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Abstract
1. When ecosystems are under severe pressure or environments change, trophic po-

sition and intraspecific niche width may decrease or narrow, signalling that conser-
vation action is required. In New Zealand, alpine and subalpine ecosystems have 
been extensively modified through farming since 19th- century European settle-
ment, with consequences for indigenous species such as the kea Nestor notabilis.

2. We investigated feather stable isotope values in the kea and predicted a lower 
trophic position in modern kea populations, to reflect reduced lowland habi-
tat and a mixed diet with more plant material. We predicted that size and sex 
would influence trophic values in this sexually dimorphic species, with larger 
birds more likely to have a high protein diet.

3. We examined potential dietary changes in 68 museum collected kea from 1880s to 
2000s, first recording accession details including provenance and sex and measuring 
culmen length. We used bulk carbon and nitrogen stable isotope analyses (BSIAs) of 
feathers and a further feather subset using compound- specific stable isotope analy-
ses of amino acids (CSIA- AA) to obtain isotopic values and estimate trophic position.

4. BSIA showed δ15N values in kea feathers declined through time and could indi-
cate that early century kea were highly omnivorous, with δ15N values on aver-
age higher than in modern kea. Variance in δ15N values was greater after 1950, 
driven by a few individuals. Few differences between males and females were 
evident, although females in the south region had lower δ15N values. There was 
a tendency for large male birds to have higher trophic values, perhaps reflecting 
dominant male bird behaviour noted in historical records. Nonetheless, CSIA- AA 
performed on a subset of the data suggested that variation in BSIA is likely due 
to baseline changes rather than relative trophic position which may be more 
homogenous than these data indicate. Although there was more variability in 
modern kea, we suggest caution in interpretation.
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1  |  INTRODUC TION

Native species decline is frequently linked to human impacts on 
ecosystems, including land use change, accelerated climate change, 
pollution, invasive species impacts and direct exploitation of spe-
cies through harvesting (Allentoft et al., 2014; Elliott & Kemp, 2004; 
Sandom et al., 2014). Species extinction is only one outcome of 
ecosystem damage; other impacts can include contracted species 
distributions, misaligned life histories or phenology, reduced forag-
ing opportunities for individuals and genetic bottlenecks (Dussex 
et al., 2015). Species declines and extinctions are particularly evi-
dent in island ecosystems, where human colonisation is recent and 
endemic species, including ground nesting avifauna, are particularly 
vulnerable (Blackburn et al., 2004; Duncan & Blackburn, 2004). 
Nonetheless, impacts can be difficult to pinpoint because it can be 
challenging to reconstruct diet, movement or behaviour patterns for 
organisms that have been extirpated.

Natural history collections provide remarkable glimpses into 
such histories, and allow exploration of these impacts and their on-
going effects through time (Holmes et al., 2016; Roberts et al., 2016; 
Smith et al., 2021; Wehi et al., 2012). The painstaking work of cura-
tors, collectors and others has resulted in many thousands of skins 
and mounts available for scientific study. As human- induced envi-
ronmental impacts accelerate in the Anthropocene, there has been 
a quickening of interest in the use of these specimens, with the aim 
of increasing knowledge of past organisms and the ecosystems in 
which they lived, to aid current conservation decision- making. For 
example, one recent study of genetic population structure based on 
collections of fossil bones indicates that post- glacial contractions 
rather than human activity led to modern genetic bottlenecks in kea 
(Dussex et al., 2014). Another study based on bones from museum 
collections confirmed colonisation of modern lakes by a genetically, 
morphologically and ecologically distinct swan that replaced a pre-
decessor extirpated by hunting (Rawlence et al., 2017).

Morphological and genetic studies are only the beginning, how-
ever; natural history collections may also be used for long- term 
studies based on isotopic research (English et al., 2018; Hallworth 
et al., 2018; Wehi et al., 2012). Stable isotope data provide insights 
into both the trophic position of species, and shifts in foraging pat-
terns (Chiaradia et al., 2010; Hobson et al., 1994). It is possible to 
track animals moving between isotopically different food sources 

that vary spatially and to construct longitudinal time series (e.g. 
Flockhart et al., 2017; Wassenaar & Hobson, 1998). Stable isotope 
values in inert tissues, such as the keratin in bird feathers, reliably re-
cords diet, habitat and geographical location information. Feathers, 
like other keratin- based tissues such as nails and claws, are meta-
bolically inert and therefore reflect diet during the period of their 
growth (Hobson & Clark, 1992).

