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Abstract

In order to buffer the risks climate change poses to biodiversity, managers need to develop
new strategies to cope with an increasingly dynamic environment. Supplementary Feeding
(SF) is a commonly-used form of conservation management that may help buffer the
impacts of climate change. However, the role of SF as an adaptation tool is yet to be fully
understood. Here we used the program MARK to quantify the relationship between weather
(average temperature and total precipitation) and vital rates (survival and recruitment) of an
island bird population, the hihi Notiomystis cincta, for which long term demographic data are
available under periods of little and ad libitum SF. We then used predictive population
modelling to project this population’s dynamics under each management strategy and
several climate change scenarios in accordance with the Intergovernmental Panel on
Climate Change predictions. Our stochastic population projections revealed that ad libitum
SF likely buffer the population against heavier rainfall and more stochastic precipitation
patterns; no buffering effect on temperature was detected. While the current SF approach is
unlikely to prevent local extinction of the population under increasing temperatures, SF still
presents itself as a valuable climate change adaptation tool by delaying extinction. To the
best of our knowledge, this is the first study to quantify the interaction between climate and
SF intensity of a threatened population. We call for on-going critical evaluation of
management measures, and suggest that novel adaptation solutions that combine current
approaches are required for conserving species with limited opportunity for dispersal.

Keywords: Supplementary feeding, stitchbird, conservation, climate change adaptation,
modelling, population dynamics

1. Introduction

Climate change is an emergent global threat and is expected to become one of the major
drivers of species extinctions of the 21% century (Foden et al., 2013). According to the
Intergovernmental Panel on Climate Change (IPCC), through to year 2100 mean global
surface temperatures will increase somewhere between 0.3°C and 4.8°C, average annual
precipitation will increase significantly in some areas while declining in others and global
average sea level and temperature will continue to rise (IPCC, 2013). Furthermore, even if
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CO; emissions were to be curbed by successful mitigation strategies, most aspects of
climate change will most likely be felt for centuries to come (IPCC, 2013).

These modifications of the Earth’s climate could have devastating consequences for global
biodiversity. Indeed, Foden et al. (2013) found 11-15% of the world’s amphibians and 6-9%
of bird and coral species worldwide are both highly vulnerable to climate change and
threatened with extinction according to the IUCN Red List. Documented climate change
impacts include the poleward expansion of distribution ranges (Hickling et al., 2006),
altitudinal shifts in distribution (Lenoir et al., 2008), phenological effects such as shifts in
timing of breeding (Crick et al., 1997) and reduction of genetic diversity due to directional
selection (Bellard et al., 2012). Additionally, climate has been reported to have strong effects
on vital rates such as breeding success and survival, so changes in climate are certain to
reflect on population demography (Jenouvrier, 2013).

As many species may be unable to either adapt or migrate in response to climate change
(Jump and Pefiuelas, 2005), in situ management strategies will likely play an essential role
in the future of conservation. Implementing adaptation strategies, which attempt to adjust the
natural systems both to the actual and to the expected climate (IPCC, 2012), offers one
alternative to conserve species under threat from climate change. Adaptation strategies for
species can be broadly categorised as having two distinct goals: (1) shifting or facilitating the
expansion of species distribution ranges (e.g. building corridors to increase connectivity,
habitat restoration) and (2) improving species’ capacity to cope with less favourable climate
conditions within their original range (e.g. food or shelter provisions, creation of buffer zones)
(Heller and Zavaleta, 2009). Different strategies will have different costs, and one of the
cheaper strategies is supplementary feeding (SF). The benefits of SF for threatened species
are well-documented (although see (Clout et al., 2002) for a caution): SF provides safe food
sources (Wilbur et al., 1974), improves vital rates (Elliott et al., 2001) and leads to increases
in size of small populations (Cabezas and Moreno, 2007; Chauvenet et al., 2012). However,
while SF is widespread (e.g. Garcia-Ripollés, Lopez-Lopez & Garcia-Lopez 2004; Gonzalez
et al. 2006; Schoech et al. 2008), the role it has on buffering the impact of changing climate
conditions on managed populations remains largely unknown.

SF has the potential to buffer impacts of climate change on food availability, which is usually
one of the most significant ways climate influences bird populations (Hulme, 2005). For
example, SF could help nectivorous species adapt to the expected disruption of flowering
dates (Clark and Thompson, 2010). In particular, SF may act as a surrogate nectar or fruit
source to: (i) replace plant species expected to become either locally or globally extinct due
to climate change (Thuiller et al., 2005); and (ii) compensate for plant mortality and reduced
nectar production caused by severe droughts (Forrest, 2015). Hence, SF is likely to reduce
environmental stochasticity by improving food source reliability. For example, the use of SF
has been implemented by reindeer (Rangifer tarandus) herders to boost reindeer resilience
to climate change (Furberg et al., 2011). Unfortunately, there is a lack of empirical studies on
how the expected benefits of SF on species viability may be influenced by climate change. It
is therefore necessary to understand better how adaptation strategies such as SF can
compensate for declining habitat suitability due to climate change.

