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ABSTRACT. Scientific support invited by Indigenous peoples and local communities (IPLC) to assist with customary environmental
management can improve conservation and community livelihoods. For example, demographic models can help to understand how
alternative wildlife management strategies affect population dynamics and harvest sustainability. We developed a demographic model
to assist Ngai Tahu, the southern-most Maori tribe in Aotearoa/New Zealand, in customary management of a culturally important
population of Black Swans (kaki anau, Cygnus atratus). We used recent demographic data, including results of an experimental egg
harvest study, to inform tangata tiaki (Ngai Tahu environmental guardians) about how customary egg harvest and background pressure
from sport hunting of swans aged > 1 year differentially affect population growth. We also assessed how sport hunting of swans affects
the sustainability of customary egg harvest. Estimated population growth (1.018 or presently growing 1.8% annually; 95% CI: 0.808—
1.241) was most sensitive to changes in adult and subadult survival, followed by juvenile (first-year) survival, breeding propensity, and
nest hatching success. Uncertainty in population growth was almost entirely attributable to uncertainty in swan survival rates after
hatching. Sustainable population-level rates of egg harvest varied from none to more than half of all eggs, depending on small changes
in adult and subadult survival. Population sensitivity to adult and subadult survival suggests that limiting and monitoring their mortality
are crucial to population and egg harvest sustainability, whereas contemporary government-mandated species management, through
Fish and Game New Zealand, allows adult and subadult mortality from sport hunting, with little record of offtake. Recognizing the
rights and interests of Ngai Tahu, and monitoring swan mortality more closely, could improve Ngai Tahu abilities to practice customary
harvest, enhance population and environmental monitoring, and, when appropriate, control swan numbers in a culturally appropriate
and less wasteful way. The model we present could aid decision making and communication between Ngai Tahu and New Zealand’s
Crown government within a potential future co-management arrangement. Demographic models can be useful tools for supporting
customary environmental management, but developing, maintaining, and implementing these tools requires support for adaptive
policies and management arrangements that recognize IPLC rights to the environment and decision making.
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INTRODUCTION

Contemporary environmental management systems are
struggling to curb global declines in biodiversity and ecosystem
health (Diaz et al. 2019, IPBES 2019a). One limiting factor for
management is the ability to continually monitor biodiversity and
ecosystems at fine resolutions across large areas, and to implement
adaptive conservation measures locally (Cumming et al. 2006,
Guerrero et al. 2013). To help overcome this limitation, and to re-
claim rights and responsibilities for the environment more
generally, many Indigenous peoples and local communities (IPLC
or “ethnic groups who are descended from and identify with the
original inhabitants of a given region, in contrast to groups that
have settled, occupied or colonized the area more recently”;
IPBES 2019b) are vocal and active in empowering their customary
environmental management systems (Ens et al. 2012, Witter et al.
2015, Lyver and Tylianakis 2017). Within many customary
management systems, IPLC continually engage with and monitor
their environments, while over time accumulating long-term
experiential knowledge of biodiversity and ecosystems at fine
resolutions (Gadgil et al. 1993, Moller et al. 2004, Berkes 2009).
Customary resource use and engagement with the environment
underpin many aspects of well-being for IPLC, including

livelihoods, cultural identities, and community kinship, and these
relationships can motivate sustainable practices and enforcement
of local conservation (Cinner and Aswani 2007, Lyver et al. 2008,
Halim et al. 2012, Sheil et al. 2015, Caillon et al. 2017). Thus,
supporting IPLC in the customary management of their lands
and resources could be both a practical and just way to enhance
environmental monitoring and protection (Sobrevila 2008,
Artelle et al. 2019, Herse et al. 2020, Dawson et al. 2021, Reyes-
Garcia et al. 2022).

In many places, the legal authority of IPLC to decide whether
resource use can occur, what uses and strategies are appropriate,
and who should be allowed access to use, are either missing or
neglected (Kinan and Dalzell 2005, Goldman 2011, Ruru et al.
2017, Snook et al. 2020). In such cases, management decisions by
non-IPLC authorities are often biased toward competing interests
of recreational or commercial harvest (Banetal. 2017), alternative
land uses, e.g., mining (Parlee et al. 2018), or preservationist
strategies, e.g., protected areas, that prioritize separation between
IPLC and their environment (Brockington and Igoe 2006,
Solomon 2014) and do not value customary harvests (Hunn et al.
2003, Tyrrell 2008, Lyver et al. 2019a). Environmental scientists
have increasingly used demographic models of animal
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populations to inform decision making about customary resource
use and management (Brook et al. 2006, Zador et al. 2006,
Bradshaw and Brook 2007, Chaloupka and Balazs 2007, Jones et
al. 2015, McKechnie et al. 2020). For example, Chaloupka and
Balazs (2007) used a demographic model to inform public policy
debates in Hawai‘i, USA, about the sustainability of re-initiating
customary harvests of green sea turtles (Chelonia mydas), which
were prohibited following overexploitation by commercial
harvest and subsequent listing of the green sea turtle as an
“endangered species.” In Australia, Bradshaw and Brook (2007)
used demographic models to assess strategies for balancing
customary use of exotic, endangered banteng (Bos javanicus) by
Aboriginal communities, and offtake of recreational and
commercial harvest. However, IPLC voices and interpretations
of scientific evidence are largely absent from such studies if they
are not initiated by IPLC or do not include IPLC representation.
Likewise, when IPLC wish to engage in customary management
and welcome scientific support, collecting, interpreting, and
disseminating data in partnership with IPLC is important to
ensure that their rights, values, and priorities are fully recognized
(Ens et al. 2012, Rayne et al. 2020, Dawson et al. 2021).

Here we present a demographic model developed in partnership
with Ngai Tahu, the southern-most tribe of Maori in Aotearoa/
New Zealand, to support customary management of Black Swans
(kaki anau, Cygnus atratus) at a 200-km? coastal lagoon and key
Black Swan breeding area, Te Waihora/Lake Ellesmere (Fig. 1).
Harvests of Black Swans and their eggs have been important
components of customary management and food gathering at Te
Waihora for generations, but restricted since New Zealand’s
colonial government seized control of local species management
in the early 20th century CE (Lamb 1964, Pauling and Arnold
2008, Herse et al. 2021). Current law in New Zealand classifies
Black Swans as “gamebirds” that can be hunted for sport by
gamebird license holders (New Zealand Government 1953), yet
prohibits customary harvest without special permission (Herse et
al. 2020, 2021). Contemporary government-mandated gamebird
managers use daily bag limits (quotas), set annually, to maintain
swan numbers in the recreational interests of sport hunters (New
Zealand Government 1987), and in the past have permitted culls
by local farmers (European New Zealanders) to limit grazing of
pasture and potential economic loss (Williams 1979). The extent
of pressure from sport hunting and past culling is poorly known
because the contemporary gamebird management body, Fish and
Game New Zealand (FGNZ), does not require licensed sport
hunters or landowners to report their offtake, and periodic
regional phone surveys by FGNZ of offtake trends are not site
specific (Herse et al. 2020).

Ngai Tahu is interested in managing the swan population at least
partly through self-authorized customary egg harvests, without
oversight or special permission (Herse et al. 2020, 2021). The right
of Ngai Tahu to self-authorize harvest and management of swans
is guaranteed within New Zealand’s founding document between
tangata whenua (original people of the land) and the Crown
government, the Treaty of Waitangi 1840, whereby “the Queen
of England agrees to protect the chiefs, the subtribes and all the
people of New Zealand in the unqualified exercise of their
chieftainship over their lands, villages and all their treasures”
(Kawharu 1989:321). Similarly, Ngai Tahu rights to “determine
and develop priorities and strategies for the development or use
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of their lands or territories and other resources” are protected
under the United Nations Declaration on the Rights of
Indigenous Peoples (United Nations General Assembly 2007:23).
However, these rights have not been realized or enacted under
current gamebird management regulations. In addition to FGNZ-
permitted sport hunting and culling, damage to aquatic plants by
a massive storm in 1968 (the “Wahine” storm), coupled with
extensive agricultural runoff over the past half century, has
degraded Te Waihora, depleted swans’ macrophyte food supply
(Lineham 1983, Gerbeaux 1989, Hearnshaw and Hughey 2010),
and reduced swan numbers by approximately 90% (Williams 1979,
Ford et al. 2017). Thus, it is unclear whether the current swan
population can sustain potential customary egg harvest or any of
the ongoing sport hunting, and how such pressures on swan
fertility (hatching success) and survivorship, respectively, affect
the population.

