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Purpose 
This work revisits and extends prior work assessing survival of tagged kea through aerial 

1080 operations (Kemp et al. 2019, Kemp et al. 2022). It uses an increased, updated dataset 

of 1080 operations and aims to further explore risk factors to kea mortality associated with 

1080 operations, so as to inform the review of the Code of Practice (CoP) for Aerial 1080 

Application in Kea Habitat and associated work programmes. This report provides results 

and recommendations based on the analysis, reflects on key limitations of the study, and 

provides advice regarding a structured design to kea monitoring through future 1080 

operations to enable robust risk assessment.   

The results presented here describe the ecological risks of 1080 operations for kea. It is 

imperative that the risks are viewed in the light of benefits to kea of 1080 operations at the 

population level. The current results will contribute to a comprehensive kea population-level 

cost-benefit analysis of 1080 operations in the near future. 

Methods 
As per the previous approaches (Kemp et al. 2019, Kemp et al. 2022), this study used a 

logistic regression mixed effect model approach to test the extent to which factors affect the 

probability of kea mortality in 1080 operations. Potential risk factors related to individual kea 

and characteristics of the operations were tested. The differences and similarities between 

this study and the previous methodological approaches are detailed in Appendix 1.  

Kea monitoring data from 29 aerial 1080 operations across 17 locations between 2008 and 

2022 were used. Prior to each operation a varying number of kea were radio-tagged. The 

dataset also included birds that were already tagged and enrolled in long-term studies 

measuring productivity and survival, and that were present in an operational area during the 

time of the operation. For all kea, location data were collected at several time points during 

the operation using aerial or ground-based radio tracking. Since location data had varying 

levels of accuracy, a 1-km buffer was applied to the treatment boundaries. These point-in-

time location data provide information that a bird was present in the area at that time, but 

they cannot be used to determine the period of presence within a certain area. The key risk 

period of a 1080 operation for kea is while the applied bait is toxic. The amount of rainfall 

affects bait toxicity, and after 100 mm of accumulated rain, the toxicity levels of 1080 bait are 

considered negligible (Poutu et al. 2021). Since non-toxic pre-feeding, which as the name 

suggests occurs prior to the toxic application, may affect the probability of mortality of kea, 

the date of first non-toxic prefeed is considered the start of the risk period. The risk period of 

any operation was defined as starting at the first non-toxic pre-feeding, and finishing when 

the bait had non-negligible toxicity levels (100 mm accumulated rain).  

All monitored kea that were presence in the treatment area during the risk period were 

assumed to have a non-zero probability of encountering bait (i.e. there was a chance that 
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they could encounter bait in the landscape) and were included in the dataset assessed here. 

So in summary, inclusion criteria were hence standardised across operations as follows: for 

each operation, monitored kea were included for assessment of survival during that 1080 

operation if they were observed within 1 km of the operational boundary during the time 

frame between the first prefeed and the days until 100 mm of accumulated rain.  

At the end of each operation, the status of each kea was determined (alive/dead). This 

binary outcome was then modelled as a function of a series of previously identified or 

hypothesised risk factors (Appendix 1, Table A1_1 and A1_2). These included characteristics 

of individual kea (i.e. age, sex, known prior exposure to 1080) as well as operational 

characteristics (bait size, bait type, 1080 history at the site  proximity to previously defined 

‘scrounge site’, number of prefeeds, seasonal timing, pellets per hectare). Hypotheses 

regarding the impact of the various variables are presented in Table A1_2. All fixed effects 

were additive. The combination of many variables of interest and relatively small dataset did 

not allow testing of interactions. To account for the non-independence of the birds that were 

observed within each operation, the operation code was included as a random effect. The 

inclusion of a nested Site/Operation random effect did not improve model performance. Non-

independence of the observations of some individuals across multiple operations could not 

be dealt with through a random effect component as this led to convergence issues. This 

was therefore included as a fixed effect n the models, and analyses were also repeated 

when known pre-exposed birds were excluded (kea with unknown prior exposure, n = 271; 

compared with n = 318 for the full dataset, reported in Appendix 3).  

I used a multi-model inference approach, where a ‘global model’ containing all the variables 

was constructed, and models containing all possible combinations of these variables were 

created using the dredge function in the “MuMIn” package in R (Bartoń 2023) and ranked 

using Akaike’s Information Criterion corrected for small sample sizes (AICc). Effect sizes of 

the informative top models (ΔAICc ≤ 2, Burnham & Anderson 2002) were individually plotted, 

and also constructed into an ‘average model’, which averages the parameter estimates 

across multiple models using the model weights and avoids the issue of model uncertainty. 

Multicollinearity of explanatory variables of the top-ranked models were assessed using the 

check_collinearity function in the “performance” package (Lüdecke et al. 2021), and in all 

cases showed low correlation. Diagnostics of model fit included tests for the uniformity of 

residuals, dispersion and outliers using the “DHARMa” package (Hartig 2022). For all top 

models, these tests passed. Additional quantile regression on the residuals showed a small 

deviation in Q1 residuals in most of these models; however, overall quantile deviation was 

always non-significant, and no corrections were applied. The r.squaredGLMM function in the 

“MuMIn” package was used to determine the coefficient of determination for the top-ranking 

model (Bartoń 2023).  

The testing of different contrasts of the variable ‘1080 History at the site’ showed that models 

with three levels (not treated before, recently treated – within the last 3 years - and not 

recently treated – i.e. more than 3 years ago) were most strongly supported, although 

inclusion as just two levels (treated and not treated before) and four levels (never treated 

before, very recently, recently and not recently) also received some support (Appendix 2). 

Averaging models with different contrasts for the same categorical variable (i.e. History of 

1080 at the site level described by 2, 3 or 4 levels) yields nonsensical results (Bartón 2023). 

I therefore selected the most informative variable as described in the top-ranking model that 

included this variable for model averaging. For completeness, the model selection table that 

also includes the various other categorisations is also presented (Appendix 2, Table A2_1). 
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Marginal means and 95% confidence intervals1 of predictor variables in the averaged model 

were calculated using the ref_grid function of the “emmeans” package (Lenth 2023) with 

results averaged over the levels of the factors present in the original dataset. Predictor 

variables with confidence intervals that include zero can then be deemed uninformative 

(given the data and the candidate model set), while those with confidence intervals that 

exclude zero can be said to have a noticeable effect on the response variable (Grueber et al. 

2011). The relative importance of each predictor variable was calculated as the sum of the 

AIC weights of each informative model that included that predictor.  

To test the extent to which certain operations had leverage on the results, the functions 

influence_mixed and infIndexPlot functions (associated with the glmmTMB package) were 

used to check the presence of influential observations. First, for each of the top-ranking 

models, any individual operation with high Cook’s D leverage was determined (defined here 

as: D > 4/(number of operations), Altman & Krzywinski 2016). The operation with the highest 

D was removed from the dataset and the full dredge process (as per the main analysis) was 

re-run, and the variable importance of the average model (ΔAICc ≤ 2) was calculated, as 

were the coefficients and confidence intervals of the top-ranking model (ΔAICc = 0) of the 

various subsets of data are presented  The main text provides a summary of this sensitivity 

analysis, and a more detailed methodology, and the full results are presented in Appendix 4.  

