarangaIs. 

8345 T12cld (1) 13.0 -21.5 120A± 7.6 154.9 8 14 78 

8346 T11cld(2) 15.1 -15.3 105± 11.8 135.4 11 11 78 

9168 T11cld(3) 11.1 -22.8 125.5±8.6 159.4 7 14 78 

9799 T11FM 11.2 -22.2 101.3± 7.7 133.3 8 16 76 

9520 T11MS 12.1 -2004 108.8± 8.2 141.0 9 14 77 

9783 T12FM 13.6 -20.3 107.2± 8.3 141.1 10 14 76 

9780 T12FS 14.6 -21.9 105.2± 7.7 141.7 10 15 74 

9784 T27FM 12.1 -22.9 98.9± 8.0 133.9 9 17 74 

9798 T27MS 12.6 -21.8 94.7± 9.6 129.1 10 17 73 

9521 T5MS 12.1 -20.2 111.8±7.8 144.0 8 14 78 

9784 T44FM 12.5 -21.3 119.8± 7.9 153.6 8 14 78 

9782 T2FS 12.6 -20.5 90.1± 7.6 123.2 10 17 73 

9781 T4aMS 15.1 -20.8 111.2± 9.9 147.1 10 14 76 

9844 T8FS 17.0 -19.7 119.2± 7.8 155.9 11 13 76 
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Fig 2. Ternary plot of Ol3C, 015N, and ~14C relationships for foods and R. exu/ans for both Kapiti and Taranga Islands. The bivariate cross-plots of normalised A-B, A-C, 
and B-C pairs to the left of the 3-isotope plot present trends in the data. The A-C trend (15N and 14C) showed that variation in 14C values was linked to trophic levels. 
Enriched terrestrial nitrogen is associated with increasing trophic levels, which have higher 14C "bomb carbon" values; enriched marine nitrogen is also associated with 
higher trophic levels, but ocean 14C marine values are depleted relative to terrestrial 14C values. 
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The isotopic values by species are related to foods in different habitats; this relationship 

can be plotted in a ternary graph integrating OBC, 015N and A14C of different prey and rats 

from Kapiti and Taranga Island (Fig. 2.) 

Comparison of the isotope values and their relationship to isotope values for foods for the 

two rat populations shows a distinct separation which illustrates that very different food 

sources were exploited on the two islands, and further clarifies the tabulated data (Fig 2). 

The ternary plot indicates that the rat population trapped from a small area on Taranga 

Island did not have a vegetarian diet, as low A 14C might suggest, but rather, had a complex 

diet including marine-sourced foods, such as from the seabird nests liberally scattered 

through the trapping area. In this case, the diet mix damped the A 14C signal, but retained 

enriched nitrogen. On the ternary graph, Taranga rats plot in a boarder area between 

invertebrates with lower-end A 14C, and marine foods (Fig 4). 

Rat isotope values for Kapiti rats were more diverse, reflecting in part the collection of rats 

from different parts of the island and the greater range of available foods used. On Kapiti, 

rats from grassland and bush had bone-protein isotope values that indicated they fed 

largely on terrestrial invertebrates. The exceptions were two rat trapped in a sooty 

shearwater (Puffinus griseus) colony; these rats plot among marine vertebrates (Fig. 4.) 

Discussion 

The 013C, 015N, and A14C values of invertebrates are functions of several processes; the 

variation in isotopic values that these feeding behaviours create are seen in the manner in 

which invertebrates broadly plot across the ternary graph (Fig 4). Fresh vegetable matter or 

organic detritus-feeding insects should have stable isotope values that fall within the range 

of plants, with A 14C reflecting either the fresh vegetation or older, rotting vegetable matter 

from previous years. Carnivorous invertebrates will have A 14C values of the insects or 

carrion they feed upon, and a slightly elevated 015N value, indicative of feeding at a trophic 

level different from herbivores. An excess in the expected values might also be attributed 

to factors such as the age of the insect that might produce a "lag-time" effect. Apparent lags 

can be produced through the integration of A 14C values in the dietary items of invertebrates, 

and, to some extent, the age of the insect (Beavan and Sparks 1998: 608; see also Stenhouse 

and Baxter 1979, 1977, and Nydel et al.1971 regarding the mechanism of incorporation into 

different tissues and turnover times). 
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The ternary plot of the relationships between oDC, 01SN , and il14C for R. exulans and foods 

indicate differences in feeding habits of Kapiti rats from different habitats on the island. 

Thus, they were clustered either within the range for terrestrial invertebrates, or among 

marine food values in the case of the two rats from the sooty shearwater colony. We also 

found that Taranga Island rats, which were captured within a small area in the midst of 

seabird nest sites, and within two hundred meters of a beach, clustered between the marine 

values and those for terrestrial invertebrates with higher 01SN values. The x-y plot "A IC" 

(015N and il14C) further illustrates that 14C and o15N relationships are based upon food 

web effects (Fig 4). 

Conclusions 

From the isotopic data collected for Kapiti and Taranga Islands, it is concluded that the 

isotopic values for insects or carrion in general reflect: 

a) the time between production of fresh plant material and ingestion by herbivorous 

insects, and! or 

b) an integration of many discreet il 14C values of plant materials, and for carnivores, 

other insects, taken as food, and 

c) rate of tissue turnover, time, and the age of the insect. 

The 01SN values of rat bone and foods are associated with trophic level (DeNiro and 

Epstein 1981, Schoeninger 1985). In the terrestrial bomb carbon environment, enriched 

01SN is associated with higher il14C based values, as seen in the A-C bivariate plot (Fig. 4.) 

Higher olsN values in marine foods reflect similar trophic level enrichments, but il14C in 

the marine environment is depleted relative to that in terrestrial habitats. The oDC alone 

did not provide a reliable indication of carbon sources in this omnivorous diet. This 

observation was predicted by Ambrose and Norr (1993), whose controlled feeding 

experiments with rats on varied diets showed that changing the source and percentage of 

protein caused a variable and non-linear biomagnification of isotopic values in rat tissues. 

Dietary mixes contribute il14C isotope signal that comprises: 

a) the "lag" between atmospheric il14C fixed at the base of the food chain and in the 

il14C invertebrate or vertebrate food eaten by the rat, andlor 

b) a marine-il14C signal if any marine foods are eaten. 

71 



Although we were not able to investigate the following considerations, the dietary isotopic 

signal may be further complicated by : 

a) the dietary mix the mother contributed to the young rat during the foetal and early 

suckling stage, and 

b) the dietary mix of the juvenile and adult stages. 

Isotopic analysis using the multiple tracers of 015N, 013e , and .d 14e effectively 

distinguished between two populations of R. exulans with different proportions of marine 

and terrestrial foods in their diets. Isotope analysis provides an average measure of types of 

prey in the diet over the short lifetime of the rat, and thus indicates the average impact of a 

population's predation on invertebrates and vertebrates in a particular habitat. As such it 

complements the classic method of stomach content analysis, which indicates diet over the 

span of twenty-four hours or less. An ideal dietary study of Rattus exulans would be a 

combination of index-line trapping, collecting data on seasonal distribution, abundance, 

productivity and timing of breeding in different island habitats, stomach content analysis, 

with a sub-selection of individuals for bone isotopic analysis. Such work would provide 

valuable information for future management of the species. 
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APPENDIX A 

To construct a ternary plot of the relationship of three isotope values, the delta values of 

each isotope are first summed {I 015N%o I + I 013C%o I + I A14C%ol } and normalised by 

expressing the isotope values as percentages (Table AI). Values are graphed using Ternary 

Plot 4.0 (PAZ Software, PA Zippi, © 1987-1998), which normalises and plots three 

variables on a triangular diagram and three bi- variate component cross-plots (Fig AI). 

Relationships and trends obscured by the clustering of values due to large differences in 

magnitude of each value can be clarified by assigning scaling factors for each component, 

where the original normalised data are scaled according to the selected factor, then re

normalised (Fig A2). 

Table At. Simulated isotope values to illustrate used to construct a temary graph for twelve hypothetical entities. 

Ternary 
015N%o 013C%o ,il14C%o Total of Delta % 15N %13C % 14C 

Values 
1.4 -27.6 126.3 155.3 1 18 81 
1.4 -23.6 229.8 254.8 1 9 90 
1.5 -24.1 111.4 137.0 1 18 81 
1.5 -24.5 120.5 146.5 1 17 82 
2.4 -23.6 96.3 122.3 2 19 79 
2.7 -23.1 105.9 131.7 2 18 80 
6.0 -24.2 70.9 101.1 6 24 70 
6.1 -29.7 97.1 132.9 5 22 73 
6.2 -23.6 9.0 125.9 5 19 76 
6.9 -25.9 134.6 167.4 4 15 80 
7.0 -21.9 224.6 253.5 3 9 89 
7.2 -21.9 92.9 122.0 6 18 76 

73 



o 
o 

10 

20 

I I I I I I I '8 
A 

B 

10 

40 

50 

60 

70 

Legend 

o Test Vaile> 

N=12 

100 '0 
L..&....I .................................. C-+---+--~~f--.....Jf-.....lf--~--+--~~~........:t 

30 20 10 °0 
Fig Ai. Unsealed data plotted from Table AI. 

0 
0 

A 100 Legend 

L B 
10 Test Values A 90 

20 
N = 12 

80 A x 5 

30 Bx 1 

70 e x 0.5 

A 

60 
50 

% SlSN 50 % L\
14

C L 40 
.:. c 

0 70 
30 • B o· 

0 80 
20 • 

". 90 L 'o - 100 ••• 
C 

0 
100 90 80 70 60 50 40 30 20 10 0 

0 %S13C 

FigAl. Data plotted from Table A 1 after scaling by factors given in the legend. 

74 



APPENDIXB 

Ward and Wilson (1978) T statistic specifically addresses the problem of combining and 
comparing radiocarbon age determinations. As the authors note, radiocarbon age 
determinations are presented in the form of A ± E, where A is the estimate of radiocarbon age 
in yrs before present (BP) and E is the standard deviation due to counting error. A typical 
error in analysis for bomb carbon measurements in this paper is ,114C ± 7%0. However, 
measurement error on 14C analysis does vary by sample; this variance is taken into account 
when comparing radiocarbon analyses. 

Therefore, to compare a cluster of radiocarbon determinations with variable error, one 
determines the pooled mean Ap of radiocarbon measurements and then uses the T' test 
statistic: 

n 

T' :::;: L (Ai -Api IE? 
1 

where E2 is the variance of the radiocarbon age estimate. The value of the T' statistic is 
compared to the Chi-square distribution for n-l degrees of freedom under the null hypothesis 
(Ward and Wilson 1978: 21). 
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Abstract 

Diet can playa significant role in anomalous l4C ages derived from bone and other tissues when the food web 

incorporates depleted 14C reservoirs, such as the marine environment. Dietary effects from a post-bomb 

carbon variation have also been found in modem invertebrates and populations of Rattus exulans (Beavan 

and Sparks 1998). We now present the effect on the Conventional Radiocarbon Age (CRA) of a modem 

aquatic/terrestrial food web in a volcanic zone of the North Island, New Zealand. At Lake Taupo, geothermal 

venting transfers 14C depleted carbon to lake waters, which aquatic plants fix into the food chain; depleted 

14C is shown to then pass on to shellfish, waterfowl, and Norway rat (Rattus norvegicus). The geothermally

induced 14C variations from modem atmospheric equilibrium can increase apparent radiocarbon ages by 

>2000 years. 

Introduction 

Shells and bones of organisms that feed exclusively from specific l4C-depleted reservoirs (i.e. 

marine or limestone-based aquatic environments, peat bogs) are known to return anomalous 

radiocarbon ages as a function of diet (Albero et al. 1986, Lanting and Van der Plicht 1998, 

Goodfriend et al. 1999, Arneborg et al. 1999), and are typically identified by enriched ()15N 

and ()13C values (Schoeninger and DeNiro 1984). There is a similar potential for diet-induced 

error in radiocarbon dates of organisms with omnivorous diets that mix contemporaneous l4C 

and 14C-depleted carbon reservoirs. Isotopic identification of diet for mixed-reservoir 

omnivores is not as straight-forward as for feeders in a mono-isotopic environment (Hobson 

1999), therefore the consideration of and testing for environmental sources of error in 

radiocarbon dates for these organisms is important if valid conclusions based on radiocarbon 

analysis are to be drawn. 

