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Abstract. Indigenous peoples’ relationships with biodiversity are often poorly recognised in conservation decision-
making, but are critical to Indigenous identity and lifeways. These relationships extend to introduced species that are rarely
protected under legislation. Kiore (Rattus exulans, Pacific rat) is a species introduced to Aotearoa New Zealand (hereafter
Aotearoa) by Maori (the Indigenous people of Aotearoa) as a food source and bio-indicator of ecosystem state. Once
common, kiore are now restricted in numbers and range, and widely considered an unwanted organism by conservation
managers and some Maori. However, tribal group Ngatiwai wish to safeguard cultural access to remaining kiore on
Mauitaha Island. Therefore, the goals of our study were to assess body condition and the reproductive and disease status of
kiore on Mauitaha. Of 16 kiore caught, body condition based on body length to mass ratio was similar to that recorded on
other islands in Aotearoa. Subcutaneous fat levels were moderate, but lower in individuals with disease inflammation. The
results suggest satisfactory population health, but regular monitoring to identify temporal trends in kiore abundance and
condition is important for cultural harvesting and long-term population survival. Planning for harvesting by future
generations requires transforming conservation biology through Indigenous perspectives, through further assessment of
methods, management and agency, examining how Indigenous knowledge and conventional science can be used to
balance ecological and cultural trade-offs. Further consideration of ecological habitat and risk is also required for kiore,
because the reserve is a single small island, and national conservation priorities focus on native species protection in
ecosystems that exclude humans.
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Introduction Aotearoa), the Indigenous Maori people have been largely

The philosophies of many Indigenous peoples emphasise rela-
tionships with, and the protection of, biodiversity for future
generations (Watene 2016). These philosophies arise from
Indigenous knowledge systems that embed time-deep ecological
knowledge together with living cultural practice, including
assessments of relationship health (Russell 2004; deKoninck
2005; Pfeiffer and Voeks 2008; Trigger 2008; Lyver et al. 2019;
Wehi et al. 2021). However, such cultural relationships and
practices are often contested in legislation. Protected areas glob-
ally are generally managed to maintain native biodiversity and
improve ecosystem health for native species in the absence of
humans (Poirier and Ostergren 2002; Dovers et al. 2015; Johnson
et al 2017). In Aotearoa New Zealand (henceforth referred to as
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excluded from both the occupation and management of protected
areas. As well, the ability of Maori to achieve manage-
ment aspirations for native biodiversity is diminished under
current law (Ruru ez al. 2017; Wehi and Lord 2017). Nonetheless,
some government legislative actions recognise that Indigenous
knowledge systems, known in Aotearoa as matauranga, are key
for retention and regeneration of biodiversity and are thus
recognised in cultural heritage and co-governance arrangements
both in Aotearoa (e.g. Rakiura Titi (Muttonbird) Island Regula-
tions, Te Awa Tupua (Whanganui River) Settlement Act 2017)
and internationally (e.g. Studley and Bleisch 2018).

Worldwide, growing impetus for co-management with Indig-
enous groups has resulted in a range of agreements and plans that
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recognise Indigenous harvesting rights and application of Indig-
enous and local knowledge systems within protected areas (Parks
Canada 2010; Muhumuza and Balkwill 2013; Dovers et al. 2015),
transforming conservation biology through Indigenous perspec-
tives. Issues arise, however, for Indigenous relationships with
introduced species that may be critical to the vitality of Indige-
nous identity and lifeways (e.g. Brook et al. 2006; Bradshaw and
Gorman 2007). Introduced species are often actively targeted for
eradication if conservation managers identify detrimental effects
on native species or ecosystems (Barbour and Schlesinger 2012).
Similarly, enhancing modified ecological systems to support and
maintain Indigenous cultural-ecological linkages may be a low
priority for managers.

Scientific initiatives to conserve native species may also result
in action that decouples Indigenous cultural-ecological systems
(Miskelly 2014; Malone 2016). For example, the legal land
designation of protected ecosystems may lead to constraints on
harvesting. Additionally, operational management of conserva-
tion lands such as the monitoring of individual species and wider
ecosystem health may rely heavily on conventional scientific
advice that can be inconsistent with Indigenous knowledge
systems and focus on species protection rather than biocultural
relationships which frequently incorporate the concept of har-
vesting (e.g. Dowsley and Wenzel 2008). An alternative approach
is to use scientific techniques and tools that support and comple-
ment both biodiversity conservation and cultural values (Bennett
et al. 2007; Muhumuza and Balkwill 2013).