Stable isotope analyses use ratios of light and heavy forms of 
carbon (12C/13C, represented as δ13C) and nitrogen (14N/15N, repre-
sented as δ15N) to determine likely dietary preferences and trophic 
position of consumers. Because the heavier 15N isotope is assimilated 
into tissues while the lighter 14N isotope is metabolised in a process 
called isotopic fractionation, consumers are 15N enriched compared 
to their food resource. As such, omnivores feeding at a high tro-
phic position will usually have high bulk δ15N values compared with 
herbivores, although there are difficulties in assessing baseline iso-
tope values among ecosystems. Both δ13C and δ15N vary in plants 
depending on the types of compounds obtained, the manner in 
which uptake occurs, or mycorrhizal associations (Katzenberg, 1989; 
Szpak, 2014). As well as with climatic variables such as mean annual 
precipitation, or in ecosystems where there is loss of biodiversity 
and hence a reduction in food chain length. In addition, variation 
may be linked to habitats associated with anthropogenic input such 
as fertilisers, and 20th- century anthropogenic foods that may con-
tain products derived from C4 plants (i.e. cane sugar or corn), leading 
to distinct δ13C values in tissues (e.g. Newsome et al., 2010). These 
bulk stable isotope values can thus be useful for identifying individ-
ual organisms that scavenge around human food sources. In addi-
tion to these baseline and variation issues in consumed foods, many 
generalist species consist of aggregations of specialised individuals 
(Bolnick et al., 2007). This may be seen in populations with intense 
competition (Kronfeld- Schor & Dayan, 1999) and morphological 
character displacement (Losos, 2000), including sexually dimorphic 
species (Tomotani et al., 2021).

Recent development of compound- specific stable isotope anal-
ysis of amino acids (CSIA- AAs) can now more accurately assess 
trophic position by removing the uncertainty around baselines, 
where sampling of potential food items and other materials in the 
same spatio- temporal context is limited, lacking or simply impos-
sible. Indeed, CSIA- AA offers a refinement of the bulk stable iso-
tope approach by leveraging information from individual molecules. 

5. Stable isotope data, particularly CSIA- AA, from museum specimens can reveal 
potential change in ecological networks as well as sexually dimorphic feeding 
patterns within species. The data can reveal temporal and regional variation in 
species trophic position and changes in ecosystem integrity to inform conserva-
tion decision- making.

K E Y W O R D S
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As building blocks of proteins, amino acids are a major source of 
nitrogen in feathers and play a fundamental role in all metabolic 
processes (O'Connell, 2017). As such, amino acid nitrogen stable 
isotopes (δ15NAA) now represent a powerful tool that can be applied 
to disentangle past (e.g. Tomotani et al., 2021) and present food 
web structures (Hetherington et al., 2017; McMahon et al., 2016; 
Sabadel et al., 2016). The rationale behind the CSIA- AA approach is 
that some AA compounds, referred to as ‘trophic’ (e.g. glutamic acid), 
fractionate substantially while others, referred to as ‘source’ (e.g. 
phenylalanine), only fractionate a little, thus creating a nitrogen iso-
tope baseline (Ohkouchi et al., 2017; Popp et al., 2007). Additionally, 
the difference between trophic and source AAs enables us to better 
constrain trophic positions and track changes in the δ15N baseline 
(Popp et al., 2007; Quillfeldt & Masello, 2020; Sabadel et al., 2019, 
2020).

In countries such as New Zealand, where human arrival first 
occurred around 800 years ago, recent large- scale human- induced 
environmental change, such as the deforestation of high- altitude 
regions, is well- documented. Much of this ‘high country’ was con-
verted from forest to farmland in the 19th century after European 
arrival (McGlone, 1983), leading to reduced alpine and subalpine 
biodiversity. The ‘alpine parrot’ or kea Nestor notabilis is now a 
threatened species with low and declining population numbers of 
around 5,000 individuals (Dussex et al., 2014) compared to more 
than 150,000 in the 19th century (Elliott & Kemp, 2004). Kea are 
large, sexually dimorphic and highly social parrots (Diamond & 
Bond, 1991). Their diet consists of invertebrates, fruit and seeds 
(Buller, 1882; Clark, 1970), and they play an important role in seed 
dispersion (Young et al., 2012). Kea nonetheless have a chequered 
reputation as both carnivores and scavengers and have been blamed 
for sheep killing (often described as ‘kea strike’) on high country 
farms, particularly in the late 19th and early 20th centuries (e.g. 
Benham, 1906; Reid, 2019).