Our goal was to provide Ngai Tahu with up-to-date information
on the Te Waihora swan population with which to enter
discussions with FGNZ and New Zealand’s Crown government,
about potential strategies for re-initiating customary egg harvests.
To that end, we started by using recent demographic data and an
age-classified matrix population model to (a) estimate the current
annual population growth rate or change in population size (A;
Caswell 2001). We then used the model to assess (b) how changes
in swan fertility and age-specific survivorship differentially
affected A, and (c) how current levels of uncertainty in these
demographic rates differentially contributed to uncertainty in A.
To understand the egg-harvest equivalence of sport hunting, we
estimated (d) the expected lifelong output of both freshly laid eggs
and hatched eggs (i.e., measures of reproductive value; Caswell
2001) by individual swans aged > 1 year, which are collectively
most susceptible to being shot (Williams 1977). Finally, we used
results of a recent experimental egg harvest study (Herse et al.
2021) to (e) assess how offtake from sport hunting affects the
sustainability of potential customary egg harvest by Ngai Tahu.
Based on the model results, we explore potential pathways for
incorporating customary egg harvest into local species
management. We end by outlining potential ways of improving
support for customary management, which could enhance
environmental monitoring and protection (Ens et al. 2016, Herse
et al. 2020, Dawson et al. 2021, Lyver et al. 2021).

METHODS

Study species and population

The modern Black Swan (C. atratus) originates from Australia
and is congeneric with the endemic New Zealand Black Swan
(potiwa, C. sumnerensis), which became extinct on New Zealand’s
mainland around the 15th century, after Maori arrival and prior
to European arrival (Rawlence et al. 2017). Europeans reported
C. atratus as absent in New Zealand during the 19th century and
introduced several pairs from Australia in the 1860s (Lamb 1964).
However, rapid population growth following the introductions,
and recent DNA evidence, suggest that waves of C. atratus
dispersal from Australia before and during the 19th century, and/
or genetic rescue of an extant population through admixing with
introduced individuals, may have occurred (Rawlence et al. 2017,
Montano et al. 2018a). Consequently, scientists have debated
whether modern Black Swans are native to New Zealand
(Montano et al. 2018b, Rawlence et al. 2018). Some Ngai Tahi
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Fig. 1. Map of our study area at Te Waihora/Lake Ellesmere, home to the largest population of Black Swans (Cygnus atratus) on the
South Island of Aotearoa/New Zealand. Purple boxes outline swan breeding areas where we used orthophotography to census nests.
Black and yellow circles indicate the current locations of the largest two swan breeding colonies at Te Waihora, where the data on

nest fertility and egg harvest that we used in models originate. The

map is a modified version of the NZ Topographic Basemap

available on ArcGIS 10.5 (Environmental Systems Research Institute, Redlands, CA, USA; ©OEagle Technology Group Ltd.).
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tribal members consider Black Swans native to New Zealand
(Bataille 2020), and the species is recognized as such within the
Te Waihora Joint Management Plan between Ngai Tahu and the
Minister of Conservation (Te Riinanga o Ngai Tahu and
Department of Conservation 2005). More importantly, Black
Swans are highly valued by some Ngai Tahu people as key
elements of cultural practices such as kaitiakitanga
(environmental guardianship) and mahinga kai (“customary
gathering of food and natural materials and the places where those
resources are gathered”; New Zealand Government 1998:102,
Bataille 2020, Bataille et al. 2021), which are important to Maori
cultural integrity (Kawharu 2000), knowledge production (Lyver
etal. 2019b), and conservation (Wehi and Lord 2017). The species
is also valued by some gamebird license holders and other
members of the public, whereas some farmers consider swans to
be pests because they sometimes graze on pasture (Bataille et al.
2020, 2021).

Black Swans (hereafter “swans”) mostly breed in colonies at
shallow lakes, lagoons, and estuaries (Williams 1981, 2013a). Te
Waihora contains the largest population of swans on New
Zealand’s South Island, with estimates of population size varying
from ~5000 to 10,000 individuals during the past two decades
(Ford et al. 2017, Herse et al. 2020). Similar to other swan species
globally, most Black Swans at Te Waihora live for fewer than 10
years, and less than half of adults attempt nesting each year
(Williams 1979, 1981, 2013, Bart et al. 1991). Black Swans are
typically monogamous and breeding at Te Waihora is generally
synchronous, beginning in August to September as winter water
levels decline, and decreasing in October after most nests hatch
(Williams 1981, 2013a, Herse et al. 2021). Mean clutch size is 5—

6 eggs (Williams 2013a, Herse et al. 2021). A second bout of
breeding, which comprises up to approximately one-third of all
nesting during a given breeding season, sometimes occurs during
October—-December (Donald Brown, Ngai Tahu, Christchurch,
New Zealand, 19 June 2018, personal communication; Herse et al.
2021). In a previous experimental egg harvest study, Herse et al.
(2021) found that following the complete removal of first clutches
of eggs, swans tended to replace a portion of those eggs, such that
the average nest-level hatching success among harvested nests was
2.61 cygnets (cf. 5.68 cygnets per unharvested nest). Although
Herse et al. (2021) could not determine whether re-nesting
following clutch failure was by original nest occupants versus
other swans using newly available nests, individual pairs have been
documented re-nesting following clutch failure (Williams 1979),
indicating that at least some of the second bout of breeding is due
to re-nesting. Pressures on nest hatching success in our study area
include nest depredation, flooding, and infertility, but hatching
success is nevertheless generally high at the largest nesting colonies
(Adams 1971, Meis 1988, Herse et al. 2021). Juvenile swans
(cygnets) reach independence ~3-5 months after hatching and
sexual maturity at 2-4 years of age (Williams 2013a).

In addition to food availability, current pressures on swan
survivorship include sport hunting (Williams 1979, Herse et al.
2020). Gamebird managers set bag limits based on trends in swan
numbers and offtake rates estimated from periodic aerial surveys
and phone surveys, respectively, and aggregated at scales of
hunting regions or subregions over which individual bag limits
apply (Herse et al. 2020). During recent years, gamebird license
holders within the ~2,500-km? hunting subregion containing Te
Waihora have each been allowed to shoot 5 swans per day during
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most of May—July, and 20 swans per day during most of August—
September (Herse et al. 2020). However, current rates of gamebird
shooting and their impacts on the swan population at Te Waihora
are poorly understood for several reasons. New Zealand law
requires private landowners to adhere to local gamebird bag limits
but does not require landowners to obtain licenses to shoot swans
on their property (New Zealand Government 1953), or to report
their offtake. Similarly, FGNZ does not require gamebird license
holders to report their offtake. In addition, regional surveys of
offtake are not site specific and include areas outside of the Te
Waihora subregion (Herse et al. 2020).

Matrix population model
We developed an age-classified matrix population model (Leslie
1945, Caswell 2001) to describe swan population dynamics. The
model is defined by

N = AN, )
where A is a projection matrix including age-specific, per-capita
estimates of swan fertility and survival rates, and n, is a vector of
numbers of individuals per age class during time ¢ (Caswell 2001).
Time units span one year beginning when eggs hatch and ending
immediately prior to hatching during the following nesting season
(“post-breeding census”; Caswell 2001). We assumed the
population was closed to immigration and emigration because
swan dispersal among waterbodies within the region is infrequent
(Williams 1977; Herse, Lyver, Scott, Tylianakis, and Ngai Tahu,
unpublished data), and local species management cannot control
movements of the population’s small proportion of dispersive
individuals.