Here we use a long-term study of the hihi, Notiomystis cincta, to test how well SF performs
as a climate change adaptation strategy. It is a threatened endemic New Zealand passerine
bird, which is restricted to small isolated populations in a highly fragmented landscape.
Island-restricted passerines, like the hihi, represent a useful system to examine the
relationships between management interventions and climate due to their restricted range,
annual reproduction, relatively easy capture and estimation of demographic parameters
(Chauvenet et al., 2012). Moreover, hihi population dynamics are known to be influenced by
climate conditions, with increases in temperature resulting in a predicted reduction in
population size and increased extinction probability (Chauvenet et al., 2013). Chauvenet et
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al. (2013) predicted that climate change will reduce the suitability of habitat within the current
range of hihi and that suitable habitat will migrate southwards. The predictions of reduced
population viability of hihi are based largely on detailed demographic and climatic data
available from one island population (Tiritiri Matangi) that receives continuous ad libitum SF.
It is difficult, therefore, to quantify any effects SF is having on buffering this population’s
response to predicted changes in climate conditions. However, another hihi population, on
Kapiti Island, offers an ideal model to quantify how SF performs as a potential climate
change adaptation tool due to 17 years (1993-2009) of monitoring population demographics
coupled with prolonged periods of both minimal SF and extensive ad libitum SF.

The aim of this study was to explore the potential of SF to buffer animal populations against
environmental change and increased environmental stochasticity, and try to further our
understanding of the relationship between SF and climate in general. We defined a
“buffering effect” as a reduction of environmental noise responsible for variations in
demographic rates (Grimm et al., 2005). This means the effect of climate on vital rates or
abundance of a species was expected to be dampened by SF, and thus less detectable in
periods of intense SF than when there was little or no SF.

We first tested if weather variables influenced the vital rates and abundance of the hihi
population on Kapiti Island under two different supplemental feeding regimes. We expected
these demographic parameters to be affected by fluctuations in mean temperature or
precipitation and by changes in the standard deviation (SD) of weather parameters, as
previously reported for another hihi population (Chauvenet et al., 2013) (H1), but significantly
less so under an ad libitum feeding regime when compared to periods with minimal SF (H2).
Although direct relationships between climate and hihi demography have been reported
(Chauvenet et al., 2013), the exact mechanisms driving these interactions are unknown.
Enhanced understanding of this system could shed light on the exact nature of such
mechanisms. Improved knowledge of the relationships between hihi demography, SF and
climate was then used to develop predictive population models with the objective of
forecasting the role of SF in reducing extinction risk in the face of climate change. We
expected that the implementation of ad libitum SF would reduce the estimated extinction risk
of the population (H3).

2. Materials and Methods

2.1 Study Species and Site

Kapiti Island is a small island (c. 1965 ha) located approximately 5km off the west coast of
New Zealand’s lower North Island. Kapiti is forested in several distinct types of native
vegetation, particularly mixed broadleaf forest, kohekohe (Dysoxylum spectabile) and rata
(Metrosideros robusta) (Esler, 1967).

Hihi are medium sized passerines (males c. 40g; females c. 30g) with a generalist diet of
approximately equal proportions of nectar, fruit and invertebrates. Although once widespread
across northern New Zealand they had become restricted to a single offshore island
(Hauturu or Little Barrier Island) by about 1890. Beginning in 1980, a reintroduction program
has resulted in five additional reintroduced and managed hihi populations in isolated
locations across their former range (Ewen et al., 2014a). Hihi were first reintroduced to Kapiti
Island in 1983 but these initial releases failed to establish a population. Renewed
reintroduction efforts were made in the early 1990’s (1990, N = 12; 1991, N = 48; 1992, N =
47) and a small population persisted on the island with limited SF until 2000. Limited SF
involved one or two feeders providing sugar water (20% by mass) available during the
breeding season (<100 litres annually). In contrast, between 2000 and 2009 SF was ad
libitum year round. This change followed research on other hihi populations showing the
benefit of SF (Armstrong & Ewen 2001; Armstrong et al. 2007). There were nine feeders,
five of which were active all year round and located in the middle of the island, where the hihi



population is restricted. During ad libitum feeding extensive amounts of sugar water was
provided, peaking at an estimated 3638 litres annually (Chauvenet et al. 2012).