In this study, we used museum specimens to examine kea diet 
from the late 19th century through to 2007. We first evaluated tro-
phic position to identify any likely foraging differences based on cul-
men length, bill dimorphism of males and females, age and collection 
year. We additionally aimed to identify anthropogenic food sources 
in kea diet. We then compared niche space among northern and 
southern population groups and by sex.

2  |  MATERIAL S AND METHODS

2.1  |  Natural history collections

We examined 84 kea specimens and skins held in five natural his-
tory collections, at Auckland Museum, Te Papa National Museum, 
Canterbury Museum and Otago Museum collections in New Zealand 
and Naturhistorisches Museum Wien (the Vienna Natural History 
Museum), Austria (Data S1, Wehi et al., 2022a, 2022b). Details were 
missing for some individuals, thus reducing the total number of indi-
viduals whose feathers were analysed for isotope values. However, 

we recorded all accession details for kea where these were avail-
able, including collection location and year, collector, weight, circum-
stances of collection and sex if previously determined. Collection 
dates ranged from 1877 through to 2007. Sampling was approved by 
all museums, the Komiti Taoka Tuku Iho, and via a wildlife authority 
application 52312- DOA from the Department of Conservation.

2.2  |  Morphometrics, sex and location assignment

We age- estimated the same birds based on eye ring coloration 
(where the presence of a yellow ring around the eye indicates the 
bird is immature) (Bond et al., 1991). We recorded culmen length, 
as the chord from the beak tip to the cere, using callipers, for all 
84 birds we examined, with the exception of one individual with a 
severely twisted beak. Damage to the beak and other characteristics 
were recorded. Of the 70 wild birds, 48 had their sex noted in acces-
sion details (n = 14 female, n = 34 male). For 18 of the 22 remaining 
wild birds whose sex was not recorded, we estimated sex by fitting a 
predictive model to the data. Culmen length and age were predictor 
variables (see the Statistical analyses on bulk isotope analysis sec-
tion). Sex was not able to be estimated for four of the 22 birds with 
unknown sex, because both culmen length and age were unknown. 
Capture locations for sampled specimens are marked on Figure 1.

We examined the geographical distribution of capture locations 
and assigned wild caught birds by region as ‘north’ or ‘south’, based 
on geographical clumping of collection locations in the Canterbury 
(north) and Otago (south) regions (Figure 1), which also reflect un-
derlying genetic patterns (Dussex et al., 2015). Twelve wild kea with 
locational data were unassigned, because their location fell substan-
tially outside the main groupings or were ambiguous.

2.3  |  Feather sampling and bulk stable 
isotope analysis

For each of 68 individuals for whom most accession data were avail-
able, three feathers were removed from the upper middle back be-
tween the shoulder blades on each bird skin. Feathers are moulted 
annually but irregularly, and for adults, after fledging. Feathers (in-
cluding duplicates from six birds to provide error estimates) were 
washed in 2:1 chloroform:methanol solution for 24 hr, agitated, 
rinsed and air- dried in a fume cupboard for 48 hr, before the top 1 cm 
of the feather vane was finely clipped with scissors and weighed into 
tin capsules.

Bulk carbon and nitrogen isotopes (with a precision of ±0.1‰ for 
δ13C and ± 0.1‰ for δ15N) and total %C and %N content were mea-
sured on around 0.5 mg of feathers tightly wrapped in 6 × 4 mm tin 
capsules in duplicate. Carbon and nitrogen isotopes were measured 
using an Isoprime isotope ratio mass spectrometer (VG Micromass, 
UK), interfaced to an Eurovector EA elemental analyser (VG 
Micromass, UK) in continuous flow mode (EA- IRMS). Samples were 
measured at the Stable Isotope Facility, GNS Science in Lower Hutt.
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Results were expressed in conventional delta notation (d), de-
fined as the part per mil (‰), according to the following equation:

where X represents 13C or 15N, and Rsample and Rstandard are the frac-
tions of heavy to light isotopes in the sample and standard respectively. 
The feather δ13C and δ15N values were determined and normalised 
using working reference materials (leucine, cane sugar, EDTA, caffeine, 
beet sugar) calibrated to international standards (IAEA- N1, IAEA- N2, 
IAEA- CH6, IAEA- CH7, IAEA- S1 and IAEA- S2) and were reported rela-
tive to Vienna PeeDee Belemnite for carbon (VPDB) and atmospheric 
N2 for nitrogen. Analytical precision of working standards and refer-
ence materials were <±0.1‰ for δ13C and ±0.1‰ for δ15N. Blanks 
were included to check for background interference. Reference ma-
terials and working standards were used to normalise values via a 
multi- point (4 point) calibration curve which corrected for linearity 
and stretching. The C:N ratios are calculated using the atomic ratio of 
carbon to nitrogen abundance (C:N = [%C/%N] × [14/12)]).