In this study we focus on the management of an island
ecosystem by Ngatiwai, a northern Maori tribe in Aotearoa,
and the associated monitoring of a species, kiore (Pacific rat,
Rattus exulans) introduced to Aotearoa by the Polynesian
ancestors of Maori in ~1280 AD (Wilmshurst ef al. 2008).
Once established, kiore were widely harvested for food and pelts
across the country (Best 1908; Haami 1994). However, they
have now largely disappeared from the mainland of Aotearoa,
displaced by other rats (R. rattus, R. norvegicus) introduced to
Aotearoa by Europeans (Wilmshurst and Ruscoe 2021). Kiore
are also considered a pest species by the Department of Conser-
vation (the government agency in Aotearoa responsible for
conservation) because of their ecological impacts and, as such,
have now been eradicated from many of Aotearoa’s offshore
islands (Wilmshurst and Ruscoe 2021). Despite such policies,
Ngatiwai wish to ensure that kiore harvesting remains a viable
tribal activity for future generations because of their high
cultural value, particularly for pelts and ceremonial use (Kapa
2003) and have sought to prevent the eradication of kiore from
their tribal area (Roberts 1994; Craig 2002; Kapa 2003; DOC
2010a). Haami (1994) highlights kiore as indicators of fruit
ripening, depending on condition and pelage colour, also noting
that their flavour is strongly influenced by the dietary fruit and
berries available. Although relationships with kiore are recorded
in oral tradition from many different iwi (Haami 1994), and
indeed inhabit many Pacific islands, Ngatiwai are the only group
to date that we know of who have sought to specifically protect
this species. Accordingly, kiore are currently are managed on
two small islands for cultural harvest within the territory of
Ngatiwai, and as a traditional indicator of ecosystem state (e.g.
tawapou (Planchonella costata) fruit abundance; Haami 1994;
H. Parata, Ngatiwai elder, pers. comm., 2017).
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In partnership with Ngatiwai, we conducted a first scientific
assessment of kiore body condition on the island of Mauitaha
(26 ha; 35.9°S, 174.7°E; also known as West Chicken Island)
since the signing of an island co-management agreement
between Ngatiwai and Aotearoa’s Department of Conservation
(DOC) in 2010. We also examined kiore for signs of disease, an
indicator used within Indigenous frameworks to assess harvest-
ing potential and population health, together with body condi-
tion (Lyver and Gunn 2004; Moller er al. 2004). We then
considered the future usefulness of this monitoring approach
with particular emphasis on how it aligns with culturally based
monitoring approaches and Ngatiwai’s desire to maintain and
revitalise their relationship with the islands and kiore. We
highlight how current reserve classifications in Aotearoa con-
strain Indigenous resource management of kiore, and future
considerations for partnership.

Methods
People, relationships and co-management

Ngatiwai people have occupied the east coast of Te Tai
Tokerau (Northland) since the beginning of human occupation
in Aotearoa (www.ngatiwai.iwi.nz). Ngatiwai tribal territory
stretches over land and sea for a latitudinal distance of
approximately 180 km, encompassing the eastern seaboard
and all offshore islands (Te Iwi o Ngatiwai 2007). Signs of
past agricultural practice and human settlement are present on
many of these islands (Prickett 1984). Because of their his-
torical significance and diverse flora and fauna, most of these
islands are classified as Protected Areas under the jurisdiction
of the DOC. As such, island management plans include
eradication or control of introduced animals, including kiore,
and weeds (e.g. Towns et al. 2003; DOC 2010b). In contrast,
although Ngatiwai also wish to protect native biodiversity,
their tribal policy highlights the importance of kiore and
protection of this introduced species for cultural harvest as a
priority. It also suggests the potential for cultural harvesting as
a management tool (Te Iwi o Ngatiwai 2007). Ngatiwai are
therefore required to assess risk to a range of species and
ecosystems, including kiore, resulting in the unique manage-
ment of islands based on critical trade-offs in decision-
making.

In 2010, a Memorandum of Agreement between the Minister
of Conservation and the Ngatiwai Trust Board appointed Nga-
tiwai to control and manage the offshore islands Mauitaha and
Araara (2 ha), two of the Hen and Chicken Islands Nature
Reserve (Reserves Act 1977; DOC 2010b). The agreement is
globally unique in establishing management of a nature reserve
for an introduced species (kiore), formally acknowledging
Indigenous relationships with that species and allowing for its
cultural harvest. In return, Ngatiwai agreed to support kiore
eradication from the much larger Taranga (Hen Island; 470 ha)
in the same island group. Nature reserves are set aside for the
protection and preservation of flora and fauna in their ‘natural
state’, and access is strictly by permit only (Reserves Act 1977,
section 20). Ngatiwai harvesting practices on Mauitaha were
therefore constrained for many years prior to the 2010 agree-
ment, and contact between Ngatiwai and kiore on the island is
still limited. Nevertheless, Ngatiwai wish to actively manage
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kiore on Mauitaha to ensure the persistence of this species for
future generations (Te Iwi o Ngatiwai 2007).