Appendix 5 provides a summary of the operational data and operation-level risk factors used 

for the analyses.  

  

Results 
Kea survivorship was monitored using 271 unique birds through 29 aerial 1080 operations 

between 2008 and 2022; data included some kea being monitored across multiple 

operations (total kea * operation observations n = 318). In 16 of the 29 operations, all 

monitored birds (n = 115) survived. Across the other 13 operations, 49 deaths were 

recorded. Across all kea * operation observations, the mean mortality rate was 15.4%. 

However, the proportion of recorded kea mortalities varied greatly between operations, as 

did the sample size. It is therefore more pertinent to provide the average mortality rate at the 

operation-level, which equates to 13.4%. Mortalities occurred mostly within 3 days from the 

date that toxic bait was placed (39 out of 49 birds, or 80%; an additional five birds died within 

5 days, and the remaining five birds died 8-12 days after the toxic bait was applied/sown). All 

deaths were attributed to primary 1080 poisoning, except one individual in Arthur’s Pass 

West 2022 operation was concluded to have died from secondary poisoning (pers. comm. 

Laura Young).  

These data from all kea observations (n = 318) from 29 operations of aerial 1080 treatment 

provided substantial support (ΔAIC ≤ 2) for 25 models with various potential risk factors. 

Models fitted the data reasonably well, with theoretical marginal R2 (proportion of the 

variance explained by the fixed effects) of 0.36 for the top-ranked model; the operation 

random effect explained near-zero variance. While the models differed in the number of 

variables contained within them, the coefficient estimates for any given variable differed only 

slightly between the models (Figure A2_1). These models contained always contained a 

version of the History of 1080 variable, with the three-level variable obtaining the highest 

 
1 95% confidence interval refers to range of values you expect 95% of your estimates to fall into if you 

were to repeat this study many times, if all the assumptions used to compute the intervals were met. 
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weight sum (sum of Akaike weights = 0.75, see Table A2_1). The 18 models containing this 

variable were model-averaged, which allows for model uncertainty (i.e. you don’t know which 

model is best), and can provide better estimates and more reliable confidence intervals than 

selecting and reporting only on the top model.  

Three variables were present in all top-ranked models, had substantial effect sizes in the 

averaged model and their 95% confidence intervals did not cross zero, which means they 

are associated with the non-target mortality of kea in 1080 operations (Figure 1, see also 

Figure A2_1). In order of decreasing effect size, they were  

- History of 1080 at the site (lower mortality risk in places with more recent previous

1080 operations compared with first-time treatments),

- Number of prefeeds (single prefeed was associated with lower mortality risk than

double prefeed),

- Proximity to scrounge sites (sites remote from predefined scrounge sites had lower

risk compared with sites closer to scrounge sites)2 – note, in the current analysis

Perth was categorised as a remote site, even though this is of intermediate distance).

Other variables were present in some of the top-ranking models (Table 1), and in the 

averaged model had confidence intervals that crossed zero (Figure 1). For each of these 

variables, the effect on kea mortality was small (particularly compared with the above-

mentioned variables), and while there is some evidence that their effect is in one direction 

(e.g. higher risk for males compared with females) their confidence interval crossing zero 

indicates that, overall, their effect is uncertain (given the data and the candidate model set). 

These variables were, again in order of decreasing effect size:  

- Bait type (Wanganui #7 bait showed an uncertain, slightly lower risk than RS5 –

confidence interval includes zero),

- Previous exposure of individual kea to 1080 (as captured in the 1080 operation kea

monitoring dataset) – overall, kea with known prior exposure to 1080 had an

uncertain slightly reduced risk of mortality,

- Sex (males showed an uncertain, slightly higher risk than females),

- Bait size (6g baits had an uncertain, slightly higher risk than 12g baits),

- Breeding season (operations outside the breeding season had an uncertain, slightly

higher mortality risk than those inside the breeding season),

- Repellent trial (overall, operations with bird repellent trials had an uncertain, slightly

higher mortality risk than non-trial operations),

- Pellets per hectare (an uncertain effect where increased pellets/hectare slightly

reduced mortality).

Kea age and 1080 site history modified at the kea individual level (see Discussion, section 

Potential risk factors) were not present in any of the top models (Table 1, see also Table 

A2_1).  

Importantly, some of the above patterns changed when some operations were excluded from 

the dataset and the analyses were redone (see section Sensitivity analyses below).  

2 Note: the definition of scrounge site pertains to either <20 km (adjacent) or >40km (remote) from 

predefined sites. In the current analysis Perth was categorised as a remote site, even though this may 

also be described as one of intermediate distance. 
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Table 1. Model selection table of top-ranking models (ΔAICc ≤ 2) for all kea monitored through 29 

aerial 1080 operations (n = 318). History 1080 F3 refers to the three-level history 1080 categorisation 

(never treated, recently treated, not-recently - > 3 years ago). Variables are presented in decreasing 

order of number of models in which they occur.  ‘+’ indicates that a categorical variable was present in 

the model, where a number provides the estimate for a numerical variable (pellets per hectare only, in 

this case). Coefficient estimates of these different models are shown in Figure A2_2. 
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FIGURE 1. Marginal means and 95% confidence intervals of the variables included in the averaged 

model. Results are averaged proportionally over all the other variables in the dataset. Intervals were 

back-transformed from the logit scale.   

 

Sensitivity analysis 

Sensitivity analyses showed that a small subset of the 29 operations had substantial 

leverage on the results in terms of inclusion and importance of variables in the top-ranked 

models (i.e. FF08, OTT22, MT20, PE19, MA09, OTT22 and WJ20). Details are available in 

Appendix 4, but key results of the sensitivity analysis include:  

• Importantly, two key risk-factors identified in the main analyses described above did 

not change: Scrounge proximity and History of 1080 at a site were not strongly 

affected by the in/exclusion of high-leverage operations, and remained important 

variables in all data subsets.  
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For other variables, the importance (i.e. the summed weight of all the models that 

included each variable) did differ when certain operations were excluded (Figure A4_1). 

However, when a variable was retained, its estimated estimate for the top-ranking model 

was always similar in terms of direction and effect size to the main model (Figure A4_2). 

Notable results were:  

• The importance of the number of prefeeds in the averaged model reported above 

appears to be very strongly driven by the MT20 operation; exclusion of this operation 

(without or in addition to subsequent high-leverage operations) resulted in the 

removal of the number of prefeeds as an important variable.  

• The importance of bait type was very strongly dependent on which operations were 

removed (in particular, FF08 – where Wanganui #7 was used, or MT20, OTT22, or 

WJ20 which used RS5 baits).  