As part of an investigation of diet as a factor in anomalous 14C ages in rat bones, we 

examined a food web at Lake Taupo, North Island, New Zealand. We also tested the 

dissolved inorganic carbon (DIC) of waters at two small lakes near the east coast of the 
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North Island of New Zealand to check the degree of variability in OBC and ,1\14C to be 

expected in fresh water from North Island sources. 

The Study Area 

Lake Taupo (Fig. 1) is a warm-monomictic lake in the Taupo Volcanic Zone (TVZ), with 

bicarbonate anion predominant (White et al. 1980). Geothermal activity expels mantle

derived C02 with typically enriched stable carbon ratios (OBC) of -3.4%0 to -2.3%0 

(Cornel de Ronde, pers. com. 2000) from several vents in the lake bottom. Mantle C02 

contributes to the extremely old Conventional Radiocarbon Ages (CRA, Stuiver and 

Polach 1977) of inorganic carbon found in waters from various sites in Lake Taupo, 

ranging from 1833 BP to more than 4000 BP and Ol3C from -4.7%0 to 0.9%0 (Table 1). For 

this study, we chose an aquatic-based food web in a marsh site on the southern shore of 

Lake Taupo, at Tokaanu Bay, Turangi (Fig.1). Additional watersamples were taken from 

Lakes Pohue and Tutira in Hawke's Bay to examine OBC and ,1\14C contribution to lake 

water outside of the TVZ (Fig 1, inset). 

Materials and Methods 

Sample collection: At Tokaanu Bay, lake water, four aquatic plants (Lachnagrostis 

filiformis, Lagarosiphon major, Glossostigma sp. and one unidentified plant), NZ scaup 

(Aythya novaeseelandiae) and two rats (R. norvegicus) were collected in February and 

November, 2000, within a 1500 m2 area of the Tokaanu marsh, between the Tokaanu 

powerstation tailrace and the western banks of the marsh on the Tongariro River delta (Fig 

1). Water samples were collected from lake sites in less than 1 rn of water, in clean 500 ml 

Pyrex flasks that were submerged until full and sealed while under water to avoid 

atmospheric exchange with the sample. Aquatic plants were collected by hand from <1 m 

of water at Tokaanu marsh, and bagged separately for identification. A fresh NZ scaup 

carcass was collected from the Tokaanu tailrace. Norway rats (R. norvegicus) were snap

trapped about 50 m apart in the Tokaanu marsh. We also include in our analyses fresh 

water mussel (Hyridella menziesi) collected live from Lake Taupo in 1983, and samples of 

Lake Taupo water collected along a north south axis at various times since 1958 (Table 1). 

Physical and chemical preparation 

R. norvegicus and NZ scaup bone: Tibiae and femora from carcasses were defleshed, freeze 

dried, and scraped to remove cartilage and bone marrow. All bones were then washed and 

sonicated in deionized water, and dried in a vacuum oven at 30°C. Each sample was 
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pulverised in a Retch mill to < 450 !Jlll, and demineralized in O.5M HCl while stirred at room 

temperature for 1 hr. Collagen was fIltered from the solution and gelatinised with O.OlM HC! 

in a nitrogen atmosphere at 90°C for 16 hours. The gelatin was then double-filtered through 

Whatman™ GF/C and 0.45 !lm Acrodisc™ fIlters, and lyophilised to weigh yields. An 

average of 4 mg of this bone gelatin was combusted in an evacuated and sealed quartz tube 

with CuO and Ag wire at 900°C for 2 hrs. After cooling, the quartz tube was cracked on a 

vacuum line and the CO2 was cryogenically distilled. The distilled CO2 was graphitized and 

analysed by accelerator mass spectroscopy (AMS) dating. 

Aquatic plants: After identification, vegetable matter was washed in O.OlM HCl and rinsed to 

neutral pH in deionised water, and vacuum dried at 30°C. Two to 3mg of material was 

combusted and graphitised as above. 

Fresh water mussel: Fresh water mussel flesh was collected and analysed for 13C and 14C in 

August 1983 (Currie 1984). The sample was processed by washing with deionised water, 

freeze-drying, and preparing for gas counting in the manner of Jansen (1984). 

NZ scaup tissues: Flesh, skin and liver samples were washed in distilled water and freeze

dried. Approximately 2-3 mg of lyophilised tissue was combusted and graphitised as above 

for AMS analysis. 

Lake water: About 120 m1 of lake water and anti-bumping granules were placed in a 

sidearm reaction vessel flushed with N 2. After evacuation, approximately 6 m1 of 

orthophosphoric acid in the sidearm was introduced to the water and stirred at room 

temperature until the reaction ceased. Evolved C02 was cryogenically distilled, collected 

and measured for yield, and graphitised as above. 

Elemental analysis o/bone gelatin andjlesh: Samples for 015N and 013C were analysed on 

a Europa Goo 20/20, interfaced to an ANCA-SL elemental analyser in continuous flow 

mode. Carbon and nitrogen isotopes were analysed simultaneously from an average 1.5 

mg of dry sample. The carbon dioxide and nitrogen gases were resolved using 

chromatographic separation on a GC column at 85°C, and analysed for % abupdance and 

delta element value. C/N was calculated from % abundance. 
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Figure 1. Inset: Map of the North Island of New Zealand showing area of the Taupo Volcanic zone, the 
Waikato River and Lakes Te Pohue and Tlltira. Small scale diagram shows the marshland sampling site at 
Tokaanu Bay, on the southern shore of Lake Taupo. 

Analysis of each sample was done in duplicate; reported values are drift-corrected and an 

average of the duplicates. Measurement error values are: ± 0.1 %0 for carbon, ± 0.3 %0 or 

better for nitrogen. Standards were flour (S J3e: -25.30/00; SI 5N: 3.010/00) and AND sucrose / 

IAEA-N2 (S13C: -10.4%0; S15N: 20.340/00), which were run after every six samples. 

Results and Discussion 

Results of 14C and stable isotope analyses are shown in Table 1. What is immediately 

striking is the range of variability in 14C content evident in a number of what might be 

considered "modern" sources, including the Lake Taupo water itself. The overall l4C 

depletion reflects the input of volcanic CO2 through venting in the lake floor. This is in 

contrast to Lakes Tutira and Pohue, which are some 200 km to the east of the TVZ 

boundary, and show predominantly, atmospherically derived carbon. 
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Table 1. Stable isotope values and radiocarbon activity of water, aquatic plants, and animals from Lake 
Taupo, New Zealand. 1=collected February 2000; 2=collected August 1983 (Currie 1984); 3=collected 
November 1958 (Rafter et al. 1972); 4:::collected February 1978, H. Polach, unpublished data; 5:::collected 
November 2000. CRA::: Conventional Radiocarbon Age (Stuiver and Polach 1977). 

a Be %0 eRA (years Laboratory 

BP) Number 

Lake Taupo water 

Tokaanu Bay1 -6.4 3694 ± 100 NZA12392 

Tokaanu Bay1 -5.9 4143 ± 55 NZA12393 

Taupo: Turangi inlee -4.7 3167 ± 64 NZ3248 

Taupo-mid lake2 0.9 2325 ± 58 NZ6401 

2 MileBal 0.3 1983 ± 48 NZ5743 

2 MileBal 0.6 1833 ± 48 NZ5744 

Taupo: Waikato River 
outlee 

1.6 4071 ± 65 NZ3247 

Other Sites 

Lake Tutira, Hawkes -6.2 -523 ± 55 NZA12430 
Bai 

Lake Te Po hue, :...7.7 -101 ± 55 NZA12433 
Hawkes Bay5 

a15N aBc 
%0 %0 

Aquatic Plants, 
Tokaanu Bayl 
Lachnagrostis filifonnis 3.1 -25.4 429 ± 70 NZA12022 

Lagarosiphon major -0.7 -16.6 4452 ± 55 NZA12023 

Unidentified sp. -1.6 -24.1 3639 ± 75 NZAl2047 

Glossostigma sp. 5.7 -24.7 997 ±65 NZA12048 

Fresh Water Mussel nd -21.3 1998 ± 43 NZ6378 
Flesh2 
Hyridella menziesi 

NZScaupl 

Aythya 
novaeseelandiae 

Liver 8.4 -13.9 2487 ± 50 NZA11169 

Bone 8.6 -15.7 2674 ± 65 NZA11209 

Muscle 8.4 -15.9 2719 ± 50 NZA11165 

Skin 9.2 -17.7 2946 ± 60 NZA11210 

Norway Rat1 

Rattus norvegiclls 
Rat # 1, femur and tibia 6.5 -22.1 -261 ± 60 NZA12024 

Rat #2, femur and tibia 11.6 -20.3 2139 ± 55 NZA12025 
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In Lake Taupo, aquatic plant photosynthesis fixes dissolved inorganic carbon and transfers 

depleted 14C from lake water to the base of the food web, resulting in CRAs for four 

species of plant ranging from 429 yrs BP to more than 4000 yrs BP. The carbon isotope 

transfer is similar to that seen in plankton living in the 14C-depleted waters of some 

European lakes (Geyh et al. 1998). In Tokaanu Bay, the sampled aquatic plants also grow 

at varying levels with respect to the lake surface, and the 14C age of Lachnagrostis and 

Glossostigma may show signs of atmospheric C02 exchange with modem 14C. Considering 

the depleted 013C values for Lake Taupo vascular aquatic plants, we suggest these values 

may be due to plant photosynthetic fractionation effects during carbon uptake. The 013C 

values for aquatic plants from Lake Taupo were depleted with respect to the stable carbon 

range for five species of algae (-10%0 to -16.6%0) from hot springs at Orakeikorako, 

Waipahihi, Waiotapu, and Tikitere in the TVZ (Rounick and James 1984). It has been 

observed that the fractionation of 013C by freshwater plants may be differentially affected 

according to species type and rates .of metabolism, as well as by the isotopic composition 

of the dissolved inorganic carbon substrate (Osmond et al. 1981.) 

Mussel flesh showed a similar mixed-reservoir effect, and had a depleted 013C ratio 

(-21.3%0) relative to lake-water bicarbonate (0.3%0 to -5.9%0). The depletion may due to 

two possible factors. Filter feeding on particulate matter could contain a mixture of carbon 

derived from allochthonous terrestrial material and aquatic material, where the terrestrial 

carbon would moderate both the enriched 013C and the 14C depletion effect of the aquatic 

environment. Alternatively, a terrestrial source may not be required to deplete values of 

013C in mussel flesh. Aquatic plants produce a mean OBC of::::; -21 %0 (Table 1), and thus 

mussel flesh values may be associated with filter feeding of phytoplankyon, which we did 

not sample during this project. 

The scaup, a small diving duck, feeds on macro-invertebrates, shellfish and aquatic 

vegetation (Marchant and Higgins 1990). Four different tissue samples from the same 

individual had CRAs with a standard deviation of 189 years, much greater than the 

statistical uncertainty (T' 35.1, X2
0.95,V=3::: 7.8; T' statistic of Ward and Wilson 1978). 

The 14C variations appear to be strongly correlated with variations in OBC (Fig. 2), 

suggesting that the carbon is drawn from two dominant sources, each with a characteristic 

14C and BC signature. Partitioning of the dietary carbon between the different tissues 
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implied by Fig.2 is likely to be associated with different rates of tissue turnover and 

variability in diet over time (Hobson et al. 1999). 