This research was a partnership between conventional scien-
tists and Ngatiwai. Scientists and tribal representatives met prior
to sampling to decide on research direction and activity. Kiore
data collection took place under the guidance of a Ngatiwai
expert and co-author, and pelts were returned to Ngatiwai post-
trapping. Our findings were presented back to the Ngatiwai
Trust Board and others for comment and discussion.

Studly site

Mauitaha and Araara are the only two islands in the 15-island
Marotere group, ~8 km off the east coast of Te Tai Tokerau
(Towns et al. 2003), where kiore are still extant (DOC 2010g¢;
Fig. 1). They are separated by approximately 40 m of sea at high
tide but connected at low tide. Kiore were eradicated from most
of the Marotere islands in 1994-1997 (Towns et al. 2003), and
from the main island Taranga in 2011.

Mauitaha rises steeply from sea level to 125 m at its highest
point. The cliffs are dominated by harakeke (Phormium tenax),
ngaio (Myoporum laetum), mahoe (Melicytus ramiflorus) and
Coprosma spp., with pohutukawa (Metrosideros excelsa),
mapou (Myrsine australis) and kanuka (Kunzea ericoides) at
higher elevation (McCallum et al. 1984). Other tree and shrub
species include houpara (Pseudopanax lessonii), whauwhau-
paku (P. arboreum), karo (Pittosporum crassifolium), kohekohe
(Dysoxylum spectabile) and puka (Meryta sinclairii) (Atkinson
1971). The extent of kanuka and mapou, coupled with the
scarcity of mature vegetation, suggests that Mauitaha was burnt
within historic times (Atkinson 1971; McCallum et al. 1984).

Trapping

Working with Ngatiwai experts, we designed our study to pre-
cede the traditional kiore harvesting period in late autumn and
early winter when kiore were described as both ‘large” and ‘fat’
from foraging ripe fruit, such as tawapou (Haami 1994; Best
1908, 2005). This harvest time also exploits a period when kiore
are abundant following the spring birth pulse. The customary
approach of targeting a species in its prime condition and when
juveniles or sub-adults are available to buffer harvest impacts on
the population is also utilised by other tribes in Aotearoa (see
Lyver et al. 2009).

To obtain individuals for examination, we set traps for 4
nights in late March 2016 (i.e. in the austral autumn) when kiore
abundance was expected to be relatively high following summer
breeding (Wilmshurst and Ruscoe 2021). We placed trap sta-
tions ~21 m apart along a winding line (830 m) that traversed
the island from east to west (Fig. 1) to achieve a representative
sample of potential kiore habitats present on the island. The line
began in low-elevation shrub-land and forest, crossed harakeke-
dominated slopes, and followed a small track through higher-
elevation forest and scrub. To augment our trap numbers, we
placed two additional trap stations in forest on a short 35 m line,
perpendicular to and 50 m south of the main line. We trapped
kiore with Victor Professional rat snap traps (‘snap traps’;
Woodstream Corporation, Lancaster PA, USA) and Elliott
live-capture box traps (‘live traps’; Elliott Scientific Equipment,
Upwey, Vic., Australia). At each trap station we set a pair of
snap traps (27 pairs on the first night and 39 pairs on the second

P. M. Wehi et al.

Marotere Islands

NP e

Araara Is

A

Ririwha /
Stephenson Is

Mauitaha Is

Nty

Taranga Island

Aotea Is

Tasman Sea

AUCKLAND

Whakahau Isg

OUTH

s
DUNEDIN  paciFic
OCEAN

0 20 40 60 80 100 km
=== — 1

Fig. 1. Islands where kiore are, or have recently been, extant prior to
eradication, and that are mentioned in the text. These include Mauitaha, site
of the current study.

night). Paired traps were placed back-to-back inside a corru-
gated plastic (Corflute) tunnel (500 x 120 x 120 mm), with
plastic baffles restricting entrance holes to 40 x 40 mm to
reduce the risk of by-catch of non-target species, primarily birds.

In the first 2 nights, the snap traps caught one kiore and one
lizard. We then replaced most pairs of snap traps with single live
traps on nights 3 and 4 to increase our kiore capture success and
prevent additional lizard mortality. We placed one live trap in
each of 39 tunnels and removed the plastic baffles that had
restricted tunnel entrance sizes. We retained two pairs of snap
traps (one pair at the site of the first night’s successful snap trap
capture) to maximise captures. On the final night, we added two
more live traps based on the presence of kiore sign. All traps were
baited with a mixture of peanut butter and rolled oats and checked
each morning. Kiore captured in live traps were euthanased by
cervical dislocation. With all snap traps and live traps combined,
we completed 220 trap-nights (i.e. number of traps x number of
nights set). Additional information on capture rates and use of
camera traps and tracking tunnels to monitor kiore activity is
included in the Supplementary Material (Table S1).