2.4  |  Amino acid stable isotope analyses

Amino acid stable isotope analyses on feathers from 18 individuals 
were carried out in the Isotrace Lab at the University of Otago. Kea 
feather amino acids were extracted by hydrolysing each feather 
sample with 2 ml 6 M HCl at 110°C for 24 hr in a N2 atmosphere. 
An internal standard, norleucine (50 μl of 1 mg/ml solution), was 
added to monitor the wet chemistry and amino acid stable isotope 
values. Solutes were dried under a gentle flow of N2 at 60°C and 
subsequently converted into N- acetylisopropyl ester derivatives 
following the protocol described in Sabadel et al. (2016), modified 
from Styring et al. (2012). Details of the derivatisation procedure 
are published in the supplement of Sabadel et al. (2016). Nitrogen 
stable isotopes of AA compounds were measured by gas chroma-
tography/combustion/isotope ratio mass spectrometer (GC- IRMS), 
using a Thermo Trace gas chromatograph, the GC combustion III 
interface and a Delta plus XP isotope ratio mass spectrometer 
(Thermo Fisher Scientific, UK). Two hundred nanolitre aliquots of 
derivatised AA were injected. The inlet was set at 270°C in splitless 
mode, carried by helium gas at 1.4 ml/min and compounds were 
separated on a VF- 35 ms column (0.32 mm ID and a 1.0 μm film 
thickness). The GC programme is published in the supplement of 
Sabadel et al. (2016). The oxidation reactor was set at 980°C, the 
reduction reactor at 650°C and a liquid N2 cold trap was employed 
after the reduction reactor. Samples were analysed along with 
AA standards of known isotopic composition. Eleven AAs (listed 
below) from each sample were measured with no peak co- elutions. 

In order of elution: alanine (Ala), glycine (Gly), valine (Val), leucine 
(Leu), isoleucine (Ile), Threonine (Thr), serine (Ser), proline (Pro), as-
paragine + aspartic acid (Asx), glutamine + glutamic acid (Glx) and 
phenylalanine (Phe). Note that during the hydrolysis step, aspara-
gine is converted to aspartic acid (hence the notation Asx) and glu-
tamine is converted to glutamic acid (hence the notation Glx). Raw 
δ15NAA values were corrected by plotting the mean δ15NAA value 
of each individual AA standard measured on GC- IRMS vs. their 
‘real’ value measured on EA- IRMS. Our R2 was always >0.99. Raw 
δ15NAA values in our samples were then corrected using the fitting 
equation. The δ values were reported following the conventional 
method of expressing δ at natural abundance, in per mil (‰), rela-
tive to an international standard: atmospheric N2. Precision (1SD) 
of δ15NAA ranged from 0 to 1‰ with a mean of 0.4‰.

2.5  |  Trophic position estimations

Trophic position based on amino acid isotope values was calculated 
using the δ15NGlx and δ15NPhe relationship (TPGlx- Phe, Equation 1) de-
scribed in Chikaraishi et al. (2010):

where β is the isotopic difference between δ15NGlx and δ15NPhe val-
ues in the primary producers: δ15NGlx − δ15NPhe = −8.4‰ for ter-
restrial plants (Chikaraishi et al., 2010). The trophic discrimination 
factor, representing the difference in fractionation per trophic 
position of δ15NGlx and δ15NPhe (TDFGlx- Phe), was 7.6‰, chosen in 
accordance with Chikaraishi et al. (2010), and recently confirmed 
as appropriate for New Zealand terrestrial birds by Tomotani 
et al. (2021).

2.6  |  Statistical analyses on Bulk Stable Isotope 
Analysis (BSIA)

All statistical analyses were carried out in R 4.0.2 (R Core 
Team, 2020). We first validated published estimates of morphologi-
cal sex assignation using a logistic regression model with sex and 
culmen length as predictor variables. The ‘glm’ R function was used 
to fit the models. To do this, we trained the model for birds that had 
previously been assigned sex by museum staff (most likely resulting 
from inspection after dissection), and then made predictions for 
individuals that had not been assigned sex previously. The predic-
tion accuracy, measured by fivefold cross- validation using the caret 
r package (Kuhn, 2008), was estimated to be 76.9% (SD = 10.5%).