The most extreme case of intra-specific variability in CRA was found in two Norway rats 

(R. norvegicus). Two individuals trapped within 50 meters of each other in February 2000 

had CRAs of 2139 ± 55 yrs BP and -260 ± 60 yrs BP, respectively. Repeat measurements 

(2047 ± 68 yrs BP, NZA12463 and -339 ± 58 yrs BP, NZA12463, respectively) confirmed 

these results. R. norvegicus is an omnivorous scavenger and can include aquatic waterfowl 

eggs, nestlings and adult carcasses in its diet (Bettesworth 1972). This could explain the 

older CRA observed if the "old" rat had frequently fed upon fowl such as local scaup. Also 

considered are that rats are individualistic and opportunistic feeders. The extremely old 

age determined for the first rat appears to be a rather striking dietary effect, but the second 

had an apparent age approximately equivalent to atmospheric 14C values in 1956. 

Therefore, this individual had grown on a largely equilibrium terrestrial diet that also 

included food with 14C depletion, which has effectively "damped" the modern 14C signal. 

Less marked, but similar, effects have been seen in modern populations of Rattus exulans 

(Beavan and Sparks 1998). The OBC values of the two rats, while differing by 

approximately 2%0, did not raise the expectation of such large differences in the CRAs, 

although there was a large difference between the 015N values, indicating a diet higher in 

animal protein for the rat with a >2000 yrs BP apparent age. 

The range of 14C variability reported here may help explain other, apparently anomalous, 

14C ages from the same area. For example, at Whakamoenga Cave on the northeast shore 

of Lake Taupo, the bones of moa from a human occupation layer at an archaeological site 

have a CRA of 4747 ± 120 yrs BP and OBC of -24.8%0 ()'JZA577, McFadgen 1995). The 

age predates assumed limits on the age of human settlement in NZ, and the last Taupo 

eruption of 1720 BP (Sparks et al. 1995). While moa are presumed to have been largely 

herbivorous, grazing which included lakeshore plants and macro-invertebrates cannot be 

ruled out, and we suspect a dietary effect in the anomalous ages for moa tracheae from this 

site. 

Results from scaup and R. norvegicus at Tokaanu Bay also show that stable isotope ratios 

are affected by omnivorous diets. Enriched 015N and 0 BC ranges can be used to indicate 

dietary links to reservoirs depleted in 14C (e.g. marine environments or limcstone 
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environments, Schoeninger and DeNiro 1984). Previous work on carbon transfer from 

marine or aquatic to terrestrial food webs by R. exulans showed bone protein could 

retained terrestrial-range ol3e (-20.40/00 to -21.30/00) and nominally enriched 015N ratios 

(mean + 11.40/00) even when the rat had fed from a depleted-14e reservoir source (Beavan 

and Sparks 1998). A similar effect is seen at Tokaanu Bay for the anomalously old 

Norway rat (Table 1), which had a diet inclusive of an unknown proportion of aquatic

linked animal protein such as scaup. 

Taupo scaup 

3100 

~ 3000 
Skin 

Mu.."cle 

Liver 

2400 

-18 -17 -16 -15 -14 -13 

Figure 2. Correlation between conventional radiocarbon age (CRA) and 013C of tissue samples from the 
Lake Taupo scaup (Table 1). Error bars are as reported in Table 1; trendline is a least squares fit to the data 
points. 

The effect of localised sources of 14e-depleted carbon on food webs in New Zealand is 

largely unknown. Geothermal activity contributes to the water of at least 26 other lakes in 

the 6000 km2 of the TVZ (Timperly and Vigor-Brown 1986). Old radiocarbon ages for 

water in the Waikato River outlet of Lake Taupo (Table 1) suggest that 14e depleted water 

could be transferred to non-geothermal areas hundreds of kilometres to the north-west of 

the TVZ, along the Waikato where more than 250 archaeological sites are located. The 

effects of geothermally-derived 14e-depleted water on the aquatic/terrestrial food web in 

the region has not yet been tested and is likely to be highly variable, due to mixing with 
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additional watershed inputs along the Waikato's course. Isotopic values of o13C in the 

range of -40.10/00 to -20.3%0 have been reported for algae and -24.3%0 to -29.1%0 for 

predatory invertebrates and fish from streams in native and exotic forests and pasture in the 

Waikato region (Hicks 1977: 654-655), although the proximity of sampling sites to 

Waikato River water or geothermal sources was not specified. The significance of the 

local g~ological substrate is also unclear. When looking for other environmental effects, 

water samples from two additional lakes in the North Island, Te Pohue and Tutira, to the 

east and well outside the TVZ, in a region of Pliocene-age coquina limestone strata (Naish 

et al. 1998) were tested. The 14C age of bicarbonate derived from water in these lakes 

return modem (post-bomb) radiocarbon values (Table 1). 

Conclusions 

Old carbon rcscrvoirs in the New Zealand environment are a potential source of error for 

radiocarbon dates of organisms, depending on their diet. Stable isotope ratios of 

omnivores may mask 14C contributions from marine and geothermal reservoirs. To counter 

this we recommend careful consideration of radiocarbon results from all types of bone and 

other tissue from omnivorous organisms. Testing regional carbon reservoirs, and 

comparing radiocarbon ages of other materials associated with bone (Holdaway and 

Beavan 1999, Beavan-Athfield et al. 1999, Beavan-Athfield and Sparks 200lb, Holdaway 

et al. 2001) can highlight or eliminate potential dietary effects. Local environmental effects 

should therefore always be considered when interpreting radiocarbon ages of R. exulans 

and other terrestrial or aquatic omnivores throughout New Zealand. Such effects are not 

confined to New Zealand and should be considered routinely when interpreting 

radiocarbon dates on bone in general. 
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Abstract 

Radiocarbon ages of R. exulans bone recovered from Pleasant River, Otago, archaeological site were 

originally rejected on the basis of 14C variability allegedly caused by laboratory processing (Smith and 

Anderson 1998). Subsequent work revealed no burial contaminant that could have affected the results on 

bone protein as processed (Beavan-Athfield and Sparks 2000a). We present the analysis of bone from three 

aquatic waterfowl at the Pleasant River site which show that certain bird species also have up to 300 yrs 

radiocarbon variation in their ages, but maintain typically terrestrial 013C and olsN values. The apparent 

dietary effect which offsets terrestrial waterfowl 14C ages at Pleasant River suggested there was a similar, 

diet-based cause for the anomalous radiocarbon ages for R. exulans at the site, rather than a laboratory 

contamination or processmg effect. 

Keywords: Radiocarbon, bone, diet, stable isotopes, Rattus exulans, Coturnix novaezelandiae, 
Cyanoramphus sp., Anas rhynchotis, Anas superciliosa, Anas chloroUs, Megadyptes antipodes, Stictocarbo 
punctatus). 

Introduction 

Diet plays a variable role in anomalous 14C ages derived from bone, with the best known of 

the depleted 14C reservoirs being the marine food web. Calibration of the Conventional 

Radiocarbon Ages (CRA) of all fully marine organisms -- including plankton, shellfish, 

fish and marine mammals - is required to account for known geographic variations in 

marinc radiocarbon depletion (Bard et al. 1993, McFadgen and Manning 1990, Albero et 

al. 1986). Marine food webs are also characterised by enriched values of l3C (DeNiro and 

Epstein 1978) and 1~ (DeNiro and Epstein 1981), which assist the identification of this 

particular depleted 14C-reservoir source. 

Marine contributions to the overall diet of terrestrial organisms are difficult to identify and 

quantify, although stable isotope (ai3C, a15N) ratios are used extensively as indicators of 

marine or other 14C-depleted foods in ancient diets (Ambrose and Norr 1992, Lanting and 

van der Plicht 1998, Mays 1998). The proportion of marine food in the diet has been 

estimated by assuming a linear relationship between stable isotope ratios in collagen 
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(Chisholm et al. 1982, Schoeninger and Moore 1992, Schoeninger and DeNiro 1984). 

However, some feeding experiments indicate that the 313C of bone collagen shifts in non

linear ways in response to changing diet (Ambrose and Norr 1993). The proportion of 

depleted 14C in a mixed diet could be handled with a stochastic model (such as that 

proposed by Leach et al. 1996) in which the perccntage of diet from a depleted source and 

the degree of depletion are known quantities. However, in wild populations, this may be 

impossible to assess. 

Stable carbon and nitrogen isotope ratios are also not always sufficient to identify dietary 

components depleted in 14c. In complex food webs, the (i13C and (i15N of certain species 

may fail to signal diet intake from 14C-depleted marine reservoirs (Beavan and Sparks 

1998). Data from other depleted)4C terrestrial environments (e.g. limestone) also show 

that there may be little relation between (i13C and the 14Cdepletion measured in organisms 

living in those cnvironments (Goodfriend et al. 1999). Very often, the first indication that a 

dietary effcct should be considered is the occurrence of an anomalous radiocarbon age 

among a suitc of samples. 

We bring these considerations to a specific case in which uncxpectcdly old ages in one 

species have given rise to a controversy involving the reliability of Rattus exulans bones 

for radiocarbon dating of archaeological and ancient avian predator sites in New Zealand. 

Anomalous radiocarbon ages of rat (Rattus exulans) bone from the Pleasant River 

archaeological site were attributed largely to inadequate laboratory processing (Smith and 

Anderson 1998, Anderson 2000), although studies reviewing the reliability of both modem 

and sub-fossil R. exulans bone at specific sites (Beavan-Athfield et al. 1999, Beavan

Athfield and Sparks 200la, Holdaway and Beavan 1999, Holdaway et al. 2001), and an 

independent review of the laboratory procedures (Hedges 2000), do not support this 

explanation. The Pleasant River site in question has also revealed no burial contaminant 

that could have affected the results on bone protein as processed (Beavan-Athfield and 

Sparks 2001a). We now present evidence that, at Pleasant River, diet may drive 

radiocarbon variations seen in some bone ages. This exercise addresses the nccd to 

consider local environmental effects before drawing final conclusions on radiocarbon 

anomalies at a particular site. 
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Methods 

Rattus exulans from middens in Area I, Area 2 and Area 5 at Pleasant River, Otago (Smith 

1999) were submitted to both the Rafter Laboratory in 1996 and to the Oxford Laboratory 

in 1997, as part of an ongoing dating project for the Pleasant River archaeological site 

(Smith and Anderson 1998). 

To examine the possibility of anomalous ages occurring in other species which fed from 

different habitats, additional specimens of terrestrial, freshwater aquatic, and marine bird 

were selected from the same AreaIMidden layer as the previously dated R. exulans bone 

samples. These specimens included two land-feeding herbivores (NZ Quail Coturnix 

novaezelandiae, Parakeet Cyanoramphus sp.), three freshwater aquatic birds (NZ Shoveller 

duck Anas rhynchotis, Grey Duck Anas superciliosa, and Brown Teal Anas chlorotis) and 

two carnivorous marine birds (Yellow-eyed penguin Megadyptes antipodes, and Spotted 

shag Stictocarbo punctatus). 

Physical and Chemical Preparation of Bird Bone: Bones were brushed to remove burial 

soil, washed and ultrasonically cleaned in deionised water, then dried in a vacuum oven at 

30°C. Each sample was ground with a mortar and pestle to <450 microns, and 

demineralised in 0.5M HCI while stirring at room temperature for I hour. Collagen was 

filtered from the solution and gelatinised with O.OIM HCI in a nitrogen atmosphere at 90°C 

for 16 hours. The gelatin was double-filtered through Whatmanl'M GF/C and 0.45 !lID 

Acrodisc'rM filters, and lyophilised to determine yields. An average of 4mg of bone gelatin 

was combusted in sealed tubes with CuO and silver wire at 900°C. The CO2 from the 

combustion was graphitized and analysed by AMS after an aliquot had been taken for OHC 

analysis. 