Kiore measurements

We weighed all trapped kiore to the nearest gram, and measured
head and body length (HBL) and total length including tail
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(mm). We measured HBL in three ways to enable comparison
with results of other studies: (1) nose to pelvic girdle (known as
the new British Museum method, Jewell and Fullager 1966;
Moller and Craig 1987); (2) nose to anus, and (3) nose to end of
furred part of upper tail (J. C. Russell, pers. comm.). We cleaned
kiore skulls by soaking them in water for several days and
assigned kiore to age classes on the basis of tooth-wear indices
on upper molars. We assigned age classes on a scale from 1
(young animal with third molars not fully emerged) to 7 (old
animal with molar crowns eroded almost to the roots; Karnou-
khova 1972), based on the most-worn side of the jaw (Moller and
Tilley 1986). All teeth were aged independently by two experts,
and any differences resolved by re-inspection.

Kiore body condition (subcutaneous fat) and reproductive
status

We scored subcutaneous fat on a scale from 1 (no fat deposits) to
5 (very heavy fat deposits; Wirtz 1972), and recorded indicators
of reproductive status. For females we recorded: whether or not
the vagina was perforate (an indicator of maturity and oestrus
condition, where a perforated vagina indicates a receptive
female); uterus size (an indicator of present and previous
pregnancies, recorded as undeveloped, moderately developed,
or enlarged (Moller and Craig 1987); numbers of embryos
present, and placental scars, as an indicator of past births. For
males, we recorded testes position (scrotal or abdominal) and
length (mm). Abdominal testes position can indicate that a
young animal is not yet mature, and the testes of mature animals
can retract from the scrotum after the breeding season (Moller
and Craig 1987).

Kiore disease status

We examined kiore livers for the presence of pale regions
indicating possible pathology. We took liver samples from each
animal, storing them in ethanol for histopathological analysis
(carried out at NZ Veterinary Pathology, Auckland Zoo,
Auckland, NZ). We also collected 14 faecal pellets, which we
cooled and then froze before inspecting them for parasites.
Faeces were suspended in saturated zinc sulfate solution and
examined by light microscopy at 100 x and 400 x magnification
following Hendrix and Sirois (2007).

Kiore body condlition (mass—HBL relationship) and effect of
disease

We used the relationship between mass and HBL as an index of
body condition (Krebs and Singleton 1993), and tested for dif-
ferences between the kiore we captured on Mauitaha and those
from six other offshore islands (henceforth ‘Aotearoa data’,
assembled by Yom-Tov et al. 1999; Table 1). The Aotearoa data
included only kiore classified as ‘adults’ on the basis of tooth-
wear age class 4 and higher (n = 90). We therefore selected
Mauitaha kiore with tooth-wear age classes =4 (n = 6; Table 1)
for comparison with the Aotearoa data. Simultaneously (in the
same model) we compared body condition of kiore from
Ririwha and Whakahau with the Aotearoa data. The Whakahau
dataset (n = 32) was collected at a similar time of year to our
Mauitaha data (March), but the Ririwha dataset (n = 264) was
collected in winter. We included all Ririwha and Whakahau

Published and unpublished kiore data sets used for comparison of the relationship between body mass and head-and-body (HBL) length with Mauitaha data. ‘HBL measurement

Table 1.

method’ is the method used to measure HBL when each data set was collected (if known)
Note: ‘n’ is the number of observations in each data set and ‘“M:F” is the number of males (M) and females (F). For Mauitaha data used, ‘Observations used in comparison’ is the subset of the Mauitaha data

included in statistical comparisons with each data set; ‘Number of kiore used in comparison’ is the number of kiore in the subset, and ‘M:F’ is the number of Mauitaha males (M) and females (F) used in the

comparison

Mauitaha data used

M:F

n

Dates collected

HBL measurement

method

Latitude

Location

Name

©S)

M:F

Number of kiore used in

Observations used in

comparison

comparison

Pacific Conservation Biology

1:5

6

‘Adult’ kiore; i.e. with tooth-
wear age class =4

90 48:42

Various

40.8-47.2 Various and unknown

Islands offshore from New Zealand

Aotearoa

(Arapawa, Codfish, D’Urville,
Kapiti, Stewart, Te Kiore)
Ririwha (Stephenson Island)

data®

As

above

As above

264 161:103 As above

July and August

Unknown

35.0

Ririwha®

2010-12
March 2016

As
above
79

As above

As above

14:18

32

Multiple methods

37.1

Whakahau (Slipper Island)

Whakahau®

16

55 Al

10

January—March
2012

36.0-36.3 Nose to end of furred part
of upper tail

Aotea (Great Barrier Island)

Aotea®

AYom-Tov et al. (1999); Y. Yom-Tov, unpubl. data.
Bp. 0’B Lyver and C. Jones, unpubl. data.