• Sex and individual kea 1080 exposure both had a somewhat reduced importance 

when some of the operations were excluded but were still strong across all 

operations.  

• Bait size had varying importance, becoming more or less important if some 

operations were removed.  

• Exclusion of one of two operations (MA09 or OP14) resulted in a strong increase in 

importance of breeding season.  

 

Discussion 

 
This study confirmed previously identified risk factors of kea mortality through 1080 

operations: distance to scrounge site and the history of 1080 at a site. Additional potential 

risk factors were also identified, including the number of prefeeds in an operation, exposure 

of individual kea known to have been present during previous 1080 operations, although 

these showed considerable uncertainty (see individual factors described below). The 

mechanisms that contribute to the patterns seen with distance to scrounge site and the 

history of 1080 at a site remain hypothetical, but the current analysis suggests that both 

individual-level and population-level processes may contribute to the reduced risk of 

mortality for sites and kea that have been more recently or previously exposed to 1080.   

Below, I discuss (i) results and recommendations as they pertain to individual (potential) risk 

factors identified in the analysis, (ii) key limitations of the study, and (iii) provide advice 

regarding a structured design to kea monitoring to enable robust risk assessment.    

 

Potential risk factors & risk factor-specific recommendations 

• Aerial 1080 operations close to predefined scrounge sites carry higher mortality risk 

to kea than those further away (this study, Kemp et al. 2019, 2022). However, the 

mechanism that results in these patterns remains hypothetical (McLean et al. 2023). 

For example, is this effect of scrounging related the availability of food and/or human-

kea interactions, and to what extent is this related to the intensity of human 

use/interactions? The current definition of scrounge site does not differentiate 

between, for example, Arthur’s Pass village (people all year round) and Temple Basin 

(wintertime ski area). Moreover, the current delineations (closer than 20km to a 

scrounge site is labelled ‘adjacent’ and further away than 40km is classed as 
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‘remote’) arose through a bimodal separation of the study birds of Kemp et al. (2019). 

It has not been further developed into a comprehensive model encompassing all 

places that kea live, and is unclearly defined (for example, is an operation adjacent if 

only one small part of the treatment area is closer than 20km, or does more the 

centroid of the treatment area need to be at that distance?)  The original bimodal 

categorisation worked in Kemp et al. 2019 because it was based on the dataset at 

the time. However, subsequent operations/birds have been monitored without this 

consideration in mind, and the classification is now occurring at the operation level, 

no longer at the kea individual level. 

o Recommendation: to (i) revisit the definition of what constitutes a scrounge 

site, which could include different levels of food availability and/or human 

interactions, and to (ii) critically test this notion, with the aim to further 

understand the mechanisms involved that may contribute to the differential 

risk profiles (N. Gorman, in preparation; see also McLean et al. 2023). 

 

• The mechanism through which history of 1080 at a site affects kea mortality has 

been hypothesised to relate to individual learned aversion or selection for innately 

cautious phenotypes (Kemp et al. 2019). While available data don’t allow robust 

testing of these hypotheses and they are not mutually exclusive (i.e. they may both 

play a role), this study starts to somewhat differentiate between these hypotheses, by 

capturing the history of 1080 exposure at the site level (as done previously) as well 

as at the individual kea-level.  

In previous work, the time since the last 1080 operation at the site was described 

at different levels (see Table 2). In the current analyses, all different categorisations 

were tested, and a three-level variable (was the site never, recently or not recently 

treated?) was the most informative measure (featuring in 18 of the 25 top models), 

while the 4-level variable (differentiation between never, very recent, recent and not 

recent, see Table 2) or a simple binary variable (was the site ever treated before?) 

was also present in some top-ranking models. Sites with any previous treatment, and 

those with more recent treatment were associated with a lower mortality risk.  

To get some way to quantifying learned individual aversion, the analyses also 

included two other measures: firstly, the 1080 site history modified to a relevant kea-

level measure: only if a kea was alive at the time of previous operation at this site can 

1080 history be classified as very-recent/recent/not recent; if the kea was younger 

than the last 1080 operation at the site (i.e. had not actually experienced a previous 

operation at the site), would be classified as ‘never’. Hence, although a kea may 

experience a 1080 operation at an adjacent or other site, this variable assumes that 

kea were only exposed to the 1080 operation at the same site. This individual-level 

variable was not selected in any of the top-ranking models, while the site level 

version was one of the most important variables. This suggests that there may be 

some site-level driver related to (the recency of) prior exposure. While this may relate 

to population-level selection of cautious individuals, as been suggested (Kemp et al. 

2019), such a trend may also relate to confounding variables (e.g. if 1080 operations 

change the environment/habitat and subsequent mortality risk of kea, for example if 

possum control improves natural food supplies, which in turn reduces mortality risk of 

1080 bait to kea).   

In contrast, the second individual-level measure of prior known 1080 

exposure, i.e. whether or not an individual kea was known to have been exposed to 

previous operations, was an important variable in the average models. This is an 
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imperfect measure, as kea are only monitored in a small subset of 1080 operations, 

so it is almost certain that many more birds have been previously exposed to 1080 

than our dataset suggests. Including, for example, birds at a site where monitoring 

did not occur during first treatment, but only during a subsequent operation. The data 

only allowed for a binary categorisation (known prior exposure vs not), rather than 

taking into account a more comprehensive number of known prior exposures. 

Nonetheless, there is some support that kea not known to have experienced a 

previous 1080 operation appear to have a slightly higher risk than those that with 

prior exposure, while other trends did not qualitatively differ (see Appendix 3). These 

results may mean that some learned (conditioned) individual aversion is occurring, 

although part of it will be a conditionality effect (i.e. only those kea that survive can be 

seen through multiple operations).  

o Recommendation: in addition to the one-off monitoring of operations, the 

establishment of long-term core study sites will be invaluable, including sites 

that are to be first-time treated, and where the same set of kea are followed 

through multiple operations (e.g. using continuous GPS tracking, see ‘robust 

monitoring’ section below). Such an approach will allow a better 

understanding of the impacts of prior 1080 operations (known prior exposure) 

on mortality risk.  

 

• The analysis also identified prefeeding practice as a potential risk factor, with a 

higher risk associated with double prefeeds. It is important to note that double 

prefeeding is not standard practise, and that this result was very strongly driven by 

one of the three operations where this practice was used (Matukituki 2020, 60% 

mortality). The other two operations (Perth 2019 Phase 1 and Perth 2019 Phase 2) 

had 14.3% and 0% mortality, respectively. Moreover, the Perth operations were part 

of a bird repellent trial, and followed each other by only a few weeks. Given this 

variability, and with kea monitoring through only three double prefeeding operations 

at this stage, data are not sufficient to allow a robust assessment of the cost-benefit 

of this practice.  

o Recommendation: additional data are required to robustly investigate the 

risks to kea (as well as its benefits) of different prefeeding practices. It is 

pertinent to require those operations with double prefeed to include kea 

monitoring (see section ‘Robust monitoring’ below).  