Considering age at first reproduction is 2-4 years (Williams
2013a), it would be reasonable to develop a stage-classified model
based on hatchling, sexually immature subadult, and adult stage
classes. However, because we could not distinguish subadults from
non-breeding adults during population censuses, we could not
estimate the proportion of adults attempting breeding per year;
we could only estimate this proportion for subadults and adults
combined. In addition, we lacked data on the current age
distribution of swans at Te Waihora, and did not know if or how
ongoing mortality from sport hunting varied across annual age
classes. Thus, we based the model on a simplified life cycle with
hatch-year (HY, age < 1 year since hatching) and after-hatch-year
(AHY, age > 1 year since hatching) age classes (Fig. 2). The fertility
term in this model includes the proportion of AHY swans, i.e.,
subadults plus adults, that attempt breeding each year, which we
could estimate. Demographic rates of finer resolution age or stage
classes could be parameterized later with additional data if they
become available.

The model can be written in matrix form as

Nyy —| 0 Fany|[ Nuy @
N any Ji+1 Sty Sany /\ NV any)r
HY. Amy, are the number of HY and AHY swans,
respectively, during time (year) f; F,;qy is annual fertility or
number of eggs hatched per AHY swan; S, is the probability of
a swan surviving the first year after hatching (i.e., the “hatch

year”); and S, ;1 is annual survival probability for AHY swans.
Fertility of HY swans (top left element of matrix in Equation 2)

where N, and N
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is 0 because HY swans do not breed (Williams 2013). Modeled
demographic transition rates (matrix elements) are time-
invariant, but could be updated annually with new data.

Fig. 2. Life-cycle diagram of the age-classified matrix model we
used to describe Black Swan (Cygnus atratus) population
dynamics at Te Waihora/Lake Ellesmere, Aotearoa/New
Zealand. Circles represent age classes (HY = hatch year, age <
1 year since hatching; AHY = after hatch year, age > 1 year
since hatching), whereas arrows represent annual per-capita
demographic transition rates (FAHY = annual fertility or
number of eggs hatched per AHY swan; SHY = probability of
surviving the first year after hatching; SAHY = annual survival
probability for AHY swans).

FAHY

Siv

SAHY

Factors that affect annual fertility of AHY swans include
propensity to attempt breeding, nest hatching success, and
mortality of AHY swans (Williams 1979, 1981, Herse et al. 2021).
Hatching success differs between unharvested and harvested nests
because, in recent years, swans tend to replace only a subset of
harvested eggs (Herse et al. 2021). Thus, we estimated F, ;,, using
the expression:

F oy =05(fo(1=h)+ £ h)BS v 3)

where f is fertility per unharvested nest, f, is fertility per harvested
nest, & is the proportion of total nests harvested, and b is the
proportion of AHY swans that attempt breeding, as noted above.
Multiplying fertility per nest by 0.5 gives fertility per breeding
swan, because breeding is typically monogamous (Williams
2013a). The model assumes that during fixed-output egg harvests,
harvesters remove entire clutches of eggs from harvested nests (as
opposed to removing fewer eggs per nest from a larger number of
nests), because this was the strategy found to have the least impact
on population-level hatching success during a recent harvest
experiment (Herse et al. 2021). The S, term in Equation 3
accounts for some swans not surviving the current year to attempt
breeding in year ¢ + 1.

The limited availability of macrophyte food at Te Waihora could
prevent the swan population from increasing above a certain size,
regardless of pressure from sport hunting or customary harvest
(Williams 1979, Herse et al. 2021). However, we did not include
density dependence in the model because we lacked information
to define a swan population carrying capacity for Te Waihora.

Estimation of demographic parameters

We estimated demographic parameters and associated variances
in three steps using a parametric bootstrap approach that included
empirical data and indirect methods (Fig. 3). First, we used recent
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Fig. 3. Flow diagram illustrating the steps we followed to develop the matrix model and estimate demographic parameters for the
Black Swan (Cygnus atratus) population at Te Waihora/Lake Ellesmere, Aotearoa/New Zealand. First, we used empirical data to
define initial bootstrap sampling distributions for population growth (A), underlying parameters of annual fertility per after-hatch-
year (AHY) swan (FAHY), and annual survival probability for AHY swans (SAHY). Second, we used random sampling from initial
distributions to back-calculate, and hence generate a bootstrap distribution for, survival probability of swans over their first (hatch)
year (SHY). Back-calculations of SHY incorporated information on survival of swan hatchlings (Shatchling), and adjusted the
distributions for SAHY and underlying parameters of FAHY. Last, we used random sampling from the resulting bootstrap
distributions to parameterize the matrix model and generate bootstrap distributions for a suite of demographic parameters for the

focal population.
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distributions for estimates of A, S,y and underlying parameters
of F,;;y (Equation 3, Table 1, Fig. 3). Second, we used random
sampling from the initial distributions to back-calculate, and
hence generate a bootstrap distribution for, estimates of Sy,
which we lacked data to confidently estimate directly (Table 1,
Fig. 3). Back-calculations of Sy, incorporated information on
survival of swan hatchlings and resulted in adjusted bootstrap
distributions for S, ,;,, and underlying parameters of F,,,, (Table
1, Fig. 3). Finally, we used random sampling from the resulting
bootstrap distributions to parameterize the matrix model and

parameters for the Te Waihora population (Table 2, Fig. 3). All
bootstrap distributions were based on n = 10,000 samples. We
provide more detail on each of these steps below and in Appendix
1.

To define initial sampling distributions used for back-calculating
Siy» We estimated Ny, and N, based on mean counts of swans
made by two independent observers during a post-breeding aerial
census in December, 2018 (Fig. 3, see Appendix 1). We estimated
Jo and f, using data from observations of unharvested and

harvested nests, respectively, during an experimental egg harvest
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at Te Waihora during the peak nesting period (August—
September) in 2018 (Fig. 3, Fig. Al.1, see Appendix 1; Herse et
al. 2021). Thus, the model assumes that all breeding during a given
year occurs during peak nesting season, which we visually
estimated to include ~88% of all nests at Te Waihora in 2018 (see
Appendix 1). However, the model accounts for contributions of
late-season nesting to estimated population growth rate, 7,
indirectly through back-calculations of S;, (detailed below),
which incorporated information on N, and total population
size, including cygnets hatched from late season nests. We
estimated b as the proportion of AHY swans that attempted
breeding during the peak nesting period at Te Waihora in 2018,
as determined by aerial censuses of nests (assuming each nest
represented two breeding swans; Williams 2013a)and AHY swans
(Fig. 3, Fig. A1.2, see Appendix 1). The estimate of b in 2018
(0.30) was similar to estimates from previous studies (0.16-0.34;
Williams 1981). We estimated S, ,;,, based on known fates of 17
GPS-marked AHY swans we monitored at Te Waihora during
2019-2020 (Fig. 3, see Appendix 1), which had an estimated mean
survival rate similar to those estimated from previous long-term
band-recovery studies (Fig. 3, Fig. A1.3; Williams 1979, Barker
and Buchanan 1993).

Table 1. Means and associated 95% confidence limits (in
parentheses) of bootstrap distributions of demographic rates
used to model Black Swan (Cygnus atratus) population dynamics
at Te Waihora/Lake Ellesmere, Aotearoa/New Zealand.
Demographic rates include population growth rate (A), fertility
(number of eggs hatched) per unharvested (f0) and harvested (fa)
nest, total number of nests (Nnest), total number of after-hatch-
year or AHY swans (NAHY), survival probability of swan
hatchlings over their first 40 days of life (Shatchling), survival
probability over the first (hatch) year (SHY), and annual survival
probabiliy for AHY swans (SAHY). Distributions marked with
subscript “a” were used to back-calculate SHY, and adjusted
based on constraints related to Shatchling (see main text).
Distributions marked with subscript “b” were used to
parameterize the matrix model, whereas distributions marked
with an asterisk were adjusted but not used in the matrix model.