CRicardo et al. (2020).
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Table 2. Characteristics of and inflammation identified in kiore captured on Mauitaha Island in March 2016
‘Sample’ identifies each animal for cross-reference with Supplementary Material Table S2. Columns indicate the sex and weight of each animal captured.
Females and males are listed separately, with indicators of reproductive condition. For females: number of placental scars or embryos in the uterus, and whether
the uterus was undeveloped (‘thread’ uterus), moderately developed, or enlarged. For males: whether the testes were scrotal or abdominal. ‘Subcutaneous fat’ is
given on a subjective scale. Age classes are based on tooth-wear. The presence of cholangitis (inflamed bile ducts), hepatitis (inflamed liver) or
cholangiohepatitis (both) is also noted; a dash indicates no significant findings (details in Table S2), ‘na’ indicates not applicable

Sample  Weight (g)  Placental scars or embryos  Uterus size (for females) or Subcutaneous fat: ~ Age class based on  Inflammation present
position of testes (for males) 1 (low) to 5 (high) tooth-wear

Females

1 74 12 scars Moderately developed 1 5 Cholangiohepatitis

3 99 18 scars Enlarged 2 5 Cholangiohepatitis

4 30 0 Undeveloped 3 2 -

6 39 0 Undeveloped 3 2 -

7 76 0 Moderately developed 5 3 -

8 47 0 Moderately developed 4 3 -

9 51 0 Undeveloped 3 4 Cholangitis

13 97 8 scars Moderately developed 2 5 Hepatitis

16 78 0 Enlarged 4 4 -

Males

2 49 na Abdominal 3 3 -

5 29 na Abdominal 3 2 Cholangitis

10 24 na Abdominal 2 3 -

11 66 na Abdominal 4 4 Cholangitis

12 60 na Abdominal 3 2 -

14 62 na Abdominal 3 3 -

15 18 na Abdominal 1 1 -

kiore in this comparison, as their HBL measurements were
within the range of the Aotearoa data, although we lacked tooth-
wear age classes for them. Analyses were done in program R ver.
3.4.4 (R Core Team 2018).

To test for differences in condition, we first fitted a linear
mixed-effects model in R package Ime4 (Bates et al. 2015) to the
Aotearoa data, with the response variable log.(mass) and predictor
variable log.(HBL) (Krebs and Singleton 1993). Because meth-
ods used to measure HBL in the Aotearoa data varied (Yom-Tov
et al. 1999), for Mauitaha and Whakahau kiore we used HBL
measured from nose to anus, which was intermediate between our
two other HBL measurement methods. The method used to
measure Ririwha kiore was undocumented. Island was fitted as
a random effect to account for the collection of multiple indivi-
duals from each of six islands. A condition index for each kiore
from Mauitaha, Ririwha and the Aotearoa data was then calcu-
lated as the ratio of its predicted log.(mass) (based on this fitted
model) and its actual log.(mass) (Krebs and Singleton 1993). The
condition index was 1 for an animal whose log.(mass) and
log.(HBL) were on the fitted line, and the mean index for kiore
in the Aotearoa data was 1. We then used a linear model to
compare condition indices of kiore from Mauitaha, Ririwha, and
Whakahau with the Aotearoa data.

We also tested for differences in the relationship between
body mass and HBL between kiore from Mauitaha and Aotea
(Great Barrier Island; Table 1), and for effects on condition of
disease identified in the Mauitaha kiore. The Aotea dataset was
collected during summer and early autumn (January—March),
with HBL measured from nose to end-of-fur-on-tail. For
this comparison, we used all the Mauitaha data, with HBL

measurements made using this same method (Table 1). We
fitted a linear model to the Aotea data, similar to the above
mixed-effects model but, omitting the random effect ‘island’.
We then calculated condition indices as above for (1) all
Mauitaha kiore and (2) Mauitaha kiore with disease identified
(see below), and compared these with Aotea kiore condition,
with two separate linear models.

We expected that the Ririwha kiore captured in winter would
have ceased reproduction, include relatively few juveniles and
subadults, and hence be heavier on average than the Mauitaha
kiore captured in early autumn. We tested this prediction by
comparing kiore mass between the two datasets, using a linear
model with the explanatory variables location, sex and their
interaction. Finally, we used an additional linear model to test
whether subcutaneous fat scores of Mauitaha kiore (response
variable) were related to the categorical variables disease, sex
and their interaction.