Stable Isotope Analysis: Carbon and nitrogen in the samples were analysed by an ANCA

SL elemental analyser in continuous flow mode interfaced to a Europa Scientific Geo 

20/20 mass spectrometer. Carbon and nitrogen isotopes were analysed simultaneously 

from an average l.5mg of sample. The C02 and nitrogen gases were resolved using 

chromatographic separation on a GC column at 85°C, and analysed for OHC and 015N and 

C/N ratios. Measurement error values are ± 0.1 %0 for carbon and ± 0.3%0 or better for 

nitrogen. Standards were flour (013C: -25.3%0; 015N: 3.01%0) and AND sucrose 1 IAEA-N2 

(Ol3C: -10.4%0; 015N: 20.34%0), which were run after every six samples. 
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Results 

The Conventional Radiocarbon Ages (CRA), calibrated age ranges and stable isotope 

results for bird species are listed in Table 1, along with previously determined results for R. 

exulans bone (Smith and Anderson 1998). Measurements on Austrovenus shell (WK2370, 

WK2851, WK2753) and charcoal (NZ7960, NZ7962, NZ7963, NZ7964) had established 

the earliest occupation of the Pleasant River site as late 1ih or early 13th century, with peak 

use in the 14th century, persisting into the 15th or 16th centuries (Smith and Anderson 1998: 

88). 

Bones from seven species of bird were recovered from layers with R. exulans. Exclusively 

terrestrial-feeding quail and parakeet (PLR 690-2 and PLR 76-1, respectively) exhibited 

typical terrestrial range ODC and 015N for mainly herbivorous feeders, with higher Ol5N in 

quail indicating a percentage of proteinaceous animal food, probably insects, expected to 

be in the birds' diet. The CRAs and calibrated age ranges for both birds agree with the ages 

for the midden/site (Table 1). 

The Yellow-eyed penguin and Spotted shag (PLR 50-1, PLR 666-1) returned Ol3C and 

015N values within ocean-feeding marine ranges. Conventional radiocarbon ages 

(NZAI1033, NZA11035) are similar to those for pooled Austrovenus shell (WK2370, 

WK2851, WK2753), indicating marine-depleted carbon inputs. Marine calibration of the 

CRAs (Stuiver et ai. 1998, with regional i1R -30 ± 13 years, McFadgen and Manning 

1990) brings the calibrated age ranges into agreement with the age of the site. 

The aquatic waterfowl Grey duck, Shoveller duck and Teal had OI3C and 015N suggesting a 

terrestrial based diet. However, their olsN values indicated a high protein intake that could 

be attributed to feeding on aquatic macro-invertebrates in addition to the fresh-water plants 

that make up the bulk of their diet (Marchant and Higgins 1990). Their CRAs, however, 

result in a pooled age of 828 ± 48 yrs BP (NZAI1996, NZA11994, NZA11995), much 

older than the age of the midden layers at this site. 

Because of an average 213 year offset in duck bone ages, we applied a simple marine 

calibration to the CRAs of the ducks, teal and R. exulans. The ages for the three ducks and 

two of the Rattus exulans (NZA6532, OxA6743, Table 1, Fig I) can thus be brought into 

agreement with other bone, charcoal and shell ages for the 
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TABLE 1. Comparison of radiocarbon ages for contemporaneous terrestrial, freshwater aquatic, and marine 
feeders at Pleasant River middens. Habitat and overall feeding habits: T: Terrestrial; TH: Terrestrial 
herbivore; TO: Terrestrial omnivore; AHlO: Aquatic (marshland) herbivore/omnivore; MF: Marine filter-
feeder; MC: Marine carnivore. Terrestrial AD calibrations (in green text) according to Bard et al. 1993. 
Marine radiocarbon calibrations (in blue italics) according to Stuiver et al. 1998, with AR:::-30 ± 15 
(McFadgen & Manning 1990). Similar calibrations applied to ducks and teal for modelling purposes. I) 
Smith & Anderson (1998), 2) Hedges (2000); NB: Oxford bone processed using ion exchange resins. 

Calibrated 
Sample SampleType Habitat 013C olsN CRA AD (2-a) 

ID / Species 0/00 %0 (yrs BP) Lab. # 

NZ7962 
Area2JL4 Charcoal dates' T Mean Nd 639 ± 57 NZ7963 

Pooled mean age ~-25 NZ 7964 

Area 51L2 Charcoal T -26.1 Nd 647±37 to NZ 8097 

Three Wk2370 
Austrovenus MF 0.4 Nd 965 ±26 1426 Wk2851 

Area lIL2 Shelt,1 pooled Wk2753 
dates 

Area IIL2 Charcoall T -27.4 Nd 507 ± 64 NZ7960 

PLR690-2 NZ Quail (c. NZA 
A51L2 novaezelandiae) TH -23.3 9.5 474 ± 57 !o 1494 11036 

PLR 76/1 NZParakeet NZA 
A lIL2 ( Cyanoramphus TH -21.3 4.9 530± 57 to 1452 11034 

sp.) 

PLR 50/1 Y -eyed penguin NZA 
AIIL2 (Mantipodes) Me -13.9 20.3 888 ± 60 1325 to 1503 11033 

PLR666/1 Spotted shag NZA 
A51L2 (S. punctatus) MC -13.2 18.2 933 ± 55 1305 (0 1471 11035 

PLR66411 Shoveller duck AHlO -27.7 7.9 822 ± 50 1051 [0 1285 NZA 
A51L2 (A. rhynchotis) 1412 to 1539 11996 

PLR369/2 Grey Duck (A. AHlO -20.5 14 843 ±50 1039 to I NZA 
A2/L2 superciliosa) 1401 to 1524 11994 

PLR377/4 Brown Teal AHIO -21.7 14 820±45 ! IS7 10 1 NZA 
A21L2 (Anas chlorotis) 1418101534 11995 

PLR434/1 R. exulans TO -21.6 nd 1039 ± 69 StQ to 1161 NZA 
A21L4 1212(01428 6532 

PLR 74/23 R. exuTans TO -22.0 nd 1591 ± 71 326 to NZA 
A1IL2 653 to 943 6536 

PLR 701-1 R. exulani TO -19.2 17.0 950± 60 9g5 ! OxA 
A51L2 1295 to 1465 6743 

PLR434-3 R. exuTani TO -20.9 11.0 515 ± 55 DO'}!o I OxA 
A2JL4 1659 to 1940 6744 
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midden/layers. This suggests that the discordant ages arise because the diets of these 

individuals contained a significant proportion of depleted 14C very similar to that for 

marine-sourced carbon. One R. exulans in Area 1 (NZA6536) still remains too old for the 

site (653 AD to 943 AD, at 20) and a second R. exulans (OxA6744) which previously 

returned an age in agreement with the pooled charcoal age for Area 2, was made too young 

for its position in the midden/layer (1659 AD to 1940 AD at 20). 

Discussion 

If the age anomalies that were found in waterfowl and rat are diet-driven, we must invoke 

possible food web relationships, so as to provide a means for depleted radiocarbon of the 

regional marine offset (c. 300 yrs) to enter waterfowl diets and be passed through a food 

web. The explanation must also account for the terrestrial-range 013C and 015N that these 

species exhibit. 

Grey duck, Brown teal and Shoveller duck are reported to feed mostly on plant material in 

fresh or estuarine environments, though variable amounts of macro-invertebrates including 

crayfish may occur in gizzard samples (Marchant and Higgins 1990: 1269, 1323, 1342). 

The 015N for ducks and teal (7.90/00 to 14 %0) was similar to that for aquatic plants and 

terrestrial grazers with limited animal protein intake, with expected ranges of 015N::= +3 to 

+14%0 (peterson and Fry 1987: 302). 

The fowl from this site are likely to have fed from the fresh and/or brackish water marshes 

at Pleasant River, and were potentially affected by two possible, although not equally 

likely, depleted carbon sources. 

We have previously examined soil from the Pleasant River site to identify components that 

might act as contaminants affecting bone radiocarbon ages and found that soil fractions of 

600 microns had 14C ages of up to 1000 yrs BP (Beavan-Athfield and Sparks 2001a). One 

speculative possibility is that dissolved organic carbon (DOC) from eroded coal seams 

upriver from the site (Brucc McFadgen, pers. com. 2000) entered the hydrologic system 

which fed marsh or estuarine areas at the Pleasant River site, became oxidised and 

available to aquatic plant photosynthetic uptake, and also became incorporated into organic 

matter in the sediments which supported macro-invertebrates. This would provide 

dissolved and terrestrial-range (i13C carbon, depleted in 14C, to the base of the food web in 

the marshlands into which the Pleasant River emptied. 
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Fig 1. Calibrated AD ages (20 range) of R exulans and bird species bone, shell and charcoal from Table 1. The marine birds (Spotted shag, Yellow-eyed penguin) and 
Austrovenus shell are graphed using only their marine calibration "Cal AD" ranges. R. exulans and marshland ducks and teal are first graphed with a normal terrestrial 
calibration (solid line) and then with a typical marine calibration (grey line) for the region. Anomalous ages for marshland birds (Shoveller duck, Grey duck, Brown 
Teal) are thus brought into agreement with age of the site established by cbarcoal and marine shell for eacb Area, the minimum age of which (approx. 1300 AD) is 
represented by horizontal batchered line. Two R. exulans (NZA6532, OxA6743) are brought into agreement with age range oftbe while R. exulans NZA6536 and 
OxA6744 are made too old and too young for the site, respectively. Note that in Area 2, "R. exulal1s NZA6532" and "R. exulans Ox6744" are the Rafter femur and 
Oxford mandible, respectively, from a 10cm x 2cm cluster of rat bone elements (Smith 1999). 
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A more realistic explanation is that tidal seawater intrusions contributed to a 14C depleted 

marine signal in components of the dissolved organic carbon used by aquatic plants during 

photosynthesis. Normally, a rubisco enzymatic reaction in the C3 biochemical pathway of 

photosynthesis depletes BC (range aHc -6roo to +4%0) from air to the depleted lPC values 

for C3 plants (-20%0 to -30%0, Hoefs 1997: 41.) In our scenario, similarly enriched al3c in 

dissolved marine carbon would be utilised by aquatic plants during photosynthesis, with 

comparable fractionation to aBC-depleted values. Variation in plant isotopic values may 

also depend upon the species of aquatic plant, its position in the marsh, and the amount and 

isotopic composition of seawater flowing into the marsh system (Osmond et al. 1981.) 

With 14C-depleted carbon locked into the base of the food chain by either of these 

mechanisms, successive food chain steps would transfer depleted carbon signals while 

maintaining stable carbon and nitrogen values in apparently terrestrial ranges. The 

proposed scenarios are considered seriously because there is, in fact, an average 213 yr 

depletion in the ducks and teal at Pleasant River, yet aBc for the animals goes the "wrong 

way" for an obvious marine source (Schoeninger and DeNiro 1984.) 

A 14C depleted dietary vector is also suggested for at least two of the anomalous rat bone 

ages. Rats could have scavenged aquatic waterfowl nesting sites or fed upon waterfowl 

carcasses; in these middens, waterfowl have ~ 300 yr depleted 14C signatures, "hidden" 

from easy detection by stable isotope values in the terrestrial range. The R. exulans 

NZA6536 in Area 1 which remains too old with a simple 300 yr calibration may have fed 

from another, more stronge1y--dep1eted source; R. exulans OxA6744 which becomes far 

too young after a 300 yr calibration may have not fed from any carbon--depleted source. 

Such variable scavenger-feeding behaviour is well-documented in R. exulans (Speed 1986, 

Williams 1975, Imber 1984). Work on modem populations of R. exulans has shown that 

feeding from either woodland sources or nesting marine bird colonies has variable effects 

on 14C and BC in R. exulansbone (Beavan and Sparks 1998); additionally, because of 

individualistic feeding, rats from the same area can have widely divergent 14C results 

(Beavan-Athfield et al. 2001)l in a manner similar to the results from Pleasant River. 