Demographic rate Inititial bootstrap
distribution

New or adjusted bootstrap
distribution

A 1.020 (0.890, 1.170)* 1.017 (0.898, 1.150)°
f 4.64 (3.55, 5.83)" 4.68 (3.60, 5.88)"

/ 2.67 (1.64, 3.83) y

N 856 (800, 913) 856 (799,912)"
N 5669 (5521, 5815)" 5670 (5520, 5815)
S, g 0.68 (0.54, 0.80)° 0.68 (0.54, 0.80)
Sp ; , 0.33 (0.6, 0.66)"

s 0.82(0.65, 1.0)" 0.84 (0.71, 0.94)

AHY

Table 2. Means and associated 95% confidence limits (in
parentheses) of bootstrap distributions for different parameters
corresponding with demographic rates (f0 is fertility or number
of eggs hatched per unharvested nest; b is annual breeding
propensity; SHY is the probability of surviving the first or hatch
year; SAHY is annual survival probability for AHY swans) that
determined estimated Black Swan (Cygnus atratus) population
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growth (A) at Te Waihora/Lake Ellesmere, Aotearoa/New
Zealand. ‘Sensitivity’ and ‘elasticity’ are measures of the effects
of absolute and proportional changes, respectively, in a given
demographic rate on A. To assess sources of uncertainy in A, we
quantified the ‘contribution’ of variance in each demographic rate
to total variance in A. ‘Reproductive value’ refers to estimates of
the expected total number of fresh eggs and hatched eggs (i.e.,
HY swans) produced by an individual AHY swan during its
lifetime, on average. All estimates are based on a model that
assumes no egg harvest pressure (h = 0); this special case of the
model leads to the elasticities for f0, b, and SHY being identical.

Demographic Sensitivity of A Elasticity of A Contribution to
rate uncertainty in A
A 0.032(0.008, 0.056)  0.145 (0.041, 0.229) 0.027
b 0.502 (0.120, 0.886)  0.145 (0.041, 0.229) 0.001
Sy 0.499 (0.361, 0.694)  0.145 (0.041, 0.229) 0.530
N 1.037 (1.002, 1.097)  0.855(0.771, 0.959) 0.442

L

We used random samples from the initial bootstrap distributions
described above to back-calculate Sy,. Because population
growth rate, A, the dominant eigenvalue of matrix A, can be solved
by the characteristic equation:

4
det(A—kI):det(_}‘ Faky ): @
SHY Sany~ M
( }\)(SAHY }\)_(SHy)(FAHy) 0

where I'is a 2 X 2 identity matrix (Caswell 2001), we rearranged
Equation 4 and estimated Sy, using the expression:

A=A S ®)

_ AHY
Y Fany

where A was estimated based on the annual trend in swan
population size at Te Waihora during 2017-2019, as determined
by aerial censuses (see Appendix 1). Specifically, we estimated A
in Equation 5 as the exponent of the slope of the linear regression
line relating log population size to year (Fig. 3, Fig. Al.4; see
Appendix 1; Peery et al. 2006). We applied several constraints to
Equation 5 to ensure that éHY was > () and less than the estimated
survival rate of n = 50 marked swan hatchlings over their first 40
days of life at Te Waihora in 2018 (Fig. 3; see Appendix 1). If
constraints were not met during a draw of samples, we discarded
samples of all parameters in that draw and sampled again. The
mean of the resulting bootstrap distribution for S};,, (Table 1, Fig.
3) was congruent with estimates extrapolated from a survival
analysis of the swan hatchling data and estimates from previous
studies (Fig. Al.5, see Appendix 1; Williams 1979, Meis 1988).
The application of constraints to back-calculations of S
resulted in adjusted bootstrap distributions of parameters used
in back-calculations (Table 2, Fig. 3).

We used random samples from bootstrap distributions described
above to parameterize the matrix model (Table 1, Fig. 3). We used
functions available in the R “popbio” package (Stubben et al.
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2020, R Core Team 2021) to estimate a suite of demographic
parameters for the swan population, assuming no egg harvest
pressure (2 = 0). We estimated annual A as the dominant
eigenvalue of the matrix A (Fig. 3), as described above (Caswell
2001). To determine how changes in S};, and S, ;,,, and lower-
level rates of F,,y (f, and b), differentially affected A, we
calculated sensitivity (s, ) and elasticity (e ) of 7 to absolute and
proportional changes respectively, in each underlying
demographic rate x (see Appendix 1; Caswell 2001). Elasticity can
be interpreted as a measure of the relative importance of a given
demographic rate for determining A (Caswell 2001). Both
sensitivity and elasticity are useful and simply measure effects of
changes in demographic rates at different scales (i.e., absolute
versus proportional); measuring both ensured that we would not
overlook an effect that is apparent on only one scale (Caswell
2001). To assess how current levels of uncertainty in demographic
rates differentially contributed to uncertainty in A, we used
variances of bootstrap distributions of s_and e, to calculate the
proportional contribution of each demographrc rate to the total
variance in A (see Appendix 1; Caswell 2001). To determine the
egg-harvest equivalence of removing one AHY swan from the
population, we estimated the life expectancy and reproductive
value (i.e., expected per-capita lifelong reproductive output, 7y,
or number of HY swans produced; Caswell 2001) of AHY swans,
and then estimated the expected per-capita lifelong number of
fresh eggs laid as

uy (©)

Segg

where S, is the estimated mean survival (hatching) probability
of an individual egg from an unharvested nest (Herse et al. 2021).

Sustainability of mixed management

To assess how offtake from sport hunting of AHY swans affects
the sustainability of potential customary egg harvests, we used
the matrix model to estimate A based on varying rates of S, .
and £ individually and in combination. Te Waihora-specific
information on sport hunting of swans does notexist, as described
above (Herse et al. 2020), and our estimate of S, ,;,, accounts for
risk from this pressure. Thus, we considered a range of S,y
covering the model estimated mean S, ;,, + 0.1 (in increments of
0.02), which was a wide enough range to detect both positive and
negative 7 across all possible rates of 4. We considered the full
range of potential 4 (0—1, in increments of 0.1) because the swan
population used to sustain high rates of egg removal during the
early and mid-20th century (Lamb 1964, Williams 1979). For each
combination of S, ;. and /, we held both of these rates constant
and used #n = 10,000 random samples from each of the bootstrap
distributions of the other parameters described above to estimate
A. This approach allowed us to assess uncertainty in / for each

combination of §,,;,, and A.

RESULTS

The demographic data we used for modeling swan population
dynamics were congruent with data from previous studies (Table
1; see Appendix 1), and the model provided ecologically plausible
estimates of demographic parameters (Figs. 3, 4, Table 2).
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Differential effects of demographic rates on population growth

The mean of the bootstrap distribution of A was 1.018 (1.8%
annual growth) (95% CI 0.808-1.241). Both sensitivity and
elasticity analyses showed that A was affected most strongly by
changesin S, ;. followed by changes in S, b, and, least of all,
Jo (Table 2, Fig. 3). Based on the means of the bootstrap
distributions of s_and e, the effect of an absolute changein S,
on A was about 30 times greater than that of f;, whereas the effect
of aproportional changein S, ;,, on A was almost six times greater
than that of f (Table 2). Uncertainty in A was almost entirely due

to uncertainty in Sy, and S, ;, (Table 2).

Life expectancy and reproductive value of after-hatch-year swans
The model estimated that life expectancy of AHY swans was 5.7
years (95% CI: 3.4-17.0; see Appendix 1), and the mean number
of fresh eggs and hatched eggs each AHY swan would produce
in its lifetime, assuming no egg harvest pressure, were 5.9 (95%
CI: 2.1-20.2) and 4.5 (95% CI: 1.7-15.3), respectively (Fig. 3).