δX =
[(
Rsample ∕Rstandard

)
− 1

]
,

(1)TPGlx−Phe =
δ15NGlx − δ15NPhe − �

TDFGlx−Phe
+ 1,

F I G U R E  1  Capture locations in the South Island of New Zealand for kea from museum collections used in this study. Recorded locations 
were part of the provenance data attached to museum specimens. Kea specimens used for the north group in the Canterbury region were 
from locations 8, 9, 10, 11, 12, 13, 14, 15, 16, 17 and 18. Birds in the south group from the Otago region were from locations 20, 21, 22, 25, 
26, 27, 28, 29, 30. Birds from the northern area and West Coast of the South Island were excluded from these groupings
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We used linear mixed effects modelling, with the ‘lmer’ function 
from the lme4 package (Bates et al., 2015), to investigate the associa-
tion between multiple predictor variables and the outcome variables: 
δ13C and δ15N. For each of the δ13C and δ15N values, we fitted two 
models to the data. The first investigated a possible trend over time 
(as represented by sampling year), and the second focused on the 
effect of region (‘North’ and ‘South’; Figure 1) and habitat type (‘Wild’ 
and ‘Human’). In both models, other covariate effects were added 
to improve model accuracy and to control for potential confound-
ing effects. A range of possible fixed effect interactions and ran-
dom effects were assessed using the lmerTest package (Kuznetsova 
et al., 2017). The final models included no interactions and a single 
random effect: ‘Location’, describing the sample locations (Figure 1).

In the δ15N ‘time model’, Habitat Type (‘Wild’ and ‘Human’) and 
Age (‘Immature’ and ‘Mature’) effects were removed due to model 
instability caused by multicollinearity between the predictor vari-
ables. Equivalently, in the ‘region and habitat type model’, the Year 
variable was removed. The following equations were used in the 
models to investigate the relationship between the response (δ13C 
and δ15N) and predictor variables:

Time model:

Region/Habitat model:

In the above equations, YearS and CulmenS were modelled as 
continuous (scale) variables, and the remaining effects were two- 
level categorical (factor) variables. YearS and CulmenS are stan-
dardised versions of Year and Culmen, used to improve model 
stability. Residual diagnostics were performed using the influence.
ME r package (Nieuwenhuis et al., 2012) and showed that the mod-
els provided an acceptable fit to the data.

We examined the variance in two time periods using variance ratio 
tests (F tests), first, in birds from the late 19th century and before 
1950, and second, in birds from after 1950, to investigate whether 
populations had become less specialised and intraspecific competition 
was stronger. Finally, we used the package siber (Jackson et al., 2011) 
to assess the possible existence of different bivariate isotopic niches 
associated with different regions (‘north’ and ‘south’) and with sex (‘fe-
male’ and ‘male’), where ellipses are used to identify the 95% CI (confi-
dence intervals) for the four different combinations of region and sex.

3  |  RESULTS

3.1  |  Natural history collections

Of the 84 kea specimens that we examined, 77 were recorded as 
wild collected and seven had been captured and held in captivity (for 
unknown periods) before their death. Of the wild individuals, nine 

had neither an approximate collection location nor year recorded 
and were excluded. Of 68 kea with full or partial accession data, four 
were missing the year of collection, and two early specimens (1887 
and 1905) did not have a location recorded. A further individual had 
a twisted beak that we were unable to measure. A small number had 
damaged beaks that nevertheless allowed a close length estimate. 
We therefore used the data from 61 wild individuals in the mixed 
effect model.

3.2  |  Morphological differences between 
males and females

Using the logistic regression model, adults with a culmen length 
>52.80 mm were classified as male, and adults with a culmen length 
<52.80 mm were classified as female; immature birds with a culmen 
length >45.36 mm were classified as males and immature birds with 
a culmen length <45.36 mm were classified as females. The cross- 
validated prediction success rate of 76.9% provided confidence that 
morphological assignation of sex using this method resulted in a high 
level of accuracy. Of the individuals that we used for statistical analy-
sis, the sex of only three birds (AV14648, AV3079 and NMW12.212) 
changed from an initial classification, out of 14 birds for whom we 
had estimated sex based on previous estimates of bill size ranges.