 

• Other operational practices/characteristics - including bait type, bait size, pellets 

per hectare, and timing of the operation (breeding season) – each showed a small 

effect on mortality probability of kea but all with substantial uncertainty around the 

estimate (Figure 1). Some, (particularly bait type preference, bait size and breeding 

season) were sensitive to the dataset used (i.e. to the exclusion of certain 

operations).  

o Recommendation: additional data are required to robustly investigate the 

potential risks to kea (higher probability of mortality) as well as the benefits 

(e.g. lower mortality due to improved predator control) as a result of different 

practices. These need to be jointly assessed in a cost-benefit analysis. See 

sections ‘Study limitations’ and ‘Robust monitoring’ below for more details.  
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• Other kea individual-level characteristics including kea age and sex were previously 

found to affect mortality probability of kea (Kemp et al. 2019, 2021)  In the current 

study, only sex was identified as an important variable.   

o Recommendation: additional data are required to robustly investigate the 

potential risk profiles of kea of different ages and sex groups. Importantly, it is 

likely that there may be interactions between some of the operational 

practices and such kea groups, hence data should be gathered in such a way 

to robustly test these interactions over time. If methodology allows, adding 

whether an individual/pair is breeding would be an additional risk factor to 

assess. See section ‘Robust monitoring’ below.  

 

Study limitations 

The risk of any 1080 operation to a kea may be described as a function of the following: 

(i) the probability of a kea encountering prefeed baits in the landscape,  

(ii) the probability of a kea engaging with (and consuming) a prefeed bait 

(this is conditional upon (i), i.e. once a prefeed bait is encountered),  

(iii) the probability of a kea encountering 1080 baits in the landscape,  

(iv) the probability of a kea engaging with a 1080 bait 

(this is conditional upon (iii), i.e. once a toxic bait is encountered, and may be 

influenced by (i) and (ii)), and 

(v) the probability of a lethal dose of 1080 toxin 

(this is conditional upon (iv), and also possibly moderated by (i) and (ii); the 

rate and quantity of consumption of a 1080 bait determines the dose, which 

together with the lethal dose of 1080 to kea, determines the probability of 

mortality)   

This study, as previous approaches, has, by necessity, mostly assessed the probability of a 

kea engaging with a bait (either prefeed (ii) or toxic (iv) bait). For example, variables such as 

age and sex of the kea, history of 1080 at a site (as a proxy for conditioned aversion or 

innate bait-shyness), and number of prefeeds are all hypothesised to affect the probability 

that a kea engages with a bait that it encounters. Some of the same variables of interest, 

such as sex, age and bait size may (also) influence (v) the probability of consuming a lethal 

dose of 1080 bait once engaged with the bait. In contrast, the closest we can currently get to 

accounting for the probability of a kea encountering bait in the landscape (either prefeed (ii) 

or toxic (iv) bait) is by using inclusion criteria and adding sowing rate (pellets per hectare) as 

a potential risk factor. Here, the inclusion criteria in the current approach were standardised: 

for each operation, radio-monitored kea observed through point-in-time locations within 1km 

of the treatment area buffer within the treatment period are included for risk assessment (the 

median number of days with observations during the risk period was 5, ranging from 1 – 37 

days where kea locations were monitored). Unfortunately, we could not reliably use the 

frequency of observations within the treatment area and during the risk period in the analysis 

to estimate the probability of encounter.  

Some of the kea in the dataset were part of a longer term monitoring study (that happened to 

be present during the time of an operation). Such longer time series, based on monthly 

collection of location data, could give a better picture of their usual home range – something 

poorly understood particularly for non-breeding juveniles. I investigated using these data as 
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part of the current study, but the large variability in home range size, and uncertainties about 

the generalisability to all kea in the dataset, led this approach to be abandoned here. The 

study hence uses the point-in-time locations described above, and thus assumes an equal 

probability of encountering bait for all kea, although it is likely that this is not valid (e.g. some 

birds may have just used the treatment area temporarily and also accessed other non-

treated areas, whereas others resided within it and solely moved within the treated area).  

Methodological advances through GPS tracking could allow more continuous and accurate 

movement data. Acknowledging GPS tracking also has limitations, access to such 

movement data would allow estimation of the proportion of home range and time spent in 

certain habitats (e.g. below and above the treeline) that is treated with 1080 in any operation, 

potentially differentiated for sexes and life stages, and following multiple birds through 

multiple operations. These data could result in a vastly improved assessment of risk factors 

of 1080 operations.  

The data upon which the above analyses are based were not gathered using a probabilistic 

sampling frame, and may be subject to selection bias both at the operation level and at the 

individual kea level. For example, it is likely that some operations had no chance of being 

included for monitoring, while others had high probability - however it is impossible to 

determine the probability of inclusion for any given operation. For example, in 2014, some 

remote operations in Kahurangi and South Westland were specifically selected with a view 

to test the scrounge hypothesis (J. Kemp, pers. comm.). While this in itself is useful as an 

exploration to test at those sites, if not sampled in a probabilistic manner, the results are not 

representative of all remote sites. Similarly, methods used to catch kea for tagging were not 

the same across operations (e g. using a net projector or not), and may bias the sample, for 

example to contain more bold individuals (that are more likely to be caught) in some 

operations. Since the sampling probability is not equal and not defined across operations 

and across keas within an area, it cannot be assumed that the results presented here are 

generalisable to kea across 1080 operations around the South Island. Thus, rather than one 

of a wide scope inference, this study remains exploratory. For robust generalisation of risk 

factors across all operations, a more structured, ideally probabilistic, monitoring design is 

required (see section Robust monitoring to inform 1080 operational practice below). 

Hence, if aiming to achieve the best possible outcomes for kea, the results of this (or other) 

risk analysis on kea mortality should not directly be implemented into management practices 

in the CoP or other guidelines. This is because the current analysis assessed only the risks 

to kea of 1080 operations in the dataset. It is imperative that these risks are viewed in the 

light of benefits to kea of 1080 operations at the population level (see e.g. Kemp et al. 2018), 

e.g. the benefits that control of predators may bring through reduced predation. Without 

analyses that also ascertain the benefits of operational practices aimed to increase efficacy 

of these pest control operations, it remains unclear whether an increased mortality risk may 

be offset by the increased productivity through reduced predation (Veltman & Westbrooke 

2011). A full cost-benefit analysis of outcomes at the level of kea population hence needs to 

be undertaken. That is, population models need to be developed that incorporate both the 

probability and size of positive effects of 1080 operations on kea survival and the probability 

and size of negative effects of 1080 operations on kea mortality.  
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Robust monitoring to inform 1080 operational practice 

Despite its size and associated investment, this dataset allows exploration of only a few 

potential correlates, and interactions between variables could not be obustly tested. The 

current dataset of 29 operations contains many variables of interest at the operation and 

individual-level, and not all are sufficiently represented across the whole dataset. This 

resulted in large confidence intervals and high sensitivity to the in- or exclusion of certain 

operations. Moreover, the opportunistic approach with which (most) 1080 operations were 

monitored means that this study remains exploratory, rather than one with wide 

generalisability.  