Sustainability of mixed management

Assuming the mean of the bootstrap distribution of S, ., the
model estimated that the proportion of all swan nests at Te
Waihora that could have all eggs from first clutches harvested
sustainably was ~0.3 (Fig. 4). However, the level of egg harvest
that the population could sustain depended strongly on S, ;. (Fig.
4). For instance, the estimated proportion of all swan nests that
could have first-clutch eggs harvested sustainably decreased to
zero if S, ., decreased by only 0.02, and approximately doubled

AHY
to ~0.6 if S, increased by 0.02 (Fig. 4). If S,,,, increased by

AHY
0.04, the model estimated that harvesting almost all eggs from

first clutches at Te Waihora would be sustainable (Fig. 4).

DISCUSSION

Sustainable species management requires understanding how
populations respond to different demographic pressures and
iteratively adapting management to population and environmental
fluctuations (Moller et al. 2004, Weinbaum et al. 2013). The Te
Waihora swan population was more sensitive to changes in
survival of subadults and adults (AHY individuals) than to
changes in fertility, consistent with other long-lived waterfowl
species (Cooch et al. 2014, Koons et al. 2014, Wood et al. 2019).
Moreover, population sensitivity to fertility was mostly due to
underlying sensitivity to breeding propensity rather than nest
hatching success. In addition, uncertainty in the current swan
population growth rate was almost entirely attributable to
uncertainty in swan survival rates after hatching (Table 2). These
results could be particularly useful for informing potential efforts
to enhance population monitoring and harvest management.

The limitations of our model reflect some of the challenges
associated with collecting demographic data on animal
populations. Specifically, indirect estimates of HY swan survival,
and small sample size for estimates of AHY swan survival,
resulted in large uncertainty in model estimates. More robust
estimates of survival in long-lived species have been based on data
from long-term monitoring (e.g., mark-recapture) programs that
include hundreds or thousands of observations (Sandercock
2006). Such monitoring programs are costly to develop and
maintain and have not been undertaken for swans in New Zealand
in decades (Williams 1977, 1979, Barker and Buchanan 1993).
Nevertheless, our estimates of swan survival were congruent with
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Fig. 4. Heatmaps showing how changes in annual survival probability for after-hatch-year Black Swans (SAHY, Cygnus atratus),
and nest harvest pressure (h), influence population growth rate (A) at Te Waihora/Lake Ellesmere, Aotearoa/New Zealand. Warm
colors indicate a declining population (A < 1), cool colors indicate a growing population (A > 1), and neutral white indicates a stable
population (A = 1). The middle plot shows the mean of a bootstrap distribution of A for each combination of SAHY and h, whereas
the left and right plots show the 25th and 75th percentile, respectively, for each combination.
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previous estimates for swans in New Zealand based on long-term
mark-recapture datasets (Figs Al.3, Fig Al.5; Williams 1977,
1979, Barker and Buchanan 1993), and with estimates for other
swan species globally (Bart et al. 1991), indicating that they are
at least realistic. However, the lack of information on density
dependence to incorporate into our model could have resulted in
unrealistically high estimates of population growth under some
modeled management scenarios (Fig. 4). For example, AHY
survival and population growth are likely regulated at least
partially by availability of macrophyte food, which is scarce at Te
Waihora (Lineham 1983, Gerbeaux 1989, Ford et al. 2017) and
could prevent AHY survival from increasing to some of the levels
we considered, regardless of potential reductions in sport
hunting. More robust data (e.g., from a long-term monitoring
program) could improve the precision and reduce potential bias
of our estimates and allow the inclusion of additional
demographic parameters such as density dependence. In addition,
data on finer-resolution age or stage classes could help to account
for potential transient population dynamics (Koons et al. 2005,
Ezardetal.2010), which we found to be minor (Fig. A1.6). Despite
these data limitations, our model was useful for assessing
differential effects of age-specific demographic rates on
population growth, and how offtake from sport hunting affects
the sustainability of potential customary egg harvests by Ngai
Tahu.

Management implications

Our results raise immediate concerns about contemporary species
management by FGNZ, which has implications for customary
management by Ngai Tahu. The Te Waihora swan population is
highly sensitive to mortality of AHY swans, yet FGNZ manages
swan numbers through permitted sport hunting of (mostly) AHY
swans, regulated through fixed quotas. Even a slight over-
estimation of the population’s capacity to sustain sport hunting,
if not compensated for by increased survival and/or reproduction
of remaining individuals, could lead to population declines (PSysa
et al. 2004, Sandercock et al. 2011) and preclude sustainable
customary egg harvests. The risk of such an over-estimation is

elevated because the swan hunting season (May—September)
overlaps with the breeding season (peak nesting in August—
September), and groups of hunters on farms surrounding Te
Waihora sometimes shoot large numbers of swans (> 100) as they
stage for nesting (Donald Brown, Ngai Tahu, Christchurch, New
Zealand, 9 February 2021, personal communication). This activity
could have a disproportionately large impact on the population
by reducing not only annual adult survival but also the proportion
of surviving adults that attempt breeding, particularly if shooting
during the pre-nesting period disrupts social cues that facilitate
synchronous colonial breeding (Burger 1988, Reed and Dobson
1993, Wilhelm and Storey 2002). Tangata tiaki and customary
egg harvesters have reported that the abundance of breeding
swans at Te Waihora’s largest swan nesting colony has declined,
which could be at least partly due to swans being killed
immediately prior to, or during, nesting (Donald Brown and Craig
Pauling, Ngai Tahu, Christchurch, New Zealand, 9 February
2021, personal communication). Essentially, landowners are using
the FGNZ gamebird regulations to control swan numbers in their
area to limit potential swan impacts on new grass and crops. In
addition, FGNZ does not monitor baseline mortality rates of
swans or require landowners or gamebird license holders to report
their offtake, as described above. Considering this study and
related studies (Herse et al. 2020, 2021), and concerns expressed
by local tangata tiaki, regional FGNZ managers recently
indicated that they plan to adjust local gamebird regulations to
reduce sport hunting pressure on swans at Te Waihora. However,
lack of monitoring and resulting uncertainty in FGNZ
management limit the utility of our demographic model, and the
ability of tangata tiaki to assess sustainable rates of egg harvest
within the current reporting environment. Thus, the need to
monitor baseline rates of swan survival and effects of hunting
more closely, to ensure that gamebird regulations are sustainable
and do not preclude sustainable customary harvest, is a key
recommendation to emerge from this study.

Fully recognizing the rights and interests of Ngai Tahu, and
empowering tangata tiaki authority in local species management,
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could lead to win-win outcomes that improve population and
environmental monitoring (Herse et al. 2020) and, if/when
appropriate, control swan numbers without wasting resources or
killing swans unnecessarily (Bataille 2020, Bataille et al. 2021,
Herse et al. 2021). Tangata tiaki and customary egg harvesters
could enhance monitoring of swans and Te Waihora by
continually generating information on breeding activity (e.g.,
locations and sizes of nesting colonies, hatching success) and
environmental pressures (e.g., water pollution, flooding, nest
depredation), which is currently lacking in local species
management by FGNZ (Herse et al. 2020, 2021). Customary
harvest could also be a practical, culturally appropriate, and less
wasteful alternative to non-consumptive culling for controlling
swan numbers to limit grazing of pasture in problem areas
(Bataille 2020, Batailleet al. 2021, Herse et al. 2021). Tangata tiaki
have rights to decide what level of swan numbers is appropriate
to maintain (United Nations General Assembly 2007, Orange
2011), whereas current decision making is biased toward the
interests of sport hunters and farmers (New Zealand Government
1987, Bataille 2020, Bataille et al. 2021). Although most
landowners around Te Waihora value wetland health, active
farmers generally prioritize economic gains, which motivates
some to shoot swans to limit potential grazing impacts (Bataille
2020, Bataille et al. 2021). Ironically, grazing of pasture by swans
can be partly attributed to macrophyte scarcity caused by
pollution from farming (Linecham 1983, Gerbeaux 1989,
Hearnshaw and Hughey 2010, Williams 2013a). Thus, efforts to
reduce swan grazing impacts for farmers should prioritize curbing
pollution that degrades Te Waihora and leads swans to feed on
pasture (Williams 1979, 2013a), before resorting to local swan
population control. However, if tangata whenua and the Crown
make an equitable decision to control swan numbers, customary
egg harvest could provide a fine-tune dial for managing
population size, such that a potential over-harvest would pose less
of a threat to the population when compared to an excess of sport
hunting (or culling under the guise of gamebird regulations; Fig.
4). Harvesting from early life stages (eggs or juveniles) is a
commonly used strategy by IPLC to fine-tune or reduce impacts
of customary harvest (Gudmundsson 1979, Hunter et al. 2000,
Lyver et al. 2008).