Results
Kiore size and condition

We captured 16 kiore; 9 females and 7 males (Table 2). The
body condition of ‘adult’ Mauitaha kiore (those with tooth-wear
age class =4; Table 1) did not differ from kiore on other islands
in Aotearoa, based on relationships between body mass and
length (mean Mauitaha condition index 0.96, n = 6, 139, = 0.7,
P = 0.48, Aotearoa data index 1.0, n = 90; Fig. 2a, see Sup-
plementary Material Table S2 for all necropsy details). This was
despite five of the six Mauitaha kiore used in this comparison
having signs of disease, i.e. inflamed livers and/or bile ducts.
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Fig.2. Comparisons of Mauitaha Island kiore body mass and head-and-body length relationships to other kiore datasets: (@) Aotearoa data, (b) Aotea. In (a),
only the Mauitaha data (n = 6) used in the statistical comparison with the Aotearoa data are shown. In (b), all of the Mauitaha data are shown (n = 16), and
open squares indicate Mauitaha animals with inflammation of the liver and/or bile ducts.

The condition of Ririwha kiore was also similar to the Aotearoa
data (index 1.03, n = 264, t39, = 1.5, P = 0.13), but Whakahau
kiore had lower body condition than kiore in the Aotearoa data
(0.92, n = 32, t39o = 2.9, P = 0.004). In the separate analysis,
Mauitaha kiore body condition was also similar to that of Aotea
kiore (Mauitaha index 1.07, n = 16, t,4 = 1.1, P = 0.3, Aotea
index 1.0, n = 10; Fig. 2b). As expected, kiore captured on
Mauitaha in autumn weighed less than kiore captured in winter
in the Ririwha study (mean body mass on Mauitaha 56.2 £ 6.2 g
s.e. (range 18-99 g; tr76 = 2.5, P = 0.013, R = 0.21); on
Ririwha (84.2 £ 0.9 g; 40—151 g)). Mauitaha adult and subadult
kiore had ‘moderate’ subcutaneous fat (Table 2), based on
Wirtz’s (1972) scale (adult mean 3.1, n = 12 (adults classed as
>38 g based on 95% ClIs in Wirtz 1972); subadult mean 3.0,
n = 2 (subadults classed as 25-38 g).

Kiore reproductive status

Of the nine females trapped, three had never reproduced, based
on their undeveloped uteri (see Table S2 for reproductive
details). Three others had placental scars, showing that they had
reproduced previously. The remaining three females with
moderately developed or enlarged uteri were probably in early

stages of pregnancy. All seven trapped male kiore had abdom-
inal testes; the largest (66 g) had a developed scrotum indicating
that its testes had been scrotal but had since retracted.

Kiore disease status

Of'the 16 necropsied kiore, 4 had visible pale patches on the liver
indicating possible lesions (all from females; Table S2). His-
topathological analysis confirmed inflammation of the liver or
the liver and bile ducts in three of these kiore, and inflammation
of the bile ducts was identified in three additional kiore. Faecal
samples contained only low numbers of parasites. The faecal
samples were in good condition indicating little if any degen-
eration between collection and processing. Five of the six kiore
with inflamed livers and/or bile ducts were large or mature
animals: three were the longest (HBL) kiore caught, and five
had tooth-wear age class =4. Their mean subcutaneous fat
scores were lower than in non-diseased kiore (2.5 vs 3.1,
t, = 3.2, P <0.01; R® = 0.52). Male kiore had lower mean
subcutaneous fat scores than females (2.7 vs 3.0, t1, = 2.6,
P < 0.05) and the relationship between disease and subcuta-
neous fat was weaker in males (interaction between sex and
disease, 11, = 3.2, P < 0.01).
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Discussion

Kiore body condition on Mauitaha (based on the relationship of
body mass to HBL) was consistent with data from other islands
in Aotearoa, and levels of disease were typical of rodent popu-
lations (Hsu 1979; Roberts et al. 2013; Fuehrer 2014). Further,
the reproductive condition of kiore captured on Mauitaha was
consistent with data from other forested islands in Aotearoa, for
both females and males.