I hence recommend careful composition of an a-priori study design to monitor kea outcomes 

through 1080 operations. Rather than opportunistically monitoring a subset of operations, 

careful design will allow targeting of upcoming 1080 operations that fulfil certain criteria to fill 

established knowledge gaps effectively and efficiently, and result in a relevant scope of 

inference. The CoP can play an important role in supporting this.   

Such a study design needs further development by various stakeholders, and should 

include, at the very least, details regarding the Why (objectives), What (sample design, 

includes where and when to sample), How (protocols and approaches) of monitoring:  

Why? Clear objectives 

• Clear description of the objective(s) of the overall research programme 

o For example, a key objective may be to generate positive population growth 

of kea through effective management of threats, including management of 

predators. Such an objective should include assessment of both negative 

(non-target kea mortality) and positive outcomes (e.g. increased reproductive 

success) (Veltman & Westbrooke 2011, Veltman et al. 2014).  

• What are the key knowledge gaps that will support operational management?  

o The localised nature of existing data on post-1080 reproductive success 

and/or long-term population trends limits comprehensive assessment of 

population net-benefit of aerial 1080 operations.   

o Conceptual diagrams can help to make explicit the logic and assumptions, 

and causal relationships among components in the system, and provide the 

scientific foundation of the monitoring programme. Their development also 

aids understanding, what needs to be achieved and measured to 

demonstrate progress towards agreed objectives.  

o For example, the current study suggests that key operational considerations 

(including, but not limited to, prefeed and bait type) show considerable 

uncertainty in mortality risk and warrant further investigation to inform best-

practice. Moreover, though perhaps more difficult to study, the contribution of 

conditioned bait aversion to the ‘1080 history’ effect could be a key topic of 

interest.  

o The amount of time spent in an area during the risk period strongly 

determines the probability of encountering bait (and subsequent conditional 

probabilities leading to the ingestion of a lethal dose). The use of point-in-time 

observations of kea within the 1080 treatment area hampered the 

identification of operational risk factors.  
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What? Sample design and approach 

• Representation across operations 

o Monitoring even a sample of kea through every 1080 operation in kea habitat 

is expensive and logistically challenging if not impossible. Therefore, a 

sampling framework should be set up that ensures sampling with replication 

at the operation-level characteristics of interest. In order to infer the 

importance of risk-factors across a wide/full range of operations (wide scope 

of inference), ideally a probabilistic sampling frame is to be designed.  

o It is likely a higher priority to sample higher-risk operations with a higher 

mortality probability than those that are currently presumed lower-risk. 

‘Higher-risk’ operations need to be predefined, and are likely to include those 

with previously identified risk factors (scrounge proximity, first time 1080 

treatment etc), as well as those performed in areas with low population 

numbers.  

o Replication should also be considered at the various levels of other variables 

of known heterogeneity (even if not directly of research interest, e.g. scrounge 

proximity and site history of 1080 may be taken as a given risk factor, yet if an 

interaction between the effect of, for example, prefeed and history of 1080 is 

expected, then replication of different levels of prefeed needs to occur at sites 

of varying 1080 histories).  

• Representation at the individual kea level 

o At each operation  ensure that sufficient kea are being monitored. A larger 

number of monitored kea will provide a higher resolution survivorship 

estimate for any given operation (e.g. 10 kea will provide you with a 10% 

resolution). However, with limited resources, careful consideration of 

replication across operations vs replication at the operation-level (kea 

monitored per operation) is required. Inferences regarding general risk factors 

require substantial replication at the operation-level (see above).  

o It is likely pertinent to have a larger sample size (monitor more kea) in higher-

risk operations (as has been the case).  

o Replication should be considered at various levels of other variables of 

interest or known heterogeneity across kea within an operation (including for 

example sex, previous exposure to 1080).  

• Long-term core study sites 

o In addition to one-off monitoring of operations, it is pertinent to consider the 

establishment of long-term core study sites throughout the kea range. This 

should include (but not be limited to) sites that are monitored for at least one 

year (but ideally longer) prior to a first-time 1080 treatment. The same set of 

kea are followed through multiple operations over time (ideally using 

continuous tracking through GPS), and new individuals in the population are 

also added and then followed over time. As noted by Veltman & Westbrooke 

(2011), long-term population monitoring allows for quantitative assessment of 

the sign and rate of change in population size, and integrates non-target 

deaths and benefits of 1080 operations. 
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• Parameters of interest and covariates to be measured 

o The development of the conceptual diagram will assist in the identification of 

the parameters of interest and covariates that need to be measured to allow 

evaluation of the overall objective of the programme    

How? 

• Monitoring protocols  

o In addition to details on sample size per operation (see above), monitoring 

protocols should be developed that include, for example, (minimum) 

standards around the techniques used to capture, and tracking kea and other 

key considerations that allow robust measurement of the parameters of 

interest and covariates, and assessment of the outcomes across operations.  

o With respect to tracking methodology, I propose that continuous movement 

data through GPS tracking is crucial, because, in addition to providing general 

information on kea ecology, it will finally allow a crucial part of the risk 

analysis to be estimated, i.e. the probability of a kea encountering bait in the 

landscape.  

• Details of the analytical approach, and data management system 

o It is important that requirements for data management and storage are 

determined and committed to, and that analytical approaches are outlined, 

prior to large implementation of any monitoring programme.  
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APPENDIX 1 – COMPARISON WITH PREVIOUS APPROACHES 
  

Table A1_1. Details of the previous analysis approaches compared with the current work  

Characteristic Kemp et al. 2019 Kemp et al. 2022 This study 

Modelling approach Generalised linear mixed effect model  Generalised linear m xed effect model  Generalised linear mixed effect model  

Number of 
operations 

19 23 
(additions: Hawdon 2017, 2019_1, 2019_2; 
Wet Jacket 2020) 

29 
(additions: Perth 2019_1 and 2019_2; Matukituki 2020, Otira-Taipo 2022, 
Arthurs Pass E 2022, Arthurs Pass W 2022) 

Number of sites 12 
(7 sites treated first time,  
3 treated 2x, 2 sites 3x) 

13 
(8 sites treated first time;  
3 treated 2x, 1 site treated 3x, 1 site 6x)  

17 
(10 sites treated for the first time;  
5 sites treated 2x, 1 site treated 3x, 1 site 6x) 

Excluded operations None Perth 2019 1 & 2, Matukituki 2020 None. Sensitivity to exclusion of individual operations tested 

Response variable Kea survived (1) or died (0) 
(binomial response, logit link) 

Kea survived (1) or died (0) 
(binomial response, logit link) 

Kea survived (1) or died (0) 
(binomial response, logit link) 

Model selection Dredge model combinations + AICc Dredge model combinations + AICc Dredge model combinations + AICc 

Sensitivity tests Yes, in/exclusion of 2 birds in Oparara 2014 
operation 

No Yes. Sensitivity of results to in/exclusion of individual operations; 
sensitivity of including data for kea that were observed across multiple 
operations.  