3.3  |  Dietary indicators

3.3.1  |  Bulk carbon and nitrogen stable 
isotope values

The linear mixed effects model investigating change over time 
(see Table S1 for model summary results) showed that kea relative 
trophic position, as estimated by comparing their δ15N values, has 
decreased since the late 19th century. However, it did not sup-
port differences in relative trophic position between the sexes 
(Figures 2 and 3a). The earliest feather samples had higher δ15N 
values than more recent feather samples, with an estimated mean 
δ15N of 6.5‰ (95% CI: 4.8‰, 8.2‰), considerably more than the 
estimated mean δ15N of 2.0‰ (95% CI: 0.2‰, 3.9‰) in modern 
kea (Figure 2). Culmen length was not a good predictor of rela-
tive trophic position, but the few kea with high δ15N feather val-
ues were all males (Figure 3a). A separate comparison of atomic 
C:N ratios with culmen length suggested a decrease in variance 
as culmen length increased (Figure 3b) and this result was con-
firmed when the variance of the lower quantile of culmen values 
was compared with the upper quantile (F15,14 = 26.38, p < 0.0001) 
(Table S3). A plot of the data initially suggested that δ15N val-
ues variance might also reduce after 1950, but the ratio of these 
variances was not statistically significant (F33,21 = 1.21, p = 0.66 
(Table S4).

Feather bulk δ13C values fell in the range of −24.0 to −22.0‰, 
with no apparent pattern in values through time (Figure S1). 

δ15N∼YearS + CulmenS + EstSex + Region + (1|Location).

δ15N∼Region + Habitat + EstSex + Age2 + CulmenS + (1|Location).
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Nonetheless, a small number of individuals had δ13C values that 
fell outside this range; four birds— one from Arthurs Pass and three 
from Westland (two from Arahura Valley and one from Jacksons 
Bay)— had feather δ13C values around −20.0‰. Descriptive sta-
tistics suggest that δ13C variance increased after 1950, and the 
ratio of these variances was statistically significant (F33,21 = 0.34, 
p = 0.006).

The linear mixed effects model with the primary focus on re-
gion and habitat effects (Table S2) identified a statistically signifi-
cant association (p < 0.001) between bulk δ15N values and habitat 
type (‘human’ and ‘wild’). Wild habitat types have higher δ15N values 
(x̄  = 5.7‰, 95% CI: 4.3‰, 7.1‰) compared with human habitats 
(x̄  = 2.5‰, 95% CI: 0.9‰, 4.1‰). There was no statistical difference 
however between the north and south regions. An equivalent model 
was fitted with δ13C values as the dependent variable, and in this 
case, no statistically significant effects were identified.

Exploration of the possible existence of different isotopic niches 
associated with the assigned north and south regions and with sex 
showed a large degree of overlap in ellipses (Figure S2), indicating 
generally minor differences in isotopic niche for both δ13C and δ15N 
values with the four combinations possible. However, female kea in 
the south region did show a smaller standard ellipse area, represent-
ing the size of their isotopic niche, than all other groups (Figure 4).

3.3.2  |  Compound- specific stable isotope values

Compound- specific stable isotope of amino acid values ranged from 
−22.5‰ (δ15NThr) to 15.1‰ (δ15NPro) across the whole dataset. All 
AA groups (and individual AAs) are correlated with bulk δ15N values, 

except for threonine. Bulk δ15N correlated strongly with δ15NPhe 
values (F1,16 = 28.6, p < 0.0001; Figure S3). Trophic position cal-
culated using CSIA- AA varied between 2 and 3 for all individuals 
analysed. Kea collected before 1950 had a more homogenous diet, 
mainly omnivorous, than kea collected more recently, with trophic 
position spanning completely herbivorous to completely carnivo-
rous (Figure 5), but where trophic position did not vary significantly 
through time (Figure S4).

4  |  DISCUSSION

Both bulk and CSIA- AA data support omnivory as the primary 
feeding classification for kea. Previous studies of modern kea have 
similarly indicated a diverse diet that is likely to be predominantly 
plant and insect based (Clark, 1970; Diamond & Bond, 1991; Greer 
et al., 2015), as might be expected from a parrot with a relatively 
unspecialised tongue (Kirk et al., 1993). Nonetheless, kea are also 
known as rubbish dump scavengers, and population biology re-
search has notably occurred at high- country refuse dumps and ski 
field carparks where kea congregate to scavenge food from humans 
(e.g. Bond & Diamond, 1992).