Body condition is a key harvesting indicator for many
Indigenous people globally (Kofinas et al. 2003; Lyver and
Gunn 2004) and, in kiore, may act as an indicator of other
ecosystem processes such as fruiting (Haami 1994; H. Parata,
Ngatiwai elder, pers. comm., 2017). Other customary harvests
by Maori in Aotearoa are informed by indicators of body
condition, and especially fat levels (e.g. kerert, Hemiphaga
novaeseelandiae, Lyver et al. 2009). Body fat is often a seasonal
resource; the Adi people of north-east India similarly prefer to
harvest rodents (Rattus spp., Bandicota spp., and Mus musculus)
in winter (Meyer-Rochow et al. 2015). In autumn and winter, the
proportion of large adult kiore in the population increases as
reproduction ceases and juveniles and subadults develop, as
observed on Kure Atoll, Hawaii (28°N c.f. Mauitaha at 35°S;
Wirtz 1972). Our finding that kiore from the Ririwha study
trapped in winter were heavier on average than Mauitaha kiore
trapped in early autumn is consistent with this dynamic. Simi-
larly, on Tiritiri Matangi Island in north-eastern Aotearoa, kiore
were heaviest in spring before young animals entered the
trappable population (Moller and Craig 1987).

The presence of at least three pregnant females (those with
moderately developed or enlarged uteri) shows that the breeding
season on Mauitaha continues into early autumn. The high
numbers of placental scars in some females indicate multiple
prior pregnancies, as the litter size of kiore in Aotearoa is usually
less than nine (Wilmshurst and Ruscoe 2021). The larger
Mauitaha males may also still have been in reproductive condi-
tion in early autumn, despite none having scrotal testes. Long
kiore breeding seasons extending into autumn are typical on
forested islands in Aotearoa (Wilmshurst and Ruscoe 2021). In
contrast, on islands with extensive exotic grass cover, kiore bred
only when grass seed was present in spring and early summer
(Moller and Craig 1987; Atkinson and Towns 2005). Moller and
Craig (1987) found that only 10-35% of male kiore live-trapped
in autumn months in forest habitat on Tiritiri Matangi had
scrotal testes, although the cauda epididymis of snap-trapped
males showed that the larger males continued to be reproductive
in April or May when pregnant females were no longer found
(Moller and Craig 1987).

Future monitoring of Mauitaha’s kiore population

Ngatiwai’s aim to manage kiore for cultural harvest to ensure an
abundance of resources for cultural harvesting and to sustain
kiore for future generations (Te Iwi o Ngatiwai 2007) requires a
biocultural approach to management to succeed. Cultural
objectives include recognising and reinforcing the customary
value and status of kiore as a valued species (Kapa 2003; Te Iwi
o Ngatiwai 2007; DOC 2010b), transmitting associated
traditions and stories to new generations (Haami 1994), and
fulfilling harvesting needs (DOC 20105). Retaining matauranga
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contributes to cultural and linguistic vitality (Maffi 2001;
Wilder et al. 2016), but questions remain about best practice
ways to partner with government agencies and/or use conven-
tional management approaches to achieve both biological and
cultural objectives. Indigenous knowledge and practice are key
to protection of both cultural and biological diversity (Pfeiffer
and Voeks 2008), but the relationship of Indigenous systems
with conventional scientific tools is not straightforward. Peri-
odic monitoring to assess population trends and health, and
accordingly modify long-term management as required, would
help secure the future of Mauitaha’s kiore population. This
could, for example, be done by integrating aspects of monitor-
ing, such as inspecting livers for signs of disease, into cultural
harvest practices.

As part of the ongoing collaborative management of Maui-
taha, the conventional science methods used here to assess
kiore condition could be applied within a tribal program that
includes monitoring alongside other cultural indicators, which
would fit with sustainable harvesting practices that maintain
Ngatiwai’s relationship with kiore in future generations
(A. Monks, C. Stone and P. Wehi, unpubl. data). Close inter-
actions between trappers and kiore contribute to knowledge of
the species and develop and maintain cultural-ecological con-
nections. However, we highlight that too often knowledge
integration ignores the power relations between Indigenous
people and the state (Bohensky and Maru 2011) and does not
address structural issues around agency of Indigenous peoples.
Ngatiwai’s goals and objectives, and how Ngatiwai prefer to
engage with kiore, are foundational to future monitoring and
action, and for social justice to be enacted. Any knowledge
integration needs to be cognisant of the links between culture
and knowledge, of issues in legislation, and policy, and of the
appropriate distribution of power (Bohensky and Maru 2011).
To go forward from the assessment presented here, we suggest
that any future monitoring methods by external agencies
should take an explicit biocultural partnership approach with
Ngatiwai (Gavin et al. 2015; Sterling et al. 2017) that over-
comes current barriers such as visiting restrictions and difficult
physical access.