Which kea included 
for each operation 

Variable – kea monitored for at least 3 weeks 
post operation. For some operations, kea 
observed beyond the operational area or 
months after the treatment period were 
included, for others not. 

Variable – kea monitored for at least 3 weeks 
post operation. For some operations, kea 
observed beyond the operational area or 
months after the treatment period were 
included, for others not.  

Spatial and temporal buffer defined: kea observed within 1km from the 
operational polygon between the time of 1st prefeed and the time of 
100mm accumulated rainfall after the first day of toxic baiting 

Number of unique 
kea monitored 

205 247 271 

Number of 
observations 

222 
(15 kea observed in 2 ops;  
2 kea in 3 ops) 

245 318  
(39 kea observed in 2 ops;  
4 kea in 3 ops) 

Random effects - Region (aggregated operations);  
- Kea-level repeated measure not included 

- None;  
- Kea-level repeated measure not included 

- Operation (level at which observations of kea are made) 
- A nested Region/Operation random effect was tested but did not 
improve model fit, so was not included in the final model 
- A kea-level repeated measure was not included (due to non-
convergence). Instead known 1080 Exposure was added as a fixed 
effect, and data were separately analysed using (i) full dataset and (ii) 
excluding kea with known prior 1080 exposure.  

Fixed effects Additive only 
(no interactions) 

Additive only 
(no interactions) 

Additive only 
(no interactions) 
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Table A1_2. Details of the potential risk factors (fixed effects) assessed in the current work (and previous approaches) 

Variable Level Hypothesis Kemp et al. 2019 Kemp et al. 2022 This study 

Age Kea Younger kea (in a phase of intensive 
learning and high behavioural 
flexibility) might be more susceptible 
to 1080 poisoning (Kemp et a. 2019) 

3 levels:  
* 1st year (0-1 yr),  
* juvenile (1-2 yrs),  
* adult (≥3 yrs) 

Simplified to 2 levels:  
* juvenile (<3 years) 
* adult (≥3 years) 

Tested inclusion of Age as 2 or 3 level variables.  

Sex Kea Dimorphic body size (females 750–
800 grams, 
males 900–1050 grams) and/or 
breeding biology (adult males provide 
food to females) may result in sex 
differences in risk to 1080 (Kemp et 
al. 2019) 

2 levels: F; M 2 levels: F; M 2 levels: F; M 

Prior 1080 
exposure 

Kea Repeated aerial 1080 operations may 
decrease risk of poisoning through 
creation of bait shy individuals 
(conditioned aversion) (Kemp et al. 
2019) 

- - 2 levels: Naïve or pre-exposed. Is this the first operation 
for any given kea in which it has been monitored 
through a 1080 operation? Note: this only captures 
those operations in the dataset through which kea were 
monitored – clearly there are many other operations in 
which kea may have been exposed to 1080. Also ran 
models for the dataset containing only naïve kea.  

1080 
History 

Site 
(i.e. 
kea 
populati
on) 

Repeated aerial 1080 operations may 
decrease risk of poisoning th ough 
selection 
for innately cautious phenotypes. This 
may also be through the creation of 
bait shy individuals (conditioned 
aversion – see below at kea level) 
(Kemp et al. 2019) 

3 levels:  
* First time aerial 
1080 treatment at 
site 
* 2-3 years after 
previous treatment; 
* Longer interval 
(also including 
partial block 
treatments) 

Simplified to 2 levels: 
* Recent” short return time of 3 
yrs or fewer since last 1080 
* “Not recent” first treatment or 
return time ≥4 yrs  
Note! The Not recent level 
includes sites that have never 
been treated before and those 
that were treated > 4 years ago.  

Tested inclusion of 1080 History as 2, 3, or 4 level 
variables:  
2 levels as per Kemp et al. 2022;  
3 levels as per Kemp et al. 2019;  
4 levels:  
* Never 
* Not recent (>4 years since last operation) 
* Recent (3-4 years since last op)  
* Very recent (≤2 years since last op)   
 

1080 
History 

Site / 
Kea 

As above, but more directly testing 
the conditioned aversion hypothesis. 
Note! This assumes that kea were 
only exposed to 1080 operation(s) at 
the same site, and only through those 
operations in the dataset. 

- - Only if a kea was alive at the time of previous operation 
at this site can 1080 history be classified as very-
recent/recent/not recent; otherwise classed as ‘never’. 
Tested inclusion as 2/3/4 levels tested (see 1080 history 
at site level).  

Bait size Operati
on 

6 g or 12 g poison pellets with equal 
toxin concentration (1.5 mg g−1). 
Larger baits (higher toxic content per 
bait) might elevate risk to kea when 

2 levels of equal 
toxin concentration:  
* 6 g 
* 12 g 

Not included - due to lack of 
support in Kemp 2019 and 
decreasing use of the larger bait 
size since 2009 

2 levels of bait size (same toxin concentration):  
* 6 g 
* 12 g  
Note: Baits of 12g were used in 11 operations in the 
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Variable Level Hypothesis Kemp et al. 2019 Kemp et al. 2022 This study 

they interact with the bait (Kemp et al. 
2019) 

dataset, all prior to 2015; any effect captured by bait 
size is confounded with time 

Bait type Operati
on 

Wanganui #7 carrot baits are 
hypothesised to have increased risk 
compared with RS5 cereal baits (Luey 
2009; Blyth 2011) 

-  Not included – since 2009, bait 
type has been restricted to 
cinnamon flavoured ‘RS5’ cereal 
pellets 

Wanganui bait type was re-introduced in 2019, in the 
Perth operations.  
Tested 2 levels: RS5; Wanganui #7 

Breeding 
season 

Operati
on 

Differential behaviour between the 
sexes during the breeding season 
(e.g. adult males foraging and feeding 
the nesting females) may incur 
increased risk for males 

-  -  Did operation take place between July – Dec?  
2 levels: Yes; No 

Bird 
repellent 

Operati
on 

All kea repellent trials aim to reduce 
non-target risk to kea 

-  -  2 levels: Yes; No  
(Was any type of bird repellent used? Note! different 
bird repellents may have different outcomes – this was 
not differentiated) 

Home 
range 

Kea x 
operati
on 

Increased proportion of the home 
range that was subjected to 1080 
operation will increase risk 

  -  Investigated, but not feasible with the data in the scope 
of the current study 

Number of 
prefeeds 

Operati
on 

Prefeeding (the application of 
non-toxic cereal pellets prior to toxic 
application) is conducted specifically 
to achieve a greater mortality rate in 
target species. Double prefeeding 
(two separate applications of non-
toxic cereal pellets) achieves yet 
greater mortality of pest species, but 
may also elevate the risk to non-
target species 

-  -  2 levels: single prefeed; double prefeed 

Pellets per 
hectare 

Operati
on 

The number of pellets may increase 
probability of kea encountering and 
interacting with bait 

-  -  Continuous variable (centred and scaled):  
Sowing rate (kg/ha) ÷ bait size (kg) 

Sowing 
rate 

Operati
on 

Increased sowing rate increases 
amount of toxin in the landscape (at a 
given toxin concentration), which may 
increase risk 

-  -  This variable was not included in the current analysis, 
instead its constituents were i.e. pellets/ha and bait 
size.    