Experience with this population suggested that the feeders were accessible to the entire
population: the island is relatively small and hihi are known to travel several kilometres
between favourite feeding sites (DOC, 2005). Sugar water has been the preferred
supplement to provide carbohydrates to the population, partly because it is cheap and
persists longer in feeding stations without going off compared to alternative supplements.
More complete dietary supplements (e.g. those rich in proteins and fats) have been used
occasionally in other hihi populations but experiments have also revealed they either
provided little additional benefit to population growth rates (Armstrong et al. 2007) or had sex
specific costs on nestling survival (Walker et al. 2012). The hihi population on Kapiti was
estimated to have increased from fewer than 20 individuals in 2000 to over 160 in 2009
(Chauvenet et al., 2012). The population has been closely monitored since 1991 and
detailed weather data are available from the New Zealand National Institute of Water and
Atmospheric Research’s weather station in Paraparaumu, which is located approximately
5km from Kapiti Island, on the nearby mainland coast. Between 1993 and 2009 average
temperature was approximately 10.76°C (SD = 0.38) during the non-breeding season and
14.8°C (SD = 0.47) during the breeding season and average total precipitation was
448.9mm (SD = 101.33) during the non-breeding season and 562.2mm (SD = 140.16)
during the breeding season.

2.2 Data Collection

Since 1990, a pre-breeding population census has been completed on Kapiti every Austral
spring in October. Each entails about 36 hours of search effort, most of which are spent
watching the SF stations. During these censuses an equal amount of time is spent watching
the feeders during the morning and during the afternoon.

Most hihi are banded as juveniles between January and March. Given that very few
unbanded birds are seen throughout the breeding season, banding on the island appears to
be successful at marking the majority of surviving juveniles from the previous season.
Reported recapture rates are also very high (Chauvenet et al., 2012). Therefore, we
assumed that all unbanded hihi caught in an October survey were one year old adults and
we have modified the capture history dataset slightly to reflect this assumption. This allowed
much more robust age-related variables to be considered in the demographic models and
only affected ¢.10% of all individuals captured. This assumption was based on expert
understanding of hihi ecology. The continual effort invested in banding means the most likely
reason an unbanded adult is present is because it was last years young. We thus believe
that our assumption did not impact our results significantly.

2.3 Estimating abundance, recruitment, survival and recapture

We estimated abundance, recruitment, survival and recapture rates of the hihi population on
Kapiti using the programme MARK (Cooch and White, 2012), in R v.3.0.1 (R Development
Core Team, 2013). In order to assess the fit of the models to the data, c-hat values were
calculated using the RELEASE Goodness of Fit test (Arnason and Schwarz, 1999), as it is
considered to be more robust than bootstrapped and median c-hat estimates for data based
solely on live encounters (Cooch and White, 2012). Over-dispersion was corrected for using
the c-hat adjustment in MARK. Hence, model selection used QAICc rather than AlCc values
(Cooch and White, 2012). The model selection cut-off value considered was always AQAICc
< 2 (Burnham and Anderson, 2002).

Two different types of models were developed to estimate distinct parameters: (1) POPAN
models were used to estimate abundance, which will later be used to model density-
dependence on vital rates, and (2) Pradel-recruitment models were built to estimate survival
rates and recruitment. POPAN models estimate four different parameters: ¢; (probability of
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an individual surviving between occasions i and i + 1), pi (probability of capture at occasion
i), N (super-population that includes all animals that will ever be recruited into the population)
and pent; (probability that an individual from the super-population N enters the population
between occasion i and i + 1) (Cooch and White, 2012). Pradel-recruitment models estimate
three parameters, two of which were also being estimated in the POPAN models: ¢; and p..
The final parameter, f;, is a measure of net recruitment which represents the number of new
individuals that enter the population per breeding adult in year i that are still alive by i+1
(Cooch and White, 2012). All covariates investigated for each parameter of the POPAN and
the Pradel-recruitment models are detailed in Table 1.

The demographic model selection process is summarized in Fig. Al in the supplementary
material. We started by developing three alternative full models for both POPAN and Pradel-
recruitment formulations, including all the covariates for survival rates listed in Table 1
(except the interaction terms), but with either breeding season, non-breeding season or
annual climate variables (temperature and precipitation; HL & H2). Non-climate variables
(age and sex) were also included in the analysis in order to account for possible significant
impacts on population demography that were not directly related to climate or SF. At this
point recruitment rates (POPAN’s probability of entry in the population pent and Pradel-
recruitment f) were considered to be time-dependent. In order to reduce the model candidate
set, we set POPAN’s super-population size N as always constant and p as always time-
dependent for both model types (Chauvenet et al., 2012).

In a second step we decomposed the most parsimonious model(s) from the previous step
(AQAICc < 2) into simpler models. Several smaller models were built to analyse every
possible combination of survival covariates from the previous, larger models, including
weather, SF and demographic covariates. This process refined the list of covariates of
survival. For Pradel-recruitment models only, we increased the candidate model set by
adding abundance and possible interactions with SF regime into the models. This step was
meant to account for any possible density dependence effects on vital rates.