Culmen lengths assigned to females in this research were slightly 
larger than those assigned for wild female kea in previous field 
studies. Bond et al. (1991) estimated that 79% of birds with culmen 
lengths <43.9 mm were females. In this study, we estimated adult 
female culmens as < 52.80 mm (with males above this value), and 
for immature birds, we estimated female culmen size as <45.36 mm, 
with immature male culmens above this length. Bond et al. (1991) 
noted that the bills of captive individuals were often much larger 

F I G U R E  2  Relationship of bulk δ15N 
values from kea feathers and time, plotted 
by year
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than those seen in the field, suggesting diet plays a role in its growth. 
It is unclear what has led to the pattern observed in the data shown 
here, but it is possible that, because many of the birds in this study 
were collected in the late 19th and the first half of the 20th cen-
tury, it reflects a different nutritional environment for kea. Further 
comparisons with modern wild kea culmen, and exploration of nu-
tritional effects, could be beneficial to conservation planning and 
management.

The downward trend in the BSIA results through time, particu-
larly feather δ15N values, could be related to a variety of processes, 

including baseline and/or trophic change. CSIA- AA data add to this 
picture by indicating that trophic position is not a likely explana-
tion. However, correlation of bulk δ15N with δ15NPhe values strongly 
suggests that changes in bulk δ15N values are driven by changes in 
the nitrogen baseline (Figure S3), which could result, for example, 
from the use of synthetic fertilisers, or because kea reside more 
often in native forested habitats with undisturbed soils (Stevenson 
et al., 2010). In this case, the change could be due to changes in feed-
ing grounds or the food resources consumed or both, rather than 
change in relative trophic position.

F I G U R E  3  (a) Relationship between 
kea culmen length and bulk δ15N values 
for adult males, adult females and 
immature kea. (b) Relationship between 
kea culmen length and C:N bulk ratios 
estimated from kea feathers. C:N ratios 
become less heterogeneous as culmen 
length increases in male and female kea
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The high bulk δ15N values for some large male kea (caught in 1887 
at an unknown location (AV420), in 1913 near the Wilberforce River 
(AV83) and in 1932 at the Waihopai River (AV2332)) align with 19th-  
and early 20th- century farmer reports of kea behaviour that record 
dominant male nuisance birds ‘leading’ a flock, and sheep attacks in 
some areas (Benham, 1906). However, we did not see high bulk δ15N 
values in individuals from other areas where this behaviour was re-
corded, such as in Central Otago (Reid, 2019). Similarly, although rel-
ative trophic position as represented by bulk δ15N values was more 
varied in more recently collected kea, this result was primarily driven by 
a few birds. In the CSIA- AA analyses, two modern birds, an adult male 
from Arthur's Pass in 1976 and a young Mt Cook female from 1975, 
along with an immature male from Lake Coleridge killed in 1907, had 
the highest trophic position. Although field studies have recorded that 
juveniles in particular are curious with highly exploratory behaviour 
that might lead to foraging differences (Diamond & Bond, 1991), we 
did not observe differences between mature and immature birds in 
this study. Nonetheless, the atomic C:N ratios seem to indicate that 

smaller birds, including females, might have a less homogenous and 
perhaps more opportunistic diet than mature birds with larger bills.

We observed a large overlap in isotopic niche between the 
north and south kea (approximating the Canterbury and Otago 
regions; Figure 1). These regions roughly corresponded to the 
‘north’ and ‘central/southern’ regions, with genetic separation 
between these populations, as described by Dussex et al. (2014, 
2015). We excluded West Coast birds from this analysis, in par-
ticular because of the high rainfall and extensive rainforest in this 
region, which could lead to potential isotopic baseline differences. 
The niche overlap suggests a similar overall diet across these re-
gions, although there may be differences in isotopic baselines that 
are currently undetected and are affecting these results. There 
were, nonetheless, some differences between modern birds as-
sociated with human locations, where there are frequent reports 
of anthropogenic feeding, and modern birds collected at locations 
where foraging is more likely to consist of wild foods. The low δ15N 
values for individuals at human influenced locations is difficult to 

F I G U R E  4  Isotopic niche 
representation of kea females and males 
in the North and South groups, showing 
the standard ellipse area. Black dots 
represent medians

F I G U R E  5  Cross- plot for the δ15N 
values of trophic and source AAs, Glx 
and Phe, respectively, from kea feathers. 
Brown depicts ‘ancient’ kea (1887– 1950) 
and yellow depicts ‘modern’ kea (1950– 
2007). Trophic isoclines with a slope of 
1.0 and y- intercept intervals of 7.6‰ 
represent different trophic positions 
(TPGlx- Phe = 1, 2 and 3) according to 
equation 1 from Chikaraishi et al. (2010)
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interpret, because nitrogen in the basal food supply may be low, for 
example, in undisturbed podocarp forests where kea may also for-
age (Stevenson et al., 2010). Wet and cool environments may also 
reduce basal δ15N values (Rawlence et al., 2016). It is thus unclear 
how prevalent scavenging behaviour is among kea, but more stud-
ies could examine anthropogenic impacts on declining populations.