Despite the ability of kiore to utilise diverse foods and
environments (Wilmshurst and Ruscoe 2021), and strong advo-
cacy from Ngatiwai for their protection, the long-term viability
ofkiore populations is not assured. This is, in part, because of the
divergent priorities of government agencies and Ngatiwai, and,
in part, because of a range of biological issues. Kiore popula-
tions in New Zealand are much reduced from previous times, so
now occupy only a small proportion of their former range
(Wilmshurst and Ruscoe 2021). As well, Ricardo er al.’s
(2020) study of kiore on Whakahau suggests that kiore may
benefit from commensal environments, as is also recorded in
Maori oral tradition, but these environments are no longer
present within the network of protected areas managed by
DOC, including Mauitaha. Although our data show that kiore
are present and breeding on Mauitaha, with body condition
comparable to populations on other New Zealand islands,
populations on small islands are vulnerable to deleterious effects
of in-breeding (Keller and Waller 2002) and to variable food
availability. Perhaps most importantly, population decreases (as
well as increases) are to be expected in any small population in a
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fluctuating natural environment, and there is no ‘insurance’
population (e.g. on another island) that is not under threat of
eradication. Mauitaha is small, relatively dry, dominated by
scrub and early successional forest and with little grassland
(Atkinson 1971; McCallum et al. 1984). It is unclear whether
Mauitaha provides enough suitable habitat as the sole location
for managing and protecting kiore long-term, and the forest and
other habitat on Mauitaha are not currently managed to sustain
kiore. Further work to identify baseline ‘natural states’ and to
actively manage kiore habitat, potentially including restoration
planting or increased human activity that may benefit kiore
(Ricardo et al. 2020), could be useful points of discussion
between Ngatiwai and its governmental partners. Indicators of
relative kiore abundance that can be used to help assess popula-
tions in a straightforward and cost-effective way may be critical
for management and sustainability of these cultural-ecological
systems. Moreover, harvesting that uses preferred Ngatiwai
methods (such as cervical dislocation rather than other methods
of euthanasia) are to be supported. Further, future planning that
values the expertise of knowledge holders might also explicitly
support tribal priorities and methodologies that address the
trade-offs between cultural benefits and potential damage to
other native species.

There are many ironies in conducting a trapping study to
examine the condition and health of a culturally valued intro-
duced species that impacts native biota on an island that has
Nature Reserve status and is largely inaccessible to its tradi-
tional owners. Ongoing management will require compromises
between the conflicting drivers of protecting native biological
diversity while also supporting cultural traditions and practices.
The integrity of Indigenous knowledge relies on continued
interaction and relationship with both species and the wider
biophysical environment (Wehi et al. 2021), but legal restric-
tions such as those that apply here on the movements of both
Ngatiwai and kiore set boundaries on these interactions, with
consequences for management. Indeed, managing a Nature
Reserve for the sustainability of an introduced species is
contrary to conservation and reserve legislation in Aotearoa,
suggesting that there is a lag in legislation with regard to the
needs of Indigenous peoples that needs to be addressed. Poten-
tial options lie in the reclassification and realignment of conser-
vation priorities of some Nature Reserves, like Mauitaha, to
cultural-ecological priorities within a novel (within Aotearoa)
‘cultural reserve’ classification.

More broadly, active management is a vital component of
Indigenous stewardship worldwide that requires reciprocal
ongoing relationships between people and valued species (e.g.
Wheeler et al. 2020). Such management must take account of
relationships with introduced species that are culturally impor-
tant, whether kiore or other habitat-modifying species such as
pua’a or pigs in Hawai’i (Pejchar and Mooney 2009), or even the
introduced kiawe now used as firewood because native woody
plants are unavailable in subsistence communities in many parts
of Hawai’i (Kamelamela 2012). Cross-cultural monitoring that
supports the vitality of Indigenous knowledge systems, and
allows opportunities for Indigenous communities to prioritise
metrics and trade-offs, while helping to future-proof ecological
monitoring is required (Lyver ef al. 2019). However, although
the integration of Indigenous knowledge and conventional
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science has benefits, such as strengths in understanding causal
links and fast responses to new information, it is also clear that
national laws and policies need to make space for Indigenous
forms of cultural practice and assessment, and evaluation
processes need to distribute power more equally across knowl-
edge producers (Bohensky and Maru 2011). Indeed, recent
assessments of Indigenous communities in the Arctic and
elsewhere concur with Ngatiwai’s desire not only for inclusive
research and decision-making, but also structural change in
institutions, policies, and power and agency in technologies,
approaches and priorities (Wheeler et al. 2020).

Assessments such as the one undertaken here, as a response
to new and challenging circumstances, can be used to provide a
foundation for equitable partnership that supports cross fertili-
sation of different knowledges, and an integrated approach for
the benefit of communities and ecosystems. Such an approach
includes co-production of research by communities and scien-
tists, in ways that value and incorporate Indigenous knowledge.
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