In a final step, interactions between SF regime types and each of the climate variables were
tested within the new set of most parsimonious models for survival from step 2. The most
parsimonious models of a given step were always included, unchanged, in the candidate
model set of the following step.

The same three-step process was then repeated to investigate covariates of Pradel-
recruitment’s f. For this model survival was defined according to the best model found.
POPAN’s pent was considered to be solely time-dependent (Table 1).

When no single plausible model was identified for either the POPAN or the Pradel-
recruitment analysis (more than one model with AQAICc < 2; (Burnham and Anderson,
2002); all plausible models were averaged in order to reduce the uncertainty in model
selection (see Supplementary material A for detailed model averaging methodology;
Burnham and Anderson, 2002).

One issue that will impact our results concerning the climate buffering effect of SF on
demographic rates, is that demographic rates of a rapidly growing population are inherently
different from those of a population regulated at a low carrying capacity. Density
dependence and carrying capacity is likely to be different between a population receiving
limited SF and one receiving ad libitum SF. In order to ascertain the relationship between SF
and climate, we thus needed to compare the population when it was stable with and without
SF while including abundance as a covariate. Hence, we repeated our modelling procedure
for a subset of the original dataset (henceforth, equilibrium analysis). In the equilibrium
analysis the ad libitum SF time-series was constrained to the most stable snapshot of the
population under ad libitum SF (2005-2009) and compared to the period when SF was
limited (1993-1999). We identified 2005-2009 as a period of population stability based on
examination of the abundance figures for this population published by Chauvenet et al.
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(2012); this was when population growth stabilized despite ad libitum SF, a possible side
effect of negative density dependence on recruitment induced by reaching a new carrying
capacity. As each dataset (complete dataset and equilibrium dataset) has its own specific
limitations (namely a possible confounding effect between environmental buffering and
population growth in the former and a potential lack of statistical power in the latter), both
results are reported.

2.4 Population Dynamics Modelling

We built stochastic sex-specific population dynamics models in the software R to project the
hihi population of Kapiti Island in the future under various climate change scenarios for both
the complete and the equilibrium datasets. Breeding and non-breeding survival rates, as well
as recruitment rate, were defined by the relationships between vital rates and climate (and
other variables) found in the previous step (see Pradel-Recruitment averaged model
parameters; Table C1 in Supplementary material). At each time-step, values for the climate
variables (average temperature and precipitation) were sampled on normal distributions with
mean and standard deviation depending on the scenario modelled. For example, if modelling
the baseline conditions, values would be based on observed climatic conditions during
breeding and non-breeding seasons. Initial abundance was always set to reflect the
estimated post-breeding population size in 2009 according to the complete dataset (173
individuals of which 41 were 1 year olds). Environmental carrying capacity was set at 200
individuals (reflecting expert belief from the local hihi recovery team); to implement it, if the
population number reached above 200, the extra individuals were removed.

The objective was to quantify the potential impacts of future climate change on the average
population size of hihi on Kapiti over 100 years, as well as how SF may influence these
impacts; we also recorded probability and average time of pseudo-extinction of the
population by counting the number of simulations where the population dropped below 5
individuals and the time-step of the simulation when this happened Several different climate
change scenarios were investigated according to the RCP4.5 scenario projected by the
IPCC (IPCC, 2013). Scenarios tested included increases in average temperature, decreases
in total rainfall and changes in rainfall standard deviation (Table 2). The changes of standard
deviation were meant to reflect the expected increase in environmental stochasticity, namely
higher drought and flood frequencies (IPCC, 2013). For each scenario, two different
supplementary feeding regimes were considered: ad libitum SF and limited SF. Simulations
were run 1000 times for 100 years each.

3. Results

A total of n = 374 marked individuals across 17 capture occasions (1993-2009) were used in
this analysis. Only a small amount of over-dispersion was found in the recapture data (c-hat
=1.593, X? = 89.2136, degrees of freedom = 56, p = 0.003).

3.1 POPAN model: Interaction of climate with abundance

When using the complete dataset, this formulation generated a single best model in which
survival was dependent on age, average temperature during the breeding season, the type
of SF regime, average precipitation during the breeding season and the interaction between
these last two variables. The equilibrium analysis yielded different influential environmental
variables: only temperature was considered significant, regardless of the season (Table 1
and see Table C2, C3 in Supplementary material).