Caveats to the implementation and potential benefits of
customary management

Supporting efforts by IPLC to engage with their environments,
generate and maintain ecological knowledge, and practice
customary management can improve local conservation and
community livelihoods (Popp et al. 2019, Freitas et al. 2020).
However, achieving the potential benefits of customary
management requires addressing several related caveats. Here we
focus on three caveats that are relevant to customary management
by Ngai Tahu and other IPLC elsewhere.

First, improving IPLC access to information about proposed or
ongoing environmental management by non-IPLC groups could
allow customary managers to make informed decisions, which are
key to sustainability (Armitage 2005, Akins et al. 2019). For
instance, in this study, the lack of available information on FGNZ-
permitted sport hunting of swans creates uncertainty for tangata
tiaki who wish to harvest eggs sustainably. Regional gamebird
management (currently through FGNZ) could alleviate this
uncertainty by monitoring baseline rates of swan survival and
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permitted mortality more closely, e.g., by establishing a band-
recovery program (Williams 1979, Sandercock 2006), and sharing
their findings with tangata tiaki. The model we developed could
aid communication within a potential future co-management
arrangement between tangata tiaki and representatives of New
Zealand’s Crown government, within which participants could
share information about the swan population and different
ecological pressures. Such collaboration and sharing of
knowledge among IPLC and non-IPLC groups can improve
collective understanding of social-ecological systems, and
sustainability in environmental management (Folke et al. 2005,
Armitage et al. 2009, Popp et al. 2019, Wehi et al. 2019).
Importantly, effective collaborations in environmental management
require government support for adaptive policies that recognize
IPLC rights to resources and decision making, monitoring efforts
(e.g., band-recovery programs), and time to establish trust among
different groups (Folke et al. 2005, Akins et al. 2019).
Collaborations between IPLC and scientists (IPLC and non-
IPLC) can also provide a pathway to partially fund the generation
of new knowledge, e.g., using demographic models (Jones et al.
2015, McKechnie et al. 2020) and support customary
management (Ensetal. 2016, Popp et al. 2019, Freitas et al. 2020).

Second, curbing human-driven environmental degradation is
important to supporting customary management (Tang and
Gavin 2016, Lyver et al. 2019b). For instance, agricultural
pollution at Te Waihora over the past half-century has prevented
growth of swans’ primary food source, macrophytes (Lineham
1983, Gerbeaux 1989), and apparently reduced swans’ propensity
to lay replacement eggs following harvest (Williams 1979, Herse
et al. 2021). Thus, regardless of pressure from sport hunting of
swans, pollution at Te Waihora limits local Ngai Tahu abilities to
engage in sustainable egg harvests, through swans’ reduced
resilience to egg harvest, and some egg harvesters’ fears of
consuming eggs containing pollutants (Bataille 2020, Bataille et
al. 2021). Over time, declines in tangata tiaki and customary
harvester engagement with Te Waihora could lead to a loss of
local knowledge about swans and their responses to egg harvest
and other pressures. Because customary harvests and sharing of
resources are central to the well-being of many IPLC (Tyrrell
2008, Caillon et al. 2017, Freitas et al. 2020), including Maori
(Kawharu 2000, Bataille 2020, Bataille et al. 2021), reduced
engagement in customary management can have cascading effects
on cultural health and diversity (Lyver et al. 2019b, Fernandez-
Llamazares et al. 2021, Yletyinen et al. 2022). Thus, to alleviate
these threats, we urge governments to adopt place-based
environmental management policies that recognize links between
environmental and cultural well-being (Gavin et al. 2015, Caillon
et al. 2017, Akins et al. 2019, Lyver et al. 2019a).

Finally, improving social equity in environmental governance is
imperative to achieving the potential benefits of customary
management (Brondizio and Tourneau 2016, Ruru et al. 2017).
Restrictive policies that neglect IPLC rights and values limit
engagement and the continual generation and updating of
knowledge (Stephenson et al. 2014, Parlee et al. 2018). Such
policies can lead to inappropriate conservation approaches that
are biased toward dominant cultures and against IPLC (Moller
1996, Tyrrell 2008, Eichler and Baumeister 2018, Parlee et al.
2018, Guibrunet et al. 2021). For example, New Zealand law fully
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protects most native bird species from offtake of any kind,
regardless of their conservation status or value for Maori, yet
classifies other species valued by sport hunters as gamebirds,
including one with a conservation status of “nationally
vulnerable” (parera or Grey Duck, Anas superciliosa; New
Zealand Government 1953, Williams 2013b, Wehi and Lord 2017,
Lyver et al. 2019a). Even in the case of the Black Swan, a species
commonly shot by sport hunters and farmers, tangata tiaki cannot
authorize customary egg harvests without special permission
from the Minister of Conservation or regional FGNZ managers,
which is inconsistent with the Treaty, as described above, and
creates a barrier for Ngai Tahu engagement (Bataille 2020, Bataille
et al. 2021). Putting aside the hypocrisy of restrictions on
customary egg harvest (government-mandated gamebird
managers destroyed and collected and sold swan eggs for decades
during the 20th century while prohibiting customary harvest by
Ngai Tahu; Lamb 1964, Williams 1979, Pauling and Arnold
2008), the results of this study suggest that the long-term scrutiny
of customary egg harvest is unfounded, considering the Te
Waihora population is far more sensitive to AHY swan mortality
than to changes in nest hatching success. Thus, implementing
customary management requires confronting cultural biases and
power asymmetries against IPLC, and adopting equitable policies
that empower IPLC to engage with and protect their lands and
resources in culturally appropriate ways (Pinkerton et al. 2014,
Ruru et al. 2017, Wehi and Lord 2017).

In conclusion, we emphasize that engaging different cultures and
perspectives in environmental management can improve
knowledge production, adaptability, and sustainability within
social-ecological systems, especially if individuals and groups
share power, build trust, and find common grounds to work from,
e.g., mutual interests in environmental stewardship (Folke et al.
2005, Armitage et al. 2009, Tengo et al. 2014, Bataille et al. 2021).
However, differences in perspectives, priorities, abilities,
expectations, and authority among individuals and groups can
spur conflicts that sow division and mistrust and constrain
management (Moller 1996, 1998, Coombes and Hill 2005,
Brondizio et al. 2021). Averting such dilemmas is important to
cooperation and sustainability and therefore requires steps to
resolve and mediate conflicts (Coombes and Hill 2005, Brondizio
et al. 2021), including recognition of the rights and aspirations of
IPLC (United Nations General Assembly 2007, McGregor et al.
2020, Reyes-Garcia et al. 2022), and establishment of
collaborative cross-cultural learning and capacity-building
initiatives (Whyte 2013, Tengo et al. 2014, Tipa et al. 2016).
Reversing human-driven declines in biodiversity and ecosystem
health will clearly not be easy, so we urge governments and
environmental managers to pursue adaptive solutions that are
both effective and socially equitable.

Responses to this article can be read online at:
https://www.ecologvandsociety.org/issues/responses.

php/13410
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Appendix 1. Supporting information for research article titled ‘A demographic model to
support customary management of a culturally important waterfowl species.’