Scrounging  History of scrounging might increase 
1080 
poisoning risk due to learned 
neophilia and/or suppressed 
neophobia >! Note: in analysis this is 

Distance of op to 
nearest predefined 
scrounge site, 2 
levels:  

Distance of op to nearest 
predefined scrounge site, 2 
levels:  
* remote ≥ 40km 
* adjacent ≤ 20 km 

Distance of op to nearest predefined scrounge site,  
2 levels:  
* remote ≥ 40km 
* adjacent ≤ 20 km 
- tested Perth both as a remote or adjacent site 
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Variable Level Hypothesis Kemp et al. 2019 Kemp et al. 2022 This study 

essentially expressed at an 
operational level. 

* remote ≥ 40km 
* adjacent ≤ 20 km 

- investigated whether all kea observations on record 
would allow scrounge level to be assigned to individual 
kea rather than whole operations (data insufficient) 
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FIGURE A2_1. Model averaged coefficients (+/- 95% confidence interval) for risk factors for mortality 

of kea (all observations, n = 318). For each included variable, logit coefficient estimates are shown as 

the difference compared to the baseline level (in brackets), conditional on all the other variables. 

 

 

FIGURE A2_2. Coefficient estimates for the different variables in each of the 18 top-ranking models 

that used the History 1080 3-level factor (n = 318, 29 operations) and were used in the averaged 

model. Estimates are on the logit scale, and are presented as compared to their baseline level 

(indicated after the cf in brackets).  
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APPENDIX 3 – KEA WITH KNOWN AND UNKNOWN 1080 EXPOSURE 
 

The full dataset of 318 kea observed through 29 aerial 1080 operations, contained 39 kea 

that were monitored through two operations, and 4 kea that were monitored through three 

operations. The conditionality that this imposes (a kea can only be included in the data 

subsequent times when it survived through an operation, not when it died), results in a 

violation of the assumption of non-independence and non-conditionality of observations. Due 

to issues with model convergence, this could not be accounted for by including a kea-level 

random effect, or other means. The small number of kea with known prior 1080 exposure (n 

= 43) also did not allow for a thorough risk assessment through several operations. 

Going a small way to accounting for conditionality, the variable ‘Kea 1080 exposure’ was 

included in the models presented. For each kea in each operation in the dataset, this 

variable represents whether that individual bird is known to have been previously exposed to 

a 1080 operation, or not. It is important to note that we can only be certain about kea with a 

known previous exposure – as they were monitored multiple times and we know that they 

were at least exposed to one other operation  All other kea have an unknown prior 1080 

exposure, which could mean that they were naïve to 1080 until the operation they were 

monitored through (i.e. first time encounters), OR that they were exposed to a 1080 

operation that (a) was not part of the current dataset or (b) had other kea in the population 

monitored, but not that specific kea.  

Prior exposure of kea to 1080 measured this way is an imperfect variable; nonetheless, it 

showed as an important variable in 16 out of 28 top-ranking models; the averaged model 

also showed some support for a reduced mortality risk for known prior exposed birds, 

compared to those with unknown exposure, although there was considerable uncertainty in 

the estimate. At this stage, we cannot say whether this pattern is related to an ecological 

phenomenon (e.g. individual bait shyness, learned aversion), or a statistical conditionality 

effect.  

To reduce the potential impact of conditionality on the results as much as possible without 

knowing more about the movement history of the birds in the dataset, the same analyses as 

reported in the main text were conducted on the subset of kea of unknown exposure. Using 

the data from only those kea that were monitored through a 1080 operation for the first time 

(n = 271) showed that while these appeared to have an overall increased risk, coefficients 

and resulting inference for all potential risk factors were very similar to the full dataset 

(Figure A3_1, compared with Figure A2_1). 
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FIGURE A3_1. Model averaged coefficients (+/- 95% confidence interval) for risks for mortality of kea 

(only known first-time observations, n = 271). For each included variable, coefficient estimates are 

shown as the difference compared to the baseline level (in brackets) on the logit scale, conditional on 

the other variables in the model. 
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TABLE A3_1. Variable importance in the different model sets. The most informative top-ranked 

models (ΔAICc ≤ 2) for all kea observations (n = 318) comprised 25 models. These modelled 

contained various contrasts of the History 1080 variable, with the three-level variable obtaining the 

highest weight sum (sum of Akaike weights = 0.75, 18 models) (labelled ‘F3 models’). The dataset 

subset, excluding those kea with known exposure to 1080 (i.e. unknown kea, n = 271) resulted in 19 

models, and 14 models, respectively. For each variable and each model set, the table shows the 

number of top-ranked models in which the variable is present, as wel  as the sum of the Akaike 

weights across those models.  
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TABLE A3_2. Summary table of top-ranking models (ΔAICc ≤ 2) for first-time monitored kea (i.e. 

those with unknown prior exposure) through 29 aerial 1080 operations (n = 271), including different 

categorisations of the Site 1080 History variable. Variables are presented in decreasing order of 

number of models in which they occur. For brevity, those variables that were included in the candidate 

model sets but not selected in the top models (see Table 1 in the main text) are excluded here. Only 

those models with History 1080 F3 (never, recent or not recent treatment of the site) were averaged 

and reported on above. 
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APPENDIX 4. SENSITIVITY OF RESULTS TO INDIVIDUAL OPERATIONS 
 

To test the extent to which certain operations had leverage on the results, the functions 

influence_mixed and infIndexPlot functions (associated with the glmmTMB package) were 

used to check the presence of influential observations. First, for each of the top-ranking 

models, any individual operation with high Cook’s D leverage was determined (defined here 

as D > 4/(number of operations (Altman & Krzywinski 2016)  First, the operation with the 

highest D was removed from the dataset and the full dredge process (as per the main 

analysis) was re-run, and the variable importance of the average model (ΔAICc ≤ 2) was 

calculated. For illustration, the coefficients and confidence intervals of the top-ranking model 

(ΔAICc = 0) of the various models are presented.  