According to the complete model, abundance remained steady at approximately 30
individuals when limited SF was provided (see Fig. C1 in Supplementary material). However,
after the ad libitum SF regime was implemented in 2000, population abundance increased
sharply, reaching approximately 173 individuals in 2009 (Fig. C1). Abundance estimates
derived from the equilibrium analysis followed the same trend and peaked at 169 individuals
in 2009 (see Fig. C1).
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3.2 Pradel-recruitment model: Interaction between survival, recruitment and climate

The complete candidate model set for this analysis included a total of six plausible models
with AQAICc < 2 (see Table C4 in Supplementary material); we thus used model averaging
for these top models. Survival appeared to be influenced by temperature and precipitation
during the breeding season whereas recruitment appeared to be affected by these weather
variables during the non-breeding season (Table 1). The equilibrium analysis confirmed the
importance of all environmental variables found in the complete models except for the
impact of precipitation on survival, which was not a significant variable (Table 1 and see
Table C5 in Supplementary material). Abundance, absent in the complete models’ survival,
was an important variable in the equilibrium analysis (Table 1), suggesting possible negative
density dependence effects on survival (Fig. C3a).

Survival in the complete averaged model was dependent on age, sex, temperature and
precipitation during the breeding season, the SF regime and the interaction between
precipitation and the SF regime (Table 1). This interaction was positive: when the population
was under an ad libitum SF regime, survival rates remained stable in wetter years, while
they decreased under limited SF (Fig. 1a). Temperature had a negative impact on survival,
but no buffering effect of SF was detected (Fig. 1b). There were no detectable differences
between survival rates for the population under Ad libitum and limited SF (Fig. 1b). The
equilibrium analysis suggests that the influence of precipitation and temperature during the
breeding season on survival was much smaller (Fig. 1a, b).

For both complete and equilibrium analysis recruitment was dependent on abundance
(possible density dependence effects), temperature and precipitation during the non-
breeding season and the interactions between these variables and the SF regime (Table 1).
Overall, the population under an ad libitum SF regime had a higher predicted recruitment
rate, with increases in temperature and in precipitation during the non-breeding season
leading to a reduction of predicted recruitment (Fig. 1c, d). Under the limited SF regime,
predicted recruitment was very low (Fig. 1c, d; Fig. C2c, d), which suggests that a large
population could not be supported without ad libitum SF. These results are corroborated by
the equilibrium models (Fig. 1c, d; Fig. C2c, d). Higher recruitment when averaging across
all years than when just looking at years when population was at carrying capacity also
revealed possible density dependence effects on recruitment (Fig. C3b).

3.3 Population Dynamics Modelling

Under current conditions (i.e. Baseline scenario), the abundance of a population receiving ad
libitum SF was predicted to remain at 200 (SD = 0.3; ERpaseine)y = 0%) or decrease to 56.9
individuals on average (SD = 17.0; extinction risk ERpaseiney = 0%) when models were
parameterised with the equilibrium or complete dataset respectively.(Fig. 2a, 3a, Table 3).
For the same scenario, a population receiving limited SF was predicted to stabilise at 26.1
individuals (SD = 5.3, ERpaseiiney = 0%) or 12.1 individuals (SD = 11.5; ERpaseiine) = 35.6%)
when models were parameterised with the equilibrium or complete dataset respectively.

When compared to the Baseline scenario, the 10% decrease in precipitation did not appear
to influence mean population abundance predicted with models parameterised with either
datasets (Fig. 2a, 2c), but extinction risk predicted by the complete analysis for limited SF
was considerably smaller (ERpaseline): 35.6%; ER@rien: 10.5%) (Fig. 3). However, higher
rainfall stochasticity was better for a population under an ad libitum SF regime than for one
experiencing limited SF regime, regardless of the overall total rainfall (Fig. 2b, d). In these
precipitation scenarios limited SF yielded different extinction risks depending on whether we
use the complete or equilibrium parameterization (>90% vs. <0.1% respectively).



The 1.8°C temperature increase almost always resulted in a very high extinction risk, with
the only exception being the “Warmer” scenario under limited SF for the equilibrium analysis
(ERwamen = 17.4%; Fig. 2e, f; 3) and a very small mean population abundance.

Overall ad libitum SF allows a longer time to extinction than limited SF (Fig. 3). Moreover,
predictions made from the equilibrium dataset (where the population is stable) were
considerably more optimistic that when using the complete dataset.

4. Discussion

This study employed demographic analysis and stochastic population simulation models to
assess how supplementary feeding (SF) can buffer the impact of changes in climate on the
demographics of a threatened species, and its effectiveness as a conservation tool to
alleviate climate change impacts on populations of endemic species. Little is known of how
management can buffer threatened species against climate change, and understanding this
relationship is urgently required as conservation managers seek alternatives in the face of
current global environmental change predictions (Heller and Zavaleta, 2009). To our
knowledge this study is the first to quantify the interaction between climate and management
intensity of a threatened population.