Estimation of demographic parameters and associated variances
Age-specific numbers of swans
We estimated the number of hatch-year (HY) and after-hatch-year (AHY) swans at Te
Waihora/Lake Ellesmere each year during 2017-2019 based on post-breeding aerial censuses.
We conducted censuses on 9 December in 2017 and 2019, and 16 December in 2018. Observers
aimed to record birds individually (i.e., in 1s), but if they encountered large groups of swans,
they counted in 10s. If swan densities were low, each observer counted HY and AHY swans
simultaneously, but if they encountered large concentrations of swans, they counted HY and
AHY swans separately during successive flight loops or passes. If counts of either HY or AHY
swans within a given pre-determined section of Te Waihora differed between observers by >
20% of their combined mean, both observers repeated the census of that section, resulting in
two counts of both HY and AHY swans per observer (for more details, see Herse et al. 2020).
The mean of each observer’s total counts of HY swans at Te Waihora differed by < 10%
of their combined mean for each year. The mean of each observer’s total counts of AHY swans
differed by < 20% of their combined mean for each year. We used these means of total counts
for generating bootstrap distributions of several demographic rates described below.

Annual per-capita fertility for after-hatch-year swans

We estimated annual per-capita fertility (number of eggs hatched) for AHY swans (Fary) using
information on annual fertility per unharvested nest (fo) and per harvested nest (fa; assumes all
first-clutch eggs were removed from harvested nests), and the proportion of AHY swans that
attempt breeding (b) (see main text, equation 3).

We estimated fo based on observations of n = 22 unharvested nests at the three largest
nesting colonies at Te Waihora in 2018 (Herse et al. 2021). This sample of nests excluded nests
for which we could not confidently determine fates of any eggs, and nests which had cameras
present or different egg removal treatments as part of a separate study (because camera
presence reduced rates of egg laying and hatching success; Herse et al. 2021). We used the
‘rpois’ function in R to generate a Poisson-based bootstrap distribution of colony-size-
weighted fo, with uncertainty weighted by the colony-specific sample size of nests. Specifically,
for each of the three nesting colonies where we collected data, we first generated a bootstrap
distribution of fopasweight*rpois(n = 10000, lambda = fertility*sample),
where weight is a weight assigned to the colony based on its size (abundance of nests in
2018, as determined by aerial censuses, described below), n is the number of generated
observations (samples), 1ambda is the estimate of mean fertility or number of eggs
hatched per unharvested nest in 2018, and sample is the colony-specific sample size of nests
in 2018. We then defined the bootstrap distribution of fo as the sum of the three colony-size-
weighted distributions described previously. Although demographic rates can change through
time, the resulting distribution of fo encompassed estimates from previous studies at Te
Waihora, indicating that they were at least realistic (Fig. A1.1).

An experimental customary harvest of swan eggs at Te Waihora in 2018 revealed that
during fixed-output harvests, removing entire clutches of eggs had the least impact on
population-level hatching success (Herse et al. 2021). Thus, we estimated f, based on
observations of n = 13 nests completely harvested as part of the experimental egg harvest
(Herse et al. 2021). This sample of nests excluded completely-harvested nests which flooded
and/or had cameras present as part of a separate study (because camera presence reduced post-
harvest rates of egg laying and hatching success; Herse et al. 2021). These data are from the
two largest swan nesting colonies at Te Waihora, which have historically contained a majority



of all nests at Te Waihora (Miers and Williams 1969, Williams 1979, Meis 1988), and been
the focal areas for customary egg harvest (Herse et al. 2021). Thus, the model assumes that egg
harvest occurs at these colonies. We generated a Poisson-based bootstrap distribution of fa
using the same approach described above for fo.

We estimated b using information on abundance of nests (Nnest) and AHY swans (Nany)
at Te Waihora in 2018. We censused nests using a combination of orthophotography of high-
density nesting areas, and visual censuses of low-density nesting areas, during the peak-
incubation period of the 2018 breeding season (Fig. 1, Fig. A1.2). We used a 50-megapixel
Canon digital single-reflex lens (DSLR) camera equipped with a 50-mm focal length lens,
mounted on vibration-isolating Sorbothane® mounts and programmed using Avitrix Flight
Management System, to photograph high-density nesting areas (Fig. Al.2). Photos were then
stitched together into mosaics by SKYVUW Ltd. (Taradale, New Zealand). We counted and
marked locations of nests in ArcGIS 10.5 (Environmental Systems Research Institute,
Redlands, California) (Fig. A1.2). We estimated Nnest based on the mean of a conservative
count of nests for which we were confident in classifying as active at the time of the census (n
= 840), and a total count that included an additional 31 nests for which we were less confident
(n = 871). We used the ‘rpois’ function in R to generate Poisson-based bootstrap distributions
of Nnest and Nany. Thus, we defined both bootstrap distributions as rpois (n = 10000,
lambda = abundance), where n is the numer of simulated observations, and 1ambda is
the mean count of nests (for Nnest) or AHY swans (for Nany). For each back-calculation of
estimated survival probability over the first year after hatching (Sny, described below; Fig. 2)
and run of the matrix model (see main text, Fig. 3), we estimated b as

2Nyest Eqn Al.1
NAHY '

Multiplying Nnest by 2 gives the estimated number of nesting swans at Te Waihora because
breeding is generally monogamous (Williams 2013).

Annual survival probability for after-hatch-year swans

We estimated annual survival probability for AHY swans (Sany) using GPS-tracking data
collected as part of a separate study (Herse M.R., Lyver P.O’B., Scott N.J., Tylianakis J.M.,
Ngai Tahu, unpublished data). We based estimates on known fates of n = 17 GPS-marked
swans captured at Te Waihora in January 2019 (of n = 24 total swans captured and marked)
and monitored for one year. We captured molting swans from a boat using a landing net and
fit each bird with a PinPoint GPS Iridium® neck collar we co-designed with Lotek UK
(Wareham, United Kingdom) and Lotek NZ (Havelock North, New Zealand). Collars weighed
70 g, which was < 2% of AHY swan body weight (Williams 2013). Of these 17 swans, 14
(82%) survived and 3 (18%) died during the 1-year monitoring period. Causes of mortalities
appeared to be unrelated to GPS collars (because swans were alive and active for several
months after collars were deployed) or sport hunting (although at least one swan was shot
following the 1-year monitoring period). Because annual survival of swans has only two
possible outcomes (survived or died), we used the ‘rbinom()’ function in R to generate a
binomial-based bootstrap distribution of Sayy based on the parameters from our data.
Specifically, we generated the distribution as rbinom (n = 10000, size = 17, prob
= 14/17) /17 where n is the number of simulated observations (i.e., deployments of GPS-
collars), size is the number of trials per observation (in this case, the number of collars
deployed in 2019), and prob is the probability of ‘success’ (i.e., survival probability in 2019).
We divided the resulting number of trial successes per observation by the number of trials per



observation to give the probability of success per trial. The resulting bootstrap distribution of
Sany was centred on estimates from long-term studies of band-recovery data in the 1950s—
1980s, and we therefore consider our estimates to be ecologically plausible (Fig. Al.3;
Williams 1979, Barker and Buchanan 1993).

Survival probability for hatch-year swans

For back-calculations of Shy (see main text, equations 4 and 5), we estimated population
growth rate (A) based on the annual trend in swan population size at Te Waihora during 2017—
2019, as determined by aerial censuses. An analysis of a larger census dataset collected at >
100 waterbodies, including Te Waihora, in 2017 found that observer bias was negligible (Herse
et al. 2020). Thus, we modelled the population size trend based on the annual mean of the two
observers’ counts. Specifically, we estimated A in equation 5 as the exponent of the slope of
the linear regression line relating log population size to year (Fig. 3, Fig. A1.4) (Peery et al.
2006). The slope of the linear regression was congruent with that of data collected as part of a
community-science annual bird survey led by Waihora Ellesmere Trust (WET; Ford etal. 2017,
2018) (Fig. Al.4). Thus, we assumed that the logarithm of the population growth rate follows
a normal distribution and defined a bootstrap distribution of A as exp(rnorm (n = 10000,
mean = slope, sd = se)) where exp isthe exponent function, n is the number of
generated observations, mean is the slope of the linear regression, and sd (standard
deviation) is the standard error of s1ope (se).