Two rat bone samples, however, still present a problem in fully explaining anomalous rat ages 

on the basis of diet. Of particular concern in Area 2, Layer 4 was the original 500 yr 

difference between the CRAs of a R. exulans femur and mandible (NZA6532 and OxA6744, 

Table 1) dated by the Oxford and Rafter Laboratories, respectively (Smith and Anderson 

100 



1998: 89). The skeletal components appeared to be from one individual and were clustered in 

approximate anatomical position- i.e. cranial fragments and mandibles at one end of the 

cluster, tibiae and femora at the other, scapula, radius and a single vertebra in between. The 

distance from one end of the cluster to the other was less than 10em and from side to side and 

top to bottom no more than 2cm. No bones of any other species were within 50cm ( Ian Smith 

pers. com. 2000). 

From an isotopic perspective, we have no evidence for burial contamination at the site that 

could bias ages from one bone to the next, and the absence of such a contaminant excludes 

the possibility that insufficient chemical processing of the bone for AMS dating is the 

source of the variation. The 013C values for the two bones show a 0.7%0 difference, a 

variation outside that of machine error (0.1 %0) for both laboratories, and could be 

attributed to a difference in dietary mixes. If diet is, then, the explanation for the variation 

among the radiocarbon ages of two different skeletal elements, it also suggests that the two 

elements are not from a single individual. 

Conclusions 

We have demonstrated that at the Pleasant River site, bone 14C ages that are discordant with 

the deposition context are not confmed to R. exulans. Stable isotope data would have 

indicated a terrestrial diet for several species of fresh-water fowl, yet radiocarbon analysis 

reveal an average 213 yr offset in their apparent radiocarbon ages. These 14C ages can be 

brought into alignment with the accepted age of the site by applying a marine calibration for 

the region; we have not, however, ascertained exactly what source of dietary depletion caused 

this offset. It is possible only to postulate local environmental mechanisms by which carbon 

depleted in 14C could have been introduced into the food chain and passed to higher trophic 

levels. 

ill this work:; it has been demonstrated that diet offers a more likely explanation for anomalous 

ages than inadequate laboratory processing (Smith and Anderson 1998, Anderson 2000). The 

clear implication is that without a proper understanding of the subtleties of diet-induced 

effects, there is the possibility of misinterpreting radiocarbon ages of bones from any mixed

diet species. Many cases can be demonstrated where R. exulans bone provides reliable dates 

(Holdaway et al. 2001, Beavan-Athfield et al. 1999, Holdaway and Beavan 1999). The 

danger with any omnivorous species is that, in situations where local environments provide a 

depleted 14C_ vector in diet, radiocarbon ages must be scrutinised closely. 
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It must be acknowledged that there are still questions unanswered at the Pleasant River site. 

Specifically, the difference between the ages of two bones assumed to be from the same 

individual (NZA 6532, 1032 ± 69 BP and OxA 6744, 515 ± 55) cannot be satisfactorily 

resolved only in terms of a marine dietary component; crucial to the issue is whether in fact 

the bones are from the same individual, which may not be resolved. Conflicting 

archaeological and isotopic evidence means that a resolution is probably not imminent. For 

the present, we can only note that discussion regarding the anomaly will no doubt continue. 

Acknowledgements 

We acknowledge the valuable assistance of Dr Ian Smith, Anthropology Dept., University of 
Otago in obtaining the avian bone samples used in this investigation, and for drawing Fig 1. 
We also thank Dr. KaryneRogers, IONS, for C and N analysis. This work was supported by 
the Institute of Oeologicaland Nuclear Sciences NSOF program. 

References 

Albero MC, Angiolini FE, Piana EL. 1986. Discordant ages related to reservoir effect of 
associated archaeological remains from the Tunnel site, Beagle Channel, Argentine 
Republic. Radiocarbon 28 (2a): 748-753. 

Ambrose SH, Norr L. 1992. On stable isotopic data and prehistoric subsistence in the 
Sconusco region. Current Anthropology 33 (4): 401 - 404. 

Ambrose SH and Norr L. 1993. Experimental evidence for the relationship of the carbon 
isotope ratios of whole diet and dietary protein to those of bone collagen and carbonate. In 
Mabert, IS and Grupe 0 (eds), Prehistoric Human Bone Archaeology at the Molecular 
Level. Berlin: Springer-Verlag. Pp 1-38. 

Anderson AI. 2000. Differential reliability of 14C AMS ages of Rattus exulans bone 
gelatin in south Pacific prehistory. Journal of the Royal Society of New Zealand 30(3): 
243-261. 

Bard, E, Arnold M, Fairbanks RO, Hamelin B. 1993. Calibration Issue. Radiocarbon 35: 
191. 

Beavan NR and Sparks RJ. 1998. Factors influencing the radiocarbon ages of the rat Rattus 
exulans. Radiocarbon 40 (2): 601-613. 

Beavan-Athfield N and Sparks RJ. 2001a. Radiocarbon anomalies from burial contaminants: 
consideration of site effects at Pleasant River, Otago. The Journal of the Royal Society of 
New Zealand. In press. 

Beavan-Athfield N and Sparks RJ. 2001b. Bomb carbon as a tracer of dietary carbon sources 
in omnivorous mammals. Proceedings of the l1h International Radiocarbon Conference, 
2000. Radiocarbon 43 (2). In press. 

102 



Beavan-Athfield NR, McFadgen B, Sparks R. 1999. Reliability of bone gelatine AMS 
dating: Rattus exulans and marine shell radiocarbon dates from Pauatahanui midden 
sites in Wellington, New Zealand. Radiocarbon 41 (2): 119-126. 

Chishom BS, Nelson DE, Schwartz lIP. 1982. Stable-carbon isotope ratios as a measure of 
marine vs. terrestrial protein in ancient diets. Science 216: 1131-1132. 

DeNiro MJ and Epstein S. 1978. Influence of diet on the distribution of carbon isotopes in 
animals. Geochimica et Cosmochimica Acta 42: 495-506. 

DeNiro MJ and Epstein S. 1981. Influence of diet on the distribution of nitrogen isotopes 
in animals. Geochimica et Cosmochimica Acta 45:341-351. 

Goodfriend GA, Ellis GL, Toolin U. 1999. Radiocarbon age anomalies in land-snail shells 
from Texas: ontogenic, individual, and geographic patterns of variation. Radiocarbon 
41 (2): 149-156. 

Hedges REM. 2000. Appraisal of radiocarbon dating of lciore bones (pacific rat Rattus 
exulans) in New Zealand. Journal of the Royal Society of New Zealand 30 (4): 385-398. 

Hoefs J. 1997. Stable Isotope Geochemistry. New York: Springer. 

Holdaway RN and Beavan NR. 1999. Reliable 14C AMS dates on bird bone and Pacific 
rat Rattus exulans bone gelatin, from a CaC03-rich deposit Journal of the Royal Society 
of New Zealand 29 (3): 185-211. 

Holdaway RN, Roberts R, Beavan NR, Olley JM, Worthy TH. 200 L Pre-settlement human 
contact with the South Island, New Zealand - early presence of a human commensal. 
Unpublished manuscript. 

Imber, MI. 1984. Exploitation by rats of eggs neglected by Gadfly Petrels. Cormorant 12: 
82-93. 

Lanting IN and van der Plicht J. 1998. Reservoir effects and apparent 14C ages. Journal of 
Irish Archaeology 9: 15J.,.65. 

Leach BF, Quinn CJ, Lyon GL. 1996. A stochastic approach to the reconstruction of 
prehistoric human diet in the Pacific region from bone isotope signatures. Tuhinga: 
Records of the Museum of New Zealand Te Papa Tongarewa 8: 1-54. 

Marchant S and Higgins PI. 1990. Handbook of Australian} New Zealand & Antarctic 
Birds, VoL 1. Australia: Oxford University Press. 

Mays S. 1998. The Archaeology of Human Bone. London: Routledge: pp 182-190. 

McFadgen BG, Manning MR. 1990. Calibrating New Zealand radiocarbon dates of marine 
shells. Radiocarbon 32(2): 229-232. 

Osmond CB, Valaane N, Haslam SM, Votila P, Roksandic Z. 1981. Comparison of ODC 
values in leaves of aquatic macrophytes from different habitats in Britain and Finland; 
some implications for photosynthetic processes in aquatic plants. Oecologia 50: 117-124. 

103 



Peterson BI and Fry B. 1987. Stable isotopes in ecosystem studies. Annual Review of 
Ecology and Systematics 18: 293~320. 

Schoeninger MJ and DeNiro MJ. 1984. Nitrogen and carbon isotopic composition of bone 
collagen from marine and terrestrial animals. Geochimica et Cosmochimica Acta 48: 625-
639. 

Schoeninger MJ, Moore K. 1992. Bone stable isotope studies in archaeology. Journal of 
World Prehistory 6 (2): 247-296. 

Smith IWO. 1999. Settlement permanence and function at Pleasant River Mouth, East 
Otago. New Zealand Journal of Archaeology 19: 27-79. 

Smith I and Anderson AI. 1998. Radiocarbon dates from archaeological rat bones: the 
Pleasant River case. Archaeology in Oceania 33: 88-91. 

Speed H. 1986. Demography and diet of Kiore (Rattus exulans) on Little Barrier Island. 
MSc. thesis, Dept. of Zoology, University of Auckland. 

Stuiver M, Reimer PI, Bard E, Beck JW, Burr OS, Hughen KA, Kromer B, McCormac 
FO, v.d. Plicht, I, Spurk M. 1998. INTCAL98 Radiocarbon Age Calibration, 24,000~0 
cal BP. Radiocarbon 40(3): 1041-83. 

Williams, I.M. 1975: The ecology of Rattus exulans (peale). Pacific Science 27 (2): 120-127. 

104 



IV. AMINO ACID SEPARATIONS AND THE EXAMINATION OF DIET

INDUCED RADIOCARBON VARIATIONS 

In Beavan and Sparks (1998) I proposed that the separation of essential amino acids and their 

comparative analysis with other bone protein fractions could be used to assess the presence 

and impact of disequilibrium dietary carbon. In that paper, molar amounts of amino acids and 

the number of carbon atoms in each molecule were used to calculate the influence that each 

component amino acid could have on the overall carbon isotope signature of bone protein. 

While this model appeared feasible, results from the Fast Protein Liquid Chromatography 

(FPLC) separation of essential amino acids and their comparative analysis with other bone 

protein fractions have shown that both essential and non-essential amino acids can produce 

widely varying D13C and· ~ 14C. This suggests that carbon transfers from diet to non

essential amino acid metabolism in the body are linked, making it unlikely that a pure diet 

signal could be resolved from a simple amino acid comparison. In the following paper 

amino acid groups were isolated from modem bone hydrolysates and compared their 

relative ~ 14C values to assess the carbon contribution of diet to the overall radiocarbon 

signal in bone. 
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Abstract 

We have isolated amino acid groups from modem bone hydrolysates and compared their relative A 14C values to 

assess the carbon contribution of diet to the overall radiocarbon signal in bone. We fmd that both essential and 

non-essential amino acids may produce widely varying A 14C, relative to other amino acid groups in the 

hydrolysate and to the original whole bone protein. We hypothesise that the radiocarbon variations in non

essential amino acids may be due to metabolic effects that utilise essential amino acid carbon skeletons in the 

creation of non-essential amino acids. 

Introduction 

We report on the comparison of the carbon isotope values in bone gelatin and its constituent 

amino acids, an aspect of our larger project to examine the feeding ecology of the Pacific rat, 

Rattus exulans, on offshore islands in New Zealand (Beavan and Sparks 1998). For this study 

of modem populations, we have used the bomb-generated A 14C signature. 

We chose bomb carbon A 14C to track modern diet based on the concept of Broecker and 

Walton (1959), Nydal et al. (1971) and others. We use A14
C, which is the deviation of the 14C 

concentration from the absolute 14C standard, 0.95 times the activity of the HOxI oxalic acid 

standard, corrected for isotopic fractionation and decay since 1950 (Stuiver and Polach 1977). 