Ad libitum SF has played an essential part in the spectacular growth of the hihi population
reintroduced to Kapiti Island (Chauvenet et al., 2012). Here we have shown that this
management strategy has probably buffered some of the negative demographic impacts on
recruitment caused by fluctuations in total precipitation, particularly increased and more
variable rainfall. Thus, SF likely has the potential to increase ecosystem resilience to more
stochastic precipitation patterns. Such patterns can have catastrophic impacts on avian
populations in general (Jenouvrier, 2013) and on the hihi, whose population dynamics have
been found to be mainly driven by climate (Chauvenet et al., 2013). The buffering effect of
SF we show likely reflects an increased reliability of food availability throughout the year:
droughts and heavy rainfall influence flower phenology (Jentsch et al., 2009) and droughts
have been linked to reduced nectar production which can impact nectar-feeding species
negatively (e.g. Keasar et al., 2008), but SF is independent of precipitation patterns. Effects
of precipitation on avian recruitment have been documented in the past: heavy rainfall can
flood nests and kill fledglings while droughts can cause population-wide reproductive failure
(Bolger et al., 2005; Jenouvrier, 2013). The different impact of precipitation on survival
(positive) and recruitment (negative) is interesting. We are, however, unable to determine
whether the negative effect on recruitment is due to a reduction in productivity (fewer
individuals produced during more wet years) or juvenile survival (fewer juveniles recruiting
into the population in more wet years). If the former is driving this relationship then our
contrasting results may be revealing a life-history trade off in adult birds between investment
in breeding versus survival. If the later, then it may be that juveniles are competitively
disadvantaged during more wet years. Future research that directly measures productivity
and juvenile survival would be required to test these alternative hypotheses.

Climate change is predicted to be particularly devastating for the hihi (Chauvenet et al.,
2013). Average precipitation is expected to marginally decrease in New Zealand by 2100
while the frequency of extreme weather events, namely droughts and floods, is very likely to
increase (IPCC, 2013). Moreover, average annual temperature in New Zealand is predicted
to increase by at least 1.8°C by 2100 (IPCC, 2013) which, according to our models, will
almost certainly cause the local extinction of the studied hihi population, regardless of SF.
Ultimately, these changes may make much of the current range unsuitable for hihi
(Chauvenet et al., 2013). We found that ad libitum SF may allow the hihi population on Kapiti
Island to persist for a longer period of time than without management, particularly if rainfall
stochasticity increases. Since flood frequency is expected to increase, even though New
Zealand will become drier (IPCC, 2013), which would have a positive effect on hihi



recruitment, ad libitum SF should still play a significant part in buffering impacts of heavy
precipitation on vital rates.

When relating vital rates to climate variables, most differences found between the complete
and the equilibrium analyses were merely qualitative: the equilibrium analysis revealed
relationships similar but weaker than the ones found in the complete analysis. This could be
due to two contrasting issues with the climate data during the 2005-2009 period. First,
throughout this time period the values of precipitation during the breeding season were too
consistent: precipitation during the breeding season was much less variable (average: 69.6
mm/month; range: 63.1 - 75 mm/month) when compared with the complete 2000-2009 time
series (average: 71 mm/month; range: 36.8-117.2 mm/month). Such abnormally low
variation in precipitation during the breeding season likely prevented us from accurately
modelling the relationship between ad libitum SF and precipitation during the breeding
season. This resulted in the most striking difference between both analyses: a lack of
buffering effect of ad libitum SF on survival in the equilibrium model. Second, recorded
values for the other environmental variables were too extreme: all but one of the minimum
and maximum values of the remaining environmental variables registered between 2000 and
2009 were reported after 2004. Considering that only five data points were available for each
variable, this could have desensitized the equilibrium analysis to the influence of extreme
values. The weaker relationships between climate variables and demographic rates
increased the importance of the remaining variables, resulting in more optimistic population
projections by the equilibrium models. Nevertheless, both complete and equilibrium models
show that for this population SF can play an important role as a climate change adaptation
strategy, but only to buy time while alternative strategies are sought.

Other than a potential lack of statistical power of the equilibrium analysis, other factors could
influence our results. First, assuming that all unbanded hihi caught in an October survey
were one year old adults could eventually inflate estimated juvenile survival. In turn, we risk
carrying such a bias into the population model projections and make predictions of extinction
that are too conservative. In our case, the consequences of misattributing the age of
individuals are unlikely to be significant because of observed high recapture rates, and the
small number of individuals affected (ca. 10%). Second, density dependence effects are
known to influence reintroduced passerine population demography (e.g. Armstrong et al.,
2005) and could eventually confound the climate buffering effects this study was trying to
assess. As we took the necessary steps to detect and account for density dependence
(considering abundance as a covariate in the Pradel-recruitment models and developing a
separate set of models that compared the population at carrying capacity), we believe we
have minimised any possible confounding effects.