We applied constraints to back-calculations of Suy to make them conform with estimated
survival rates of swan hatchlings at Te Waihora. In 2018, we fit n = 50 hatchling cygnets at Te
Waihora with very-high-frequency (VHF) radio transmitters (Model: PipLL ag393, weight:
2.39, Lotek NZ and Lotek UK) during September—October while cygnets were still in nests.
Radio transmitters weighed < 2% of cygnet body weight at the time of tagging. We located
marked cygnets approximately weekly using a combination of aerial- and ground-based radio
telemetry until VHF transmitter batteries died in December. We coded encounters as ‘seen,’
‘heard only,” ‘not detected,” or ‘dead.” We used this censore data to develop a Kaplan-Meir
(KM) estimator of the probability of surviving from hatching to 40 days (Shatchiing; Fig. A1.5),
which is the period over which we detected cygnet mortalities prior to all remaining individuals
being censored. We generated a binomial-based bootstrap distribution of Shatchiing as
rbinom(n = 10000, size = 50, prob = 0.679)/50 where n isthe number of
simulated observations (i.e., deployments of VHF transmitters), size is the number of trials
per observation (in this case, the number of VHF transmitters deployed in 2018), and prob is
the probability of ‘success’ (i.e., survival probability in 2018 based on the KM estimator). We
divided the resulting number of trial successes per observation by the number of trials per
observation to give the probability of success per trial. For each back-calculation of Sny, we
sampled from distributions of Shy and Shatchiing @and required that Sny be < Shatchiing. We also
required that daily survival probability based on Sky be < daily survival based on Shatchiing. TO
assess the plausibility of the resulting bootstrap distribution of Sny back-calculations, we used
functions available in the ‘survival’ R package (Therneau et al. 2021) to fit survival regressions
to the KM curve and extrapolated those regressions to one year after hatching (Fig. A1.5). We
fitted regression models using a suite of alternative probability distributions (exponential,
Gaussian, logistic, log-logistic, log-normal, and Weibull; Therneau et al. 2021; Fig. A1.5). The
bootstrap distribution of Sny was centred near estimates of cygnet survival probability over the
first year based on the most parsimonious survival regression models (Burnham and Anderson
2002), and we therefore consider estimates from the bootstrap distribution to be ecologically
plausible (Fig. A1.5).

Modelling of demographic parameters



We estimated A as the dominant eigenvalue of the matrix A (Fig. 3), as described above
(Caswell 2001). We used partial derivates (d) to calculate sensitivity (sx) of A to an absolute
change in each demographic rate x as

B a_ — aaij d0x
LJj

Sx

where a;jj is the element of A for row i and column j and % is the partial derivative of ajj

corresponding with x (Caswell 2001). We calculated elasticity (ex) for each demographic rate
X as

X
e, = = s, Eqn Al.3

A

(Caswell 2001). This approach allowed us to compare sensitivity and elasticity of Sny, Sany,
and lower-level demographic rates comprising Fany (fo and b) (Caswell 2001).

To assess sources of uncertainty in A, we used variances (var) of bootstrap distributions
of sy to calculate the proportional contribution (cx) of each demographic rate x to the total
variance in A as

s, 2 var(sy) Eqn Al.4
Cy =

- Xysy?var(sy)

as described by Caswell (2001).

We estimated reproductive value of individual AHY swans (i.e., the lifelong total number
of offspring produced, measured as number of fresh eggs laid and number of eggs hatched)
following the methods described by Caswell (2001), which incorporate information on age-
specific reproduction and life expectancy, and the methods described in the main text (see
equation 6). Estimates of life expectancy were skewed due to rare but extremely large values
of Sapy (close to 1; see Fig. A1.3) being drawn during random sampling. Thus, the estimate of
life expectancy for AHY swans that we report in the main text corresponds with the median of
the bootstrap distribution of life expectancy.
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Figure Al.1. Density plot and histogram of the initial Poisson-based bootstrap distribution of
estimated black swan fertility (number of eggs hatched) per unharvested nest (fo) at Te
Waihora/Lake Ellesmere, Aotearoa/New Zealand, in 2018. The vertical dashed line indicates
the mean of the bootstrap distribution. Arrows a and b are estimates of fo in 1960 and 1961,
respectively, at Te Waihora (Miers & Williams, 1969), whereas arrow c is an estimate of fo in
1971 at Te Waihora (Adams, 1971).




Figure Al.2. Images and maps showing how we assessed the total number of nests (Nnest), and
the proportion of after-hatch-year black swans attempting to breed (b), at Te Waihora/Lake
Ellesmere, Aotearoa/New Zealand, in 2018. Photos A-C show a Canon digital single-reflex
lens (DSLR) camera mounted on vibration-isolating Sorbothane® mounts, which we used to
photograph nesting colonies through the bottom of a Cessna 185 Skywagon fixed-wing aircraft.
Photo D shows an example of the flight transects and image locations for photographing
nesting colonies. Photo E shows all the swan nests (red circles) identified at the largest nesting
colony, whereas photo F shows a closer view of the nesting colony.
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Figure Al.3. Density plot and histogram of the initial binomial-based bootstrap distribution of
estimated annual survival probability for after-hatch-year (AHY) black swans at Te
Waihora/Lake Ellesmere, Aotearoa/New Zealand, during 2019-2020. The vertical dashed line
indicates the mean of the bootstrap distribution. Arrow a indicates an age-distribution-weighted
estimate of mean annual survival probability for AHY swans at Te Waihora during 19561974
(Williams, 1979), whereas arrow b indicates an estimate of mean annual survival probability
for AHY swans at Lake Wairarapa, Aotearoa/New Zealand, during 1974-1989.
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Figure Al.4. Raw data (points) and linear regressions (lines) of log black swan population size
at Te Waihora/Lake Ellesemere, Aotearoa/New Zealand, related to breeding year. The blue
line corresponds with our aerial census data, whereas the red line corresponds with community-
science data collected by Waihora Ellesmere Trust (WET; Ford et al., 2017). We assigned each
datum to breeding year based on the timing of corresponding nesting season. For example, we
assigned both our aerial data collected in December of 2017, and WET data collected in
February of 2018, to the year 2017, which is when nesting during the 2017-2018 breeding
season occurred. The dashed lines indicate 95% confidence limits.
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Figure A1.5. Plot A shows estimates of the probability of surviving to a given age (days since
hatching) for juvenile black swans at Te Waihora/Lake Ellesmere, Aotearoa/New Zealand in
2018, which we used to assess whether a bootstrap distribution of estimated survival
probability over the first (hatch) year (Sny) was ecologically plausible. In plot A, the solid black
line indicates a Kaplan-Meir (KM) estimator of survival for n = 50 radio-marked hatchlings at
Te Waihora in 2018, whereas vertical hatch marks indicate the timing of data censoring, and
dashed lines indicate 95% confidence limits. Coloured lines show alternative survival
regression models (only the top-ranked models with parsimonious AAICc values < 2 are
shown). Point a indicates an estimate of cygnet survival probability from hatching to leg-
banding age (~3 months) at Te Waihora in 1986 (Meis, 1988). Point b indicates an estimate of
cygnet survival probability from hatching to the end of the first band-recovery period (hunting
season) at Te Waihora (Meis, 1988; Williams, 1979). Plot B shows the density plot and
histogram (flipped along the x axis to aid comparison with plot A) for the back-calculated
bootstrap distribution of estimated survival for hatch-year (HY) swans over their first year of
life at Te Waihora in 2018. In plot B, the horizontal dashed line indicates the mean of the
bootstrap distribution.
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Figure Al.6. Plot showing model estimates of number of hatch-year (blue line) and after-
hatch-year (red line) black swans, and total population size (i.e., hatch-year plus after-hatch-
year swans; black line), at Te Waihora/Lake Ellesemere, Aotearoa/New Zealand, projected
across future time (years), beginning in 2018 (i.e., Time = 0). Transient population dynamics
die off after about two years, as indicated by the disappearance of oscillations in the trends.
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