Overall, the niche widths seen here do not show general regional 
differences. However, the standard ellipse areas indicated that niche 
space varied for females in the Otago region, suggesting some sexu-
ally dimorphic feeding patterns, although we did not see this differ-
ence for females in the Canterbury region. High positive correlations 
between diet and phenotypic features can provide evidence for 
strong competition among individuals (Losos, 2000) or reflect mor-
phological dimorphism that allows the sexes to avoid intraspecific 
competition for food (Tomotani et al., 2021). Benham (1906) sug-
gested that sheep attacks varied regionally in the early 20th century, 
with adult male kea more likely to lead flock behaviour and attack 
sheep in Otago rather than Canterbury, but evidence is limited. Male 
kea also provision breeding females (Jarrett & Wilson, 1999), which 
might lead to more homogenous diets for these birds. Because kea 
appear to moult annually, but not systematically, it is impossible to 
disentangle seasonal factors using isotope analysis (monthly data 
shown in Table S5). However, we speculate that juvenile explora-
tion of food sources, patterns of adult male dominance and possibly 
other behaviours might lead to potential differences in diet.

CSIA- AA plays a particularly useful role in disentangling isotopic 
niche and is particularly suitable for use with museum collections 
where specimens may be collected from a range of time periods and 
locations. A limitation of BSIA is that it is impossible to distinguish 
between changes in baseline foods and foraging patterns without 
sampling of adequate materials to construct a baseline database, 
whereas with CSIA- AA, these issues can be solved by examining 
δ15NPhe values for example. In this study, CSIA- AA revealed that the 
bulk δ15N values observed for kea were in fact driven by a change 
in the nitrogen baseline and not by a trophic change suggesting cau-
tion in interpreting relative trophic position. These baseline issues 
are likely to become more acute as both anthropogenic influences 
on landscapes increase (Guiry et al., 2018) and weather patterns 
shift, creating change in weathering and erosion, rainfall and other 
environmental patterns that influence isotopic soil and plant nitro-
gen stable isotope values (Rawlence et al., 2016). Relative trophic 
positions calculated here using CSIA- AA values suggest that kea diet 
in the more distant past was less variable across the population in 
comparison to modern kea where individual diets range between 
carnivorous and herbivorous (Figure 5). CSIA- AA thus represents 
an additional level of precision that can enhance the quantity and 
quality of data derived from museums specimens and unlock new 
information on foraging ecology, behaviour and ecosystem changes.

Museum, herbaria and archaeological collections, and the ongo-
ing collection of specimens, are critical to quantify environmental 
change (e.g. Robbirt et al., 2011). Conservation decision- making 
has at times assumed that current realised niche has persisted over 
hundreds if not thousands of years, when this may not be the case 

now (Lyman, 1996), and, with ongoing and rapidly increasing envi-
ronmental change, is unlikely to be the case in the future (e.g. Bond 
et al., 2019). Archaeological samples can likewise extend under-
standing of past environments and their changes, by thousands of 
years (Guiry et al., 2020; Ostrom et al., 2017). Many isotopic stud-
ies have now indicated that in addition to pinned specimens, skins 
and mounts, preserved museum samples such as fish can yield good 
quality, usable stable isotope values to reveal such changes despite 
having soaked in carbon or methyl- based preservatives for many 
years (Chua et al., 2020; Durante et al., 2020).

Here, we have focused on kea skins to demonstrate the value of 
examining past trophic position and make headway into investigating 
changes (or otherwise) that might result from anthropogenic change. 
We have quantified relative trophic niche in both early century col-
lected kea as well as modern birds, and examined foraging patterns 
for both males and females at different locations. These types of data 
provide a foundation that will help inform understanding of sexu-
ally dimorphic feeding patterns and can be used in evidence- based 
conservation decision- making, including diet optimisation or spatial 
planning. There is enormous possibility to learn more from museum 
collections, using a variety of tools including stable isotope analysis.
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