The predicted climate change-driven gradual decrease in demographic gains provided by SF
on Kapiti Island highlights the need for managers to critically review the efficacy of
implemented conservation actions in the face of climate change. Methods to assist in making
management decisions around SF and updating these decisions as conditions change has
recently been reviewed by Ewen et al. (2014b). There are multiple valid management
options to consider in cases such as the hihi. For example, the current method of SF relies
on providing energy rich carbohydrates in the form of sugar water (Armstrong and Ewen,
2001; Armstrong et al., 2007; Chauvenet et al., 2012). Although we have shown that the
current SF regime improves population viability of hihi in modified landscapes, it does not
completely meet their balanced nutritional requirements due to their generalist diet (Walker
et al., 2013). Therefore, current SF may not be the optimal supplement to provide as an
adaptation strategy if, for example, non-carbohydrate nutrients, such as protein and fats, are
more negatively impacted by climate change. Hence, SF efficiency could be increased if a
more targeted match between predicted changes in food availability under climate change,
nutrient requirements of a managed species and how these may be provided by SF is
achieved. For instance, as ad libitum SF was found to buffer the impacts of more variable
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precipitation patterns, increasing the amount of sugar water provided during drought or flood
events could potentially improve SF efficiency.

Another alternative management option proposed for species such as hihi is assisted
colonisation, for which a number of suitable introduction sites have already been identified
(Chauvenet et al., 2013). Assisted colonisation is particularly relevant for species that are
‘trapped’ on islands (virtual or real) when suitable habitat remains beyond their dispersal
capability (Hunter, 2007). Despite being a controversial technique, assisted colonisations
have already been undertaken in the past in response to climate change (Moir et al., 2011,
Qie et al., 2012; Willis et al., 2009). In fact, it is predicted that this form of management will
be increasingly more common in the future and, as such, has been incorporated in the
recently updated international guidelines for conservation translocations (IUCN/SSC, 2013).
Making management decisions for the best adaptation strategy to climate change will require
a clear examination of ultimate desired outcomes for stakeholders and a thorough
examination of alternative management options that may help managers achieve these
outcomes.

Even though SF is a globally important management tool in threatened species conservation
(Martinez-Abrain and Oro, 2013), we are currently unaware of any other detailed studies
guantifying the role SF can play as a climate change adaptation tool. Only one other study
was found that examined SF in the context of climate change. Furberg et al. (2011) studied
how Sami reindeer herders in Sweden are coping with climate change, reporting that they
are “facing the limit of resilience”, but that SF is emerging as a solution to the threat posed
by frozen and patchy pasturage. Nevertheless, Furberg et al. (2011) did not quantify the
benefits of SF in the face of climate change. Therefore, our study is important and unique in
not only quantifying to what extent SF can perform as an adaptation strategy, but by
illustrating how important it is to continually reassess the efficiency of currently excellent
management tools in the face of climate change as well.

5. Conclusions

During recent decades, ad libitum feeding probably buffered the negative impacts of heavier
and more stochastic precipitation patterns on the hihi population of Kapiti Island. However,
our results suggest that SF has been unable to fully guard the population against the
negative impacts of increased temperature for an endemic island population of the hihi.
Although our conclusion is that SF will not be able to avert the population’s extinction on its
own, it can still be considered as a valuable conservation strategy by delaying it.

Our work clearly demonstrates that intensive SF, a purposeful management tool for
threatened species may not be efficient against the novel and global emerging threat that is
climate change. We urge population managers to re-evaluate the efficiency of implemented
management interventions in the face of this new threat if current management was not
designed with it in mind. Moreover, on-going evaluation will be required as conditions
change. If managers find that effectiveness of the chosen management strategies is
predicted to decrease significantly, they will be faced with two options: (1) find a better
adaptation tool for their population, which could be a combination of current approaches or a
novel solution or (2) reconsider the cost-benefit ratio of safeguarding species against climate
change, with the risk of deeming conservation projects unfeasible under this threat.
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Figure Al: Schematic describing the demographic model selection process.

Text B1: Model averaging protocol

Table C1. Pradel-recruitment averaged top model parameters.

Table C2. Full POPAN candidate model set from the complete analysis.

Table C3. Full POPAN candidate model set from the equilibrium analysis.

Table C4. Selection of the top Pradel-recruitment models from the complete analysis.

Table C5. Selection of the top Pradel-recruitment models from the equilibrium analysis.
Figure C1. Hihi abundance on Kapiti Island.

Figure C2. Female adult hihi survival and recruitment trends predicted by the developed
Pradel-recruitment model as a function of climate variables.

Figure C3. Density dependence effects of ad libitum SF relative to limited SF on female
adult hihi.