Naturally produced atmospheric values of A 14C were substantially increased by testing of 

nuclear devices in the 1950s and early 1960s, and rose, in the Southern Hemisphere, to 

approximately 700%0 at the height of bomb testing (Manning et al.1990). Inorganic 14C02 is 

incorporated into the biosphere via two pathways: by plant photosynthesis into the terrestrial 

food web, and by atmospheric 14C02 mixing with the surface ocean, which also mixes with 

upwelling deep water depleted in 14C. The latter process results in surface-ocean bicarbonate 

depletion in 14C, relative to the atmosphere (see Table 1). Since the atmospheric test ban, A14
C 

levels have decreased at about 5.5% per annum, mainly due to anthropogenic C02 emissions 

106 



from fossil fuels and mixing between atmosphere and ocean. We use both the annual 

depletion in the terrestrial environment and known terrestriaVmarine radiocarbon difference to 

infer the sources of carbon and diet inclusions of Rattus exulans. 

R. exulans has an average lifespan of up to two years and a terrestrial diet of invertebrate 

species and grass seed, plant shoots and fruit (Fuller 1994, Bunn and Craig, 1989). R. exulans 

has also been implicated as a predator on chicks and eggs of seabirds and some terrestrial 

birds (Craig 1986, Booth et al. 1996). Both its short lifespan and omnivorous diet make R. 

exulans an appropriate animal to study diet using AI4C variations. 

We use the ''bomb pulse" A 14C to provide supplemental information on probable diet which 

stable isotope analysis alone does not signal clearly. Although stable isotope analysis is a 

well-established method of investigating food webs in both modem ecology and in 

paleodietary studies, a mixed diet can make tissue SBC poorly correlated with the whole

diet signal when isotopic values of dietary components are significantly different (Ambrose 

and Norr 1993.) We have previously shown that SBC, S15N and A14C variations in various 

food items in a R. exulans natural diet were associated with radiocarbon variations in R. 

exulans bone. However, in those rat specimens where depleted A 14C values indicated a diet 

with an older carbon reservoir inclusion, such as marine foods, SBC values rat bone were in 

the range of a terrestrial based diet (Beavan and Sparks 1998.) 

The samples in work presented here include a modem cow (a fairly mono-isotopic, C3-

carbon diet) and the Third International Radiocarbon Intercomparison (TIRl) whalebone, a 

North Atlantic specimen of ancient age (Gulliksen and Scott 1995), to test background in 

the amino acid separation method. We also compare the A14C and SBC between bone 

gelatin and the hydrolysate to check sample preparation methods and to determine if 

hydrolysis caused significant changes to carbon isotope ratios. 

We isolate amino acid groups from bone protein in three R. exulans and compare the 14C 

values in these fractions to observe how groups of essential and non-essential amino acids 

contribute 14C to the bone gelatin isotope signature of the animaL Each of the three R. 

exulans is treated as an individual, not to be inter-compared, since each rat would have fed 

individually and opportunistically in the wild. 
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Methods 

Specimens of R. exulans were collected by snap-trapping in 1998 on Taranga Island (35° 

58' S, 1740 43' E) by the method previously described in Beavan and Sparks (1998). Cow 

bone was obtained in 1990 from a butcher's stock and sampled from a Rafter Laboratory 

frozen whole-bone archive. TOO whalebone came from an archive of the TOO samples. 

Physical and chemical preparation of bone samples: R exulans bone and cow bone were 

defleshed, freeze dried, and scraped to remove cartilage and bone marrow. Bones were 

sonicated in deionised water, and dried in a vacuum oven at 30°C. TOO whalebone was 

physically cleaned and pulverised to 600 J..Il11 size. Rat and cow bone were pulverised in a 

Retch mill to <450 J..Il11. Bones were demineralised in O.5M HCI while stirred at room 

temperature for 1 hour. Collagen was filtered from the solution and gelatinised with O.OIM 

HCI in a nitrogen atmosphere at 90°C for 16 hours. Gelatin was double-filtered through 

Whatman™ GF filters and 0.45 J..Il11 Acrodisc™ filters, and lyophilised to weigh yields. An 

average of 4mg of gelatin was combusted for each sample, and the CO2 was cryogenically 

distilled and graphitised for an AMS target. A portion of the gelatin was hydrolysed in 6M 

HCL in a sealed tube under inert atmosphere at 100° C for 20 hrs, double filtered with 

Whatman™ GF filters and 0.45 J..Il11 Acrodisc filters. The hydrolysate was used for amino 

acid separation as described below. 

Amino acid separation: A Fast Protein Liquid Chromatography (FPLC) method was used to 

isolate amino acid groups in bone protein hydrolysates. The primary author developed a 

separation method using two Pharmacia P500 pumps with inert plumbing and a Pharmacia 

LCC-500 controller. The FPLC column medium was 511 Aminex A-9 resin (Bio-Rad) 

heated to 55° C, with flow 0.2mVmin. Mobile phases were Solution "A"; 60% acetonitrile 

(CH3CN) and deionized H20; Solution "B": 5M HCI, with concentration percent of Solution 

B starting at 5% to run to 100% over 150 minutes, in 10% increases. Injection size was 2ml, 

an approximately 4mg concentration of bone hydrolysate in 0.25M HCl. Each bone 

hydrolysate had at least six chromatographic runs to derive sufficient carbon in amino acid 

separations for AMS target preparation. Elutions were detected at UV 214, collected and 

lyophilised to remove CH3CN and HCl residue, then prepared for AMS and stable isotope 

analysis as per Beavan and Sparks (1998). Amino groups were analytically determined in 

sub samples of each elution by PITC derivitisation and analysis by narrow-bore RP-APLC 

(Hubbard 1995) at the University of Otago's Protein Microchemistry F acilty. 
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fPC analysis: onC in the gelatin and hydrolysate were analysed on a Europa Goo 20/20 mass 

spectrometer, interfaced to an ANCA-SL elemental analyser in continuous flow mode. 

Carbon isotopes were analyscd from an average of l.5mg of bone protein. The carbon dioxide 

was resolved using chromatographic separation on a GC column at 85° C, and analysed for % 

abundance and delta element value. Analysis of each sample was done in duplicate; reported 

values are drift-corrected and an average of the duplicate. Machine error is ± 0.1 %0 for 

carbon. Standards used were flour (onC -25.3%0), and AND sucrose (onC -10.4%0) which 

were run after every six samples. For A 14C calibration on combusted material, we analysed 

Ol3C for sample CO2 on a NAA 6-60 RMS mass spectrometer, with machine error ±0.1 %0. 

Results 

Background test I: Modem cow bone (date of death 1990) was selected to check 

contamination from the separation method. The mean of two bone gelatin analyses was A 

14C = 236 ± 1.3%0, SD 2.3 (Table 1). Between gelatinisation and hydrolysis there is 

Table 1. Percent carbon, ODC and A14C of amino acid fractions in modem cow bone. Amino acid 
percentages in a typical collagen profile (33% Gly, 22%Pro, and RPro, 11 %Ala) shift with hydrolysis (18% 
Gly, 50% Pro-HPro, 6% Ala). The A 14C values of essential and nonessential amino acids were similar, as 
would be expected for a herbivore whose protein/essential amino acid intake is based on a diet of vegetation. 

Modern cow bone Amino acids O/OC oI3c roo L\ 14C roo NZA 

Bone gelatin (N:=2) Collagen profile 42 -22.2 236.0 ± 1.3 7121& 
7122 

Bone hydrolysate Hydrolysate 
for FPLC separation profile 30 -22.4 331.3±9.4 9585 

Non-essential aminos Gly (84%) 45.5 -23.4 435 ± 10 9691 
Tyr (16%) 

Essential Arg/Ile/Leu/ 70 -22.1 435 ±10 9692 
aminos Phe (98%) 

a shift in A14C of +95.3%0 (Table 2). The replication of A14C values for nonessential and 

essential amino acids (NZA 9691 & 9692) would be expected for a herbivore on a 

monoisotopic diet. Both non-essential and essential elutions are equal to the atmospheric 

A14C of c.1973 (approx. + 430%0, Manning et al. 1990). Given its year of death, we might 

expect A 14C of this animal to be nearer to 1990 Southern Hemisphere atmospheric values 

that average +160 ± 4%0. Some offsets to higher A 14C may be contributed by the age of the 

cow at death, the food stock radiocarbon sib'Ilal, and the rate of carbon turnover in bone of 

an adult animal, but the magnitude of the observed difference is considerable. We do not 
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believe that either chemical processlllg or the FPLC separation process itself was 

contaminated with bomb carbon, based on our second background test on TIRI 

Whalebone. 

Background test II: To check whether the FPLC-lllethod contributes modern A 14C 

background activity, we analysed a hydrolysate of ancient whalebone from the Third 

International Radiocarbon Intercomparson (TIRI) (Gulliksenand Scott 1995), reported as a 

planktonic feeding species (Marion Scott pers. com. 1999). For this ancient bone, we 

compare the Conventional Radiocarbon Ages (CRA) , expressed in years before present, 

rather than A 14C %0 values used for modern samples. 

Table 2. Percent carbon, Sl3C and il14C of amino acid fractioIlS In TIRI whalebone. Conventional 
Radiocarbon Age (CRA) dates for gelatin and hydrolysate of whole bone protein compare well with the 
international COIlSensus value. Amino acids in the elution TA46/4 returIlS its hydrolysate split CRA within 
measurement error, but a reproducible depletion of 1668 ± 57 BP occurs in two elutioIlS of similar non
essential amino acid groups ( AsplPro-HPro/ Ala) in T A46/3 and TB37 /4 . 

TIRI Whalebone Amino acids %C C;13c roo CRA};rsBP NZA 
Bone Gelatin . 

International Consensus NA Nd -15.1 12788 ± 30 NA 
value 

(Gu1liksen and Scott, 1995) 

Bone gelatin mean, 
processed at Rafter Lab Collagen profile 45 -14.2 12660 ± 60 multiple 

(N=12) 
Hydrolysate profile 

Bone hydrolyzate -TA split 52 -14.2 12530 ± 80 10310 
-TB split 52 -14.2 12754 ± 74 10216 

- Insoluble residue 14 -18.8 10230± 95 11047 
Asp (26.7%) 

• Elution TA46/3 Pro-HPro (62.2%) 44 -17.9 11363 ± 118 10311 
Ala (11.1%) 

Gly (43.9%) 

• Elution TA46/4 Pro-HPro (26.5%) 73 -14.2 12450 ± 80 10312 
Ala (10.6%) 

• Elution TB37/4 53 -18.2 11120 ± 80 10313 

Whalebone gelatin CRA dates and the direct hydrolysates of bone protein (Table 2) 

compare well with the international consensus value of 12788 ± 30 yrs BP from TIRI 

(Gulliksen and Scott 1995). Results from gelatin and hydrolysate indicate no 

contamination of the sample with bomb carbon during chemical preparation of the bone for 
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either AMS analysis or amino acid separation. fu the amino acid groups eluted from this 

hydrolysate, TA46/4 returned a CRA similar to its hydrolysate split value and within 

measurement error. An interesting and reproducible depletion of 1668 ± 57 14C yrs relative 

to the TOO consensus value occurred in two elutions of similar non- essential amino acid 

groups (AsplPro-HPro/Ala) in TA46/3 and TB37J4 (NZA 10311, 10313). Explanation of 

the AsplPro-Hpro/ Ala shift in terms of contamination with bomb carbon from modem 

materials or enriched contamination from the laboratory environment is not likely because 

the effect is reproducible, and is accompanied by a systematic shift in aBC. Secondly, a 

systematic shift in A l4C by the chromatography is unlikely because of the difference in 

magnitude between the radiocarbon shift in the cow and whalebone. 

Sources of the carbon signature in rat diet 

Isotope values for modem R. exulans from two islands off the coast of New Zealand and a 

variety of foods that the rats scavenge (Beavan and Sparks 1998 and additional data from 

1998 collection on Taranga Island,. NZ), are shown in Table 3. The data illustrates the 

isotopic ranges of all foods in the rat diet, and the average bone protein isotopic values for R. 

exulans when first measured for the species. 