Tables

Table 1. Covariates tested for in each parameter of the POPAN and the Pradel-recruitment
models developed for both equilibrium and complete datasets. X indicates parameter
covariates included in both top model sets, C indicates covariates included in the complete
top model set, E indicates covariates included in the equilibrium top model set and O
indicates covariates considered that were not included in any top model. Age represents
differential survival between 1st year adults and all other adults; Sex represents the gender
of the individuals; in the Complete analysis SF Regime includes 2 supplementary feeding
regimes: limited SF (1993-1999) and ad libitum SF (2000-2009); in the equilibrium analysis
ad libitum was calculated from data from 2005-2009; Abundance is the yearly abundance
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estimates yielded by the POPAN model; Breed Temperature and Breed Precipitation
represent the average temperature and the total precipitation during the Breeding Season
(September to March); Non-Breed Temperature and Non-Breed Precipitation are the
same variables for the Non-Breeding Season (April to August); * represents an interaction
between 2 covariates; POPAN’s super-population size N is assumed to be constant;

covariates were considered significant if QAICc<2.

¢i: probability of an individual surviving between occasions i and i+1; pi: probability of
capture at occasion i; pent;: probability that an individual from the super-population N enters
the population between occasion i and i+1; fi; number of new individuals that enter the
population per breeding adult in year i that are still alive by i+1.

. POPAN Pradel-recruitment

Covariates

o pi penti | o fi pi
Age X C
Sex O X
SF Regime X X X
Abundance E X
Time X X X
Breed Temperature X X @)
Breed Precipitation C C @)
Non-Breed Temperature E O X
Non-Breed Precipitation O O X
Breed Temperature * SF Regime E O 0]
Breed Precipitation * SF Regime C C O
Non-Breed Temperature * SF Regime O O X
Non-Breed Precipitation * SF Regime O O X
Abundance * SF Regime R X

Table 2. List of the climate change scenarios modelled; X indicates the change modelled.
‘Base’ corresponds to the average climate conditions observed during our study. ‘Mean
Temp’ corresponds to the average annual temperature between 1993 and 2009; ‘Precip’
corresponds to the total annual precipitation between 1993 and 2009; ‘SD’ is standard

deviation.

Scenario code

+ 1.8°C Mean Temp

- 10% Precip

Precip SD * 2

Base

Variable precip.

Drier

Drier & more variable precip.

X | X

Warmer

Warmer & drier
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Fig. 1. Buffering effect of ad libitum SF relatively to limited SF on female adult hihi survival
and recruitment rates. Buffering effect was calculated by subtracting limited SF trend lines
from ad libitum SF trend lines predicted by the developed Pradel-recruitment model as a
function of climate variables. Survival is modelled according to precipitation (a) and
temperature (b) during the Breeding Season. Recruitment is modelled as a function of
precipitation (c) and temperature (d) during the Non-Breeding Season. All variables and
interactions modelled are identified in Table 1. Black curves: model fit to 2000-2009 dataset
(complete model). Grey curves: model fit to 2005-2009 dataset when population was
deemed stable (equilibrium model). Dotted curves: upper and lower 95% confidence
intervals. Filled triangles: average precipitation/temperature between 1993 and 2009. Hollow
triangles: minimum and the maximum values observed during the study period. Vertical grey
dashed line: IPCC prediction for average precipitation/temperature in 2100 (RCP 4.5
scenario). Other climate variables in the model were held at their mean values. Abundance
was set at 50 individuals.
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Fig. 2. Estimated impacts of different climate change scenarios on average population size
over 100 years. Two distinct SF regimes were tested for: ad libitum SF (filled triangles) and
limited SF (filled circles). Black lines: ad libitum was modelled from data from 2000-2009
(complete model). Grey lines: ad libitum was modelled from data from 2005-2009
(equilibrium model). Dashed lines: upper and lower confidence intervals for the complete
analysis. For clarity, standard deviation (SD) is only shown for the complete analysis. Bold
dotted line: critical minimum population size (5 individuals). Climate change scenarios tested
were relative to 1993-2009 weather conditions: a) Baseline: corresponds to 1993-2009
climate conditions; b) Variable precip.: Double SD of precipitation; c¢) Drier: 10% decrease in
total precipitation; d) Drier & more variable precip.: 10% decrease in total precipitation and
precipitation SD X 2; e) Warmer: 1.8°C increase in yearly average temperature; and f)
Warmer & drier: 1.8°C increase in yearly average temperature and 10% decrease in total
precipitation.
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Fig. 3. Pseudo-extinction risk (hollow triangles; %) and average time to pseudo-extinction
(columns; years) derived from the predictive models used to simulate future hihi population
abundance under several climate change scenarios over 100 years. Populations were
considered extinct if abundance < 5. Dark symbols: ad libitum modelled from data from
2000-2009 (complete model). Grey symbols: ad libitum modelled from data from 2005-2009
(equilibrium model). Hollow columns: ad libitum SF. Striped columns: limited SF. Vertical
lines represent standard deviation of average time to pseudo-extinction.
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