Rattus exulans Bone: Gelatin A 14C and &BC shown for R. exulans Tllcld3 in Table 4 is 

within the range for vegetarian and detritus-feeding terrestrial invertebrates (Table 3). 

After hydrolysis, a +193.7%0 increase in A14C relative to the gelatin form was found. The 

insoluble residue filtered from hydrolysed protein had a significantly low A 14C depletion, 

and a &13C depletion of -6.5%0 relative to the hydrolysate itself. Insoluble material 

includes sugars and other non-collagenous material precipitated in Maillard reactions 

during hydrolysis, which are removed during filtering of the free-amino mixture prior to 

injection on the chromatography column. 

An elution with predominant essentials (NZA10363) was the most 14C depleted (Table 4). 

While a A 14C depletion can result from marine sourced foods, the &13C value was 

inconsistent with that expected in a marine range (-17 to 0.7%0; Schoeninger and DeNiro 

1984). 
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Table 3. The ~l3e, ~15N, and .114e of typical food items and R. exulans from Kapiti and Taranga Islands. 
Vegetation photosynthetic processes fix .114e at atmospheric values. Animal foods taken by R. exulans have 
Ll14e values are not in equilibrium with contemporary atmospheric values of Ll14e in 1996-98, the period of 
collection. There appears to be a trophic level transfer of radiocarbon through the terrestrial food chain, while 
marine-sourced foods provide depleted 14c. The mean 015N, ol3e and Ll14e values for R. exulans from Taranga 
and Kapiti Islands imply omnivorous diets that result from a mix of isotope values of many possible diet items. 
Samples from Taranga Island from unpublished data of Beavan, Kapiti Island data from Beavan and Sparks 
(1998). 

Atmospheric 4C 
1996-98 (N=5) Mean 

SD 

Terrestrial Vegetation 
(N=13) Mean 
SD 

Terrestrial Invertebrates 
Detritus feeders Mean 
(N=7) SD 

Vegetation feeders Mean 
(N=2) SD 

Carnivores Mean 
(N=4) SD 
Mean shallow seawater values 
Taranga Island (November 1998) (N=7) 

Marine vertebrates 
Seabirds, fish (N=4) 

Taranga Island R. exulans 
Trapped 1997/98 
(N=14) 

Kapiti Island R. exulans 

In Grassland and bush (n=7) 
SD 

In Shearwater (puffinus griseus ) 
Nest Colony (n=2) 

Mean 
SD 

Mean 
SD 

Mean 

Mean 
SD 

015N%0 
4.1 ± 1.6 

3.6 

5.5 ± 1.4 
2.0 

8.9 ±1.7 
3.02 

13.1 ± 0.9 
2.2 

13.2 ± 0.1 
0.07 

6.5 ±0.9 
2.4 

11.5 ± 0.15 
0.2 

013C %0 
-29.4 ± 0.8 

2.85 

013C %0 
-26.0 ± 0.5 

1.4 

-25.1 ± .85 
1.2 

-25.3 ± 0.6 
1.2 

+0.7 ± 0.1 

-18.4 ± 0.9 
2.04 

-21.0 ± 0.7 
0.99 

-21.4 ± 0.3 
0.8 

-20.9 ± 0.3 
0.5 

Ll 4C %0 
111.7± 1.1 

2.5 

Ll 14C %0 
111.7±2.8 

10.2 

11 14C %0 
115.6 ± 3.7 

9.9 

116.9 ± 17.7 
24.9 

151.6 ± 13.1 
26.2 

70.7± 2.8 

80.2 ± 3.9 
8.8 

104.9 ± 1.3 
1.77 

131±3.5 
9.4 

69± 13 
18.5 
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Table 4. The %C, OBC alld A14C of protein and amino acid fractions for R. exulans Tllcld3 from 
Taranga Island. Whole bone gelatin A14C and 013C values are similar to those for vegetation and 
detritus/plant - feeding terrestrial invertebrates. In FPLC-separations, both essential and non-essential 
amino groups are depleted in A14C and vary in oBC relative to bone gelatin. 

R. exulans Tllcld3 Amino acids %C l)13C %0 il 14C %0 NZA 

Bone gelatin (n=2) Collagen profile 45 -22.5 113.3 ± 9.8 8347& 
9168 

Insoluble-residue NA 68.9 -25.5 105.2 ± 8.3 11048 
from Gelatin 

Bone Hydrolysate Hydrolysate profile 45 -21.8 307.8 ± 9.4 10361 

Insoluble residue 
from Hydrolysate NA 67.3 -28.3 31.8±7.8 11051 

Predominant GlylPro-Hpro/ 
Non-essentials Ala/Ser (98%) 60 -18.5 87.3 ± 7.9 10365 

ThrlPhelIleN al (2%) 

Predominant GlylPro-Hpro 
Non-essentials IAla (95%) 49 -18.5 75.5 ± 7.9 10366 

Val/Leu (5%) 

Aprox. Equal Gly/Pro-Hprol Ala/Ser 
amts Essentials & (48.5%) 33 -24.7 87.8 ± 6.9 10362 
Non-essentials ThrlPhelIleN aIlMet 

(51%) 

Aprox. Equal amts Essential Hpro I Ser(47%) 
& Phe III eN aIlMet 44 -24.7 82.2 ± 9.0 10364 
Non-essential /Leu (50%) 

ThrN aIlMetlIlel 
Predominant Essential LeuIPhe (60.5%) 44 -24.8 66.7 7.4 10363 

H-Pro/Ser/Asp (39.5%) 

In other elution groups both essential and non-essential amino groups were also depleted by 

25.5%0 to 46.6%0 in ~14e, relative to the original bone gelatin value. The highest ~14e 

values occur when amounts of essentials are in equal proportion to non-essentials 

(NZAI0362), and in the largely non-essential group (NZA 10365). 

R. exulans Tllcld2 had bone gelatin ~ 14e near atmospheric levels for the year of 

collection, and was enriched in o13e (Table 5). Since rats are not solely consumers of fresh 

vegetation, as ~14e at this level might suggest, and due to enriched 013e, we 
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Table 5. The %e, oDe and ~ 14e of protein and amino acid fractions for R. exulans Tllcld2 from Taranga 
Island. The original bone gelatin ~14e and aBC suggests that the diet of this rat has been heavily influenced 
by marine-sourced foods. Amino acid elutions are all similarly depleted below atmospheric values for 1998 
year of collection (see Table 3), except for NZA 0026 and NZA9965 

R. e;'Cuians 
Tllcld2 

Bone gelatin 
(n=2) 

Amino acids 

Collagen profile 

Bone hydrolysate Hydrolysate profile 

Predominant 
Non-essentials 

Non-essentials 

Non-essentials 

Non-essentials 

Non-essentials 

Predominant 
Essentials 

Predominant 
Essentials 

Pro (55.9%) Tyr 
(14.8%) 

His/Lys/Leu/Met/ThrN 
al (29.3%) 

Ala (86.8%) 
Tyr (13.2%) 

Gly (59.4%) Pro 
(39.5%) Tyr (1.1%) 

Gly (59.5%) Pro 
(39.3%) Tyr (1.2%) 

Gly (58.8%) Pro 
(39.4%) Tyr (1.8%) 

LeulMetIPhelThrN al 
(71%) 

SerlTyr (29) 

LeulMetIPhelThrN al 
(73.4%) 

SerlTyr (26.6%) 

43 -15.7 

48 -14.0 

64 -16.7 

70 -17.1 

70 -10.3 

69 -10.3 

69 -10.6 

70 -17.4 

70 -17.3 

97.3 ±9.7 

108.9 ± 8.4 

136.7 ± 7.9 

115.2 ± 8.3 

73.7 ±7.6 

59.2 ± 7.4 

52.0 ± 7.2 

55.3 ± 7.3 

56.2 ±7.6 

8346& 
9354 

11049 

10026 

9965 

10022 

9966 

9967 

9970 

10021 

interpret the radiocarbon value of the bone gelatin to be a mix of carbon from both 

terrestrial items and marine-sourced foods. In these elutions, both non-essential and 

essential amino acids carried depleted A 14C. Duplicated elutions of non-essential groups 

(NZAl0022, 9966, 9967) had A14C values similar to duplicated elutions of predominantly 
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essential amino acids (NZA10021, 9970), with the sl3e of the former mixture enriched by 

about 7%0. 

R. exulans T12c1dl (Table 6) bone gelatin had ~14e (NZA 8345 & 9166) and sl3e values 

that were in the isotopic range of the plant and detritus-feeding terrestrial invertebrates in 

Table 3, implying a diet comprised largely of these items. After hydrolysis, bone protein 

~14e was depleted by 54 %0 relative to the bone gelatin value (NZA11046). 

Table 6. The %C, Sl3C and A14C of protein and amino acid fractions for R. exulans T12c1dl from Taranga 
Island A14C values among FPLC-separated amino groups varied significantly from the original whole bone 
gelatin value. Essential amino acids (histadine, lysine, isoleucene, leucine, threonine) appear to contribute 
lower values of A14C. The non-essentials reported for NZA9964 are unusually high, yet still within the peak 
values of bomb carbon A14C. 

R. exulans T12cldl Amino acids O/OC Ol3C %0 il14C %0 NZA 

Bone Gelatin (N=2) Collagen profile 48 -21.4 138 ±9.0 9166, 
8345 

Bone Hydrolysate Hydrolysate profile 45 -21.7 84 ± 8.2 11046 

Equalamts. HisVL ys/llel 
Essential and Leu/Thr( 51/1 %) 53 -25.4 44.2 ± 7.2 9963 
Nonessential Ser/Tyr (48.9%) 

Gly (51.7%) 
Nonessential Pro (35.9%) 52 -18.2 668 ± 12 9964 

Tyr (12.4%) 

Gly (11%) 
Predominant Pro (15.2%) 61 -22.0 153.7 ± 8.0 10023 
Nonessential Tyr(37%) 

Ala (27.8%) 
HisVLys (9.1%) 

The ~ 14e values of the amino groups also varied appreciably from the hydrolysate value. 

An equal amount of essential and non-essential amino acids produced the most depleted 

~14e (44.2±7.2%0, NZA 9963), and an elution of non-essential amino acids (Gly/Pro/Tyr) 

contributed the highest value (~14e 668±12%0, NZA 9964). The latter is equivalent to the 

maximum ~l4e at the peak of the Southern Hemisphere bomb carbon curve (Manning et 

al. 1990). In previous work (Beavan and Sparks 1998) we found common earthworms 

collected on Kapiti lsI and in 1997 with ~ l4e of +229%0, due to ingestion of leaf mould and 

organic debris carrying carbon from previous years' photosynthesis. Food-item collection 

on Taranga Island had not recorded ~ 14e values quite as high, and we reserve comment on 
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the value as an indication of a dietary sourced carbon. W c do note that the carbon yield in 

combustion does not indicate that this fraction was significantly different from other 

fractions, and the measured 813C = -18.2%0 further suggests that the composition did not 

include unusual or inorganic sources of carbon. 

By comparison, NZA 10023 had lower percentages of Gly and Pro, higher Tyr, and the 

addition of Ala, plus essential amino acids (9.1% His/Lys), resulting in a ~14C value, 

which was depleted with respect to the previous non-essential amino elution, to ~ 14C ::: 

153.7 ± 8%0. 

Discussion 

Due to the omnivorous diet of R. exulans; the bone protein 8B C and ~ 14C values result from 

a mix of many possible dietary items. Biochemical fractions and tissues retain an isotopic 

memory of carbon in food at the time of synthesis, which is moderated by different rates of 

tissue tumover(Tieszen et al. 1983). Carbon from dietary protein is transferred in part 

through essential amino acids, which strongly influence the 813C signature of tissue 

synthesised from these components (Ambrose and Norr 1993) and necessarily also transfer 

radiocarbon. We have shown that ~ 14C increases through trophic levels relative to the ~ 14C 

atmospheric values at the period of collection (Table 3). Unlike the fractionation effects 

upon stable isotopes in a food chain, radiocarbon levels above atmospheric are a function 

of time lags between initial photosynthesis and the time that vegetation and prey items 

were ingested by consumers. 

Analysis of different components in bone protein (gelatin, insoluble residues, hydrolysates, 

essential and non-essential amino acid groups) suggests that variable A14C and 813C values 

in the components of a material commonly thought of as homogeneous carry distinct 

carbon isotopic values. Of note is that essential and non-essential amino acids produce 

widely varying values of ~ 14C, relative to each other and to unseparated bone protein. 

The differences in 8l3C seen among the amino acid separations could be due to the 

characteristic 813C range in individual amino acids which is associated with their 

biochemical pathways or fractionation between dietary protein source and collagen 

metabolism (Macko et al. 1987, Hare et ai. 1991). For ~14C, the variation among 
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separations is predominantly a consequence of mixing of ~ 14C from amino acids 

synthesised from different carbon reservoirs. 

Our original assumption was that, in an omnivore diet, only essential amino acids would 

show ~ 14C variation, since they are obtained from a variety of foods and carbon reservoirs. 

However, we have shown that certain non-essential amino acids also show this effect, 

raising the question: have essential amino acids contributed to the synthesis of non

essential amino acids? 

The routing of dietary carbon to bonc protein is largely via the essential amino acids 

(Ambrose and Norr 1993). During seasonal dietary shifts, or at different stages in a rat's life 

cycle, rat diet could contain essential amino acids in excess of nutritional requirements. 

Obled et af. (1983) found that the demand for essential amino acids for protein metabolism 

was age-dependent, with juvenile rats having a faster protein turnover rate and a fast 

catabolic rate for amino acids. Garlick et of. (1999) also found that high protein feeding 

initially resulted in protein retention and a greater recycling of body protein in response to 

meals. Tanaka et of. (1991) showed that in high protein diets, essential amino acids were 

not conserved for tissue metabolism, but may join the general metabolic pool. 

The Krebs and Embden Meyerhoff pathways provide the biochemical mechanisms by 

which excess dietary amino acids can contribute carbon to non-essential amino acid 

synthesis. These processes provide pathways for the creation of the non-essential amino 

acids glycine, serine, proline, and alanine, among others (Bettelheim and March 1998; 

Yudkin and Offord 1973, Lehninger 1982). 

These four non-essential amino acids, in variable percent mixtures, and with other non

essential aminos, have appeared in several of our elutions with variable radiocarbon values. 

Since our current work was developed from material used to study natural populations of 

R. exufans and their feeding ecology, we acknowledge the obvious limitations in our 

sampling for this application. If we are to examine further this hypothesis of dietary 

carbon transfer to non-essential amino acid synthesis, laboratory rat populations and 

controlled diet experiments with labelled amino acids will be required. 

Conclusions 

Despite the limitations of our sample set, three conclusions follow from the study of 

radiocarbon in bone protein fractions: 
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1) Background checks with modem cow bone and TIRI whalebone show that hydrolysis 

does appear to alter the typical amino acid profile of bone gelatin, and the ~ 14C ratio of 

the hydrolysate can be significantly different from the original bone protein. This may 

bc due to the filtering out of insolublc residues consisting of lipids and other protein 

fractions with different A 14C values. 

2) 14C did not appear to be uniformly distributed among components of bone protein in 

the Rattus specimens examined, and may be a function of their omnivorous diets, and 

therefore multiple carbon reservoirs. 

3) The existence of significant ~ 14C differences between components suggests complex 

transfer of carbon from dietary essential amino acids to non-essential amino acids, and 

other bone fractions. 

The extreme A 14C values observed also suggest that bone protein could be reflecting a 

mixture of 14C signals spanning a time interval of up to 30-40 years. This effect is 

apparent only because of the rapidly changing bomb signal, and would not be easily 

observable in pre-bomb or older material. To further examine our current conclusions, we 

plan additional work to determine whether this effect involves specific amino acids or 

predictable patterns. 
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v. CONCLUSIONS 

1n that a thesis is traditionally a data-based "essay on a theme", the work that forms this 

dissertation addressed the question concerning the reliability of R. exulans radiocarbon dates, 

but had the primary aim of advancing knowledge about two issues of interest to all users of 

radiocarbon analysis. The fIrst issue was the reliability of bone as a material for 14C dating. The 

second was the effect diet has upon stable and radiocarbon isotopes, and how these can be 

determined and interpreted. A particular "position" was not taken since the purpose of the 

research as a whole was to investigate unknowns or assumptions that had entered the debate on 

rat bone dating before my work started. Each of the unknowns and assumptions had to be 

tested, empirically. This thesis has thus provided a synthesis of the fmdings in the context of the 

original overarching question: "Are >2000 year ages for R. exulans indicative of earlier than 

expected human contact with New Zealand ?" 

The research presented here supports the validity of these radiocarbon dates. From what has 

been ascertained about bone survival and dietary contributions to isotope values in bone 

protein, it is reasonable to conclude that the ages returned for rat bone reported by Holdaway 

(1996), Holdaway and Beavan (1999) and Holdaway et al. (forthcoming) are reliable. They 

indicate the presence of a human commensal (the PacifIc rat) in New Zealand at a time that pre

dates the conventionally accepted dates for human settlement (Anderson, 1991). 

The more fundamental issue of whether rat bone is a material suitable for radiocarbon analysis 

is also addressed. Two of the seven papers in this thesis relate specifIcally to the survival of 

bone in burial sites and laboratory processing effects. 

I have shown that bone of R. exulans can return reliable radiocarbon dates based on bone 

survival, and the effIcacy of the chemical treatments routinely used in the prpearation of that 

material for AMS dating. Employing analytical techniques such as carbon/nitrogen ratios (C: N 

analysis) and amino acid analysis to test for degradation and contamination can also improve 

confIdence in 14C ages returned for bone. 

At Pauatahanui, Rattus exulans returned accurate agcs for bone from an archaeological site, 

with respect to site stratigraphy and 14C ages for associated shell. I used a combination of amino 

acid profIling and stable isotope analysis (C: N ratios, a15N, aBC) to evaluate possible burial 

contamination effects and the quality of the bone sample. Comparison of AMS dates for Rattus 
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exulans bone and shell from the Pauatahanui middens is a typical example of the method of 

cross-dating associated materials to establish confidence in 14C ages returned for a particular 

site, or a specific level within a site. Holdaway (1996), for example, used the method to test the 

reliability of dates from a number of sites in the North and South ISlands, most notably the 

agreement of associated bird bone, charcoal, and moa eggshell AMS dates in sequences 

bounded by the Taupo Pumice at Hukanui in Hawkes Bay. Similarly, Holdaway and Beavan 

(1999) compared four species of bird, moa eggshell, and R. exulans bone for concordance with 

their stratigraphic position, and found no significant in-built age, nor burial effects from the 

CaC03-rich burial medium. 

At Pleasant River, I isolated and analysed soil fractions (including humic acids) to account for 

the variable and significant shifts from expected 14C ages for R. exulans bone at this site. While 

the oldcst soil component identified gave a CRA of 1000 ± 57yrs BP, this component was 

eliminated at the "gelatinisation" stage of chemical processing. The soil fraction most likely to 

have become incorporated in bone, humic acids, dated within the acceptable calibrated age 

range for the site (13th to 14th century AD), and thus did not account for the anomalously old 

ages obtained for bone from the Pleasant River site. Results from Pauatahanui and Pleasant 

River, and an external review of Rafter Laboratory chemical processing by Hedges (2001), 

support the efficacy of the standard treatment methods employed at the lab sincc 1994. The 

cfficacy of the chemical pre-treatment process was also shown by the agreement of 

stratigraphically-associated materials, which include the corpus of R. exulans and avian bone, 

charcoal and eggshell samples from predator sites obtained for Holdaway (1996) and Holdaway 

and Beavan (1999). 

The most significant findings of my research, however, were identifying the circumstances 

under which radiocarbon dates are not good indicators of true age. Five of the papers in this 

thesis examined the extent to which diet can influence the radiocarbon ages of bone. 

By studying modern populations in the wild, I was able to determine natural radiocarbon 

variation among organisms in different habitats and regions. On Kapiti and Taranga Islands, 

variations from atmospheric cquilibrium bomb carbon values indicated whether terrestrial 

invertebrates or marine prey had been part of rat diets. At Lake Taupo, whose waters are 

depleted by up to 4000 radiocarbon years by geothermal venting, modern aquatic plants, 
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shellfish, waterfowl and Rattus norvegicus had apparent radiocarbon ages of - 400 to - 4000 

yrs BP. I have also shown how stable isotope ratios in omnivores mask depleted- 14C 

contributions from marine and geothermal reservoirs, and that bone 14C ages which are 

discordant with deposition context are not confined to R. exulans. 

Diet also offered a likely explanation for other anomalous R. exulans ages. At the Pleasant 

River archaeological sitc, bone ages from several species of fresh-water fowl had a +300 year 

age difference from charcoal and shell dates for the same midden layers. While stable isotope 

data would have suggested a terrestrial-based diet, I found that these waterfowl dates and at 

least two anomalous R. exulans ages could be brought into line with the accepted dates for the 

site by applying the radiocarbon calibration correction of McFadgen and Manning (1990) for 

the region. By testing regional carbon reservoirs, and comparing radiocarbon ages of other 

materials associated with bone (e.g. Holdaway and Beavan 1999) I have shown what 

environmental effects should be considered when interpreting radiocarbon ages of R. exulans 

and other tcrrestrial or aquatic omnivores throughout New Zealand. 

Surveys of modem populations of R. exulans also provided an improved means of isotopic 

analysis in an ecological dietary study. Bomb-generated radiocarbon (A 14C) signatures in the 

natural environment were used as for other "tracer" studies, in conjunction with classical stable 

isotope (813C and 015 N) studies. Results indicated that the changing atmospheric 14C signal 

fixed into the biota in a given year by photosynthesis is transferred from plants through trophic 

levels to the rat end-member. The additional isotopic "clue" about diet given by radiocarbon 

analysis offered a better understanding of the variation in diets of R. exulans and other 

omnivores in different habitats. Variation in the isotopic signal among individuals supported 

other obscrvations that diets of scavenging rats are opportunistic and associated with faunal 

availability in different habitats. 

The HPLC separation of essential amino acids also afforded a valuable insight into the variation 

among amino acid carbon sources. Work on a selection of amino acid separations from 

hydrolysates of bone samples showed that essential and non-essential amino acids produced 

widely varying Ol3C and A14C values. I concluded that carbon transfers from diet to non

essential amino acid metabolism in the body are linked, and it is unlikely that a pure dietary 

signal can be resolved from a simple amino acid comparison. The extremes of the A 14C values 
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observed also suggest that bone protein could be reflecting thc mixture of 14C signals spanning 

a time interval of up to 30-40 years. This effect became apparent in our modem populations 

only because of the rapidly changing bomb signal, and would not be easily observable in pre

bomb or older material. 

Background checks with modem cow bone and TIRl whalebone also showed that extended 

chemical processing of bone protein which breaks collagen chains into free amino acids 

(hydrolysis) can alter the typical amino acid profile of bone gelatin, and that the ,:l14C ratio of 

the hydrolysate can be significantly different from the original bone protein. This may be due 

to the filtering out of insoluble residues consisting of lipids and other protein fractions with 

different A 14C values. The existence of significant A 14C differences between components, 

suggests complex transfers of carbon from dietary essential amino acids to non-essential amino 

acids and other bone fractions, and that 14C does not appear to be distributed, uniformly among 

components of bone protein. 

The final conclusion I draw from this project is about my perception of scientific investigation 

in general, rather than about specific data. Ideas and new testing enrich how we know and what 

we know. No concept is sacrosanct, all knowledge evolves, and one must expect ideas and 

knowledge to be improved upon or displaced as new information and insights are obtained. I 

hope my thesis research will be seen as a constructive building block in the advancement of that 

understanding. 
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