This was followed by an iterative process, where the next operation with the highest D > 0.4 

was removed from the dataset and the full dredge process from the main analysis was re-

run, before re-checking the Cook’s D for remaining operations in the resulting top model 

(ΔAICc = 0), and repeating this step. For example, the top-ranking models (ΔAICc ≤  2) for 

all kea showed that FF08 was a high leverage operation. Operation FF08 was removed from 

the dataset and all candidate models were re-run and ranked using ΔAICc. The resulted top-

ranking model (ΔAICc = 0) was then assessed, and this showed that operation MA09 had a 

Cook’s D > 0.4 – so this operation was removed as well, before re-running. While the 

intention of this process was to repeat this until none of the operations had high Cook’s D. 

However, in almost all cases, the iterative process of removal of influential operations 

identified another highly influential operation, to the point that models no longer converged 

due to too small datasets.   

I then compared the results after different high-leverage operation(s) were removed with the 

original results, in terms of the variable importance of all top-ranking models (Figure A4_1), 

and, for illustration, effect sizes and confidence intervals of each top model (Figure A4_2).  

Cook’s leverage analysis showed that operations FF08 and OTT22 had the highest leverage 

on the results in 14 and 4 of the top-ranked 18 models (in all cases D >> 4/(number of 

groups)). Another four operations also had substantial leverage on the results, in terms of 

inclusion and importance of variables in the top-ranked models (MA09, MT20, PE19, and 

WJ20; see Figure A4_1 caption for operational code abbreviations used, and Table A5_1 for 

operational characteristics). For each of these operations, we ran an iterative sensitivity 

analysis, removing operations with high Cook’s D and re-running the main analysis until no 

high-influence observations remained. However, in almost all cases, the iterative process of 

removal of influential operations identified another highly influential operation. Results of 

removal of up to 3 operations are presented here, but in almost all cases, additional highly 

influential operations were identified in the models. This is an indication that the stability of 

the overall models leaves something to be desired, as is showcased by the differences in the 

importance of the variables in the averaged models.  

Importantly, the importance and effect size of two variables in the main analyses (Scrounge 

proximity and History of 1080 at a site) were not strongly affected by the in/exclusion of high-

leverage. For other variables, the importance of variables did differ (Figure A4_1), but when 

variables were retained, coefficient estimates for the top-ranked models were always similar 

in terms of direction and effect size. Figure A4_2 shows coefficient estimates for the first, i.e. 

top-ranking, model for each subset analysis.  
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Notable results of the sensitivity analysis were:  

• Scrounge proximity and History of 1080 at a site were not strongly affected by the 

in/exclusion of high-leverage operations, and remained important variables in all data 

subsets.  

• The importance of the number of prefeeds in the averaged model reported above 

appears to be very strongly driven by the MT20 operation; exclusion of this operation 

(without or in addition to subsequent high-leverage operations) resulted in the 

removal of prefeeds as an important risk variable.  

• Sex and kea 1080 exposure both had a somewhat reduced importance when some 

of the operations were excluded, but were still strong across the board.  

• The inclusion of bait type was strongly dependent on whether one of four operations 

were removed (FF08 – where Wanganui #7 was used, or MT20, OTT22, or WJ20 

which used RS5 baits). Excluding one or more of these operations resulted in a 

strong drop in importance of bait type.  

• Bait size had varying importance, becoming more important when OTT22 (which 

used 6 gram baits) was removed, and less important if MA09 or PE19 or WJ20 were 

omitted (which used 12, 6 and 6 gram baits, respectively).  

• Exclusion of the MA09 or OP14 operations resulted in a strong effect of breeding 

season on mortality risk, with a lower risk of mortality in operations that occur within 

the breeding season (Jul-Dec).  

• Repellent trial had higher variable importance than the reported average model if any 

of the identified high-leverage operations were removed.  

• Pellets per hectare had higher variable importance when OTT22, PE19 or a 

combination of other operations was removed.   

• Overall, age remained an unimportant variable, although it increased somewhat 

when some ope ations were removed.  
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FIGURE A4_1  Sensitivity of the all-kea dataset (n = 318) to the exclusion of certain operations. Heat 

map showing the variable importance for all operations (“AllOps”, left-most column) for all kea 

(n = 381)  showing those subsets of models that use the categorisation of the History 1080 as 3-level 

factor (Never/Not recent/Recent). The heat map shows the importance of variables (rows) in the top-

ranked models (ΔAICc ≤ 2) for different datasets (columns). The first column represents the all 

operations (i.e. full dataset “AllOps”), and the following columns each show the results when certain 

operations are dropped (“FF” uses all data, except those from the Fox-Franz 2008 operation). The 

intensity of the colour reflects the importance (i.e. darker colours represent variables which have an 

overall higher AICc weight sum across all the top-ranked models; for example, scrounge proximity has 

a variable importance of 1.0 for all datasets shown here, whereas Bait size has an importance of 0 for 

several datasets, but high importance when OTT (by itself or with other operations) are excluded. 

OpCodes: FF: Fox-Franz 2008, MA: Mt Arthur 2009; MT: Matukituki 2020; OTT: Otira-Taipo 2022; OP: 

Oporara 2014; APE: Arthurs Pass East 2022; PE19: Perth Phase 1 2019; APW: Arthurs Pass West 

2022; WJ: Wet Jacket 2020; AR: Abbey Rocks 2014. Combinations of excluded operations that 

resulted in non-convergence in models are excluded here.  
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FIGURE A4_2. Coefficient comparisons of the top-ranked model that includes all operations, and 

those were one or more operations were excluded. Presented is, for illustration purposes, only one 

model (the top-ranked model) for each dataset; in contrast, the average model (for which variable 

importance is presented in Fig. A4_1) contains all models with ΔAICc ≤ 2. For each included variable, 

coefficient estimates are shown as the difference compared to the baseline level (in brackets) on the 

logit scale, conditional on the other variables in the model. See Fig. A4_1 for operation codes used.  
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APPENDIX 5 – SUMMARY OF DATA USED 
Table A5_1. Summary of data from 29 aerial 1080 operations used in the analysis. See Table A1_2 for a description of the potential risk factors (fixed effects) 

tested.  

Operation Op 
Code 

# Kea 
ob- 
served 

Mor-
tality 
(#kea) 

Mor-
tality  
(%) 

Age (First-
year/Juve-
nile/Adult) 

Sex 
(M/F) 

Days 
until 100 
mm rain 

Number 
of 
prefeeds 

Bait 
size 
(g) 

Pellets 
/Ha 

Bait Type Scrounge 
proximity 

Breeding 
season 

Repel- 
lent 
trial 

Years  
since 
1080 

Site 1080 History  
(Before/F2/ 
F3/F4) 

Abbey Rocks 
2011 

AR11 8 0 0.0 0/1/7 4/4 7 1 12 167 RS 5 Remote TRUE No 2 TRUE/Recent/ 
Recent/VeryRecent 

Abbey Rocks 
2014 

AR14 20 1 5.0 1/1/18 11/9 7 1 6 167 RS 5 Remote TRUE No 3 TRUE/Recent/ 
Recent/Recent 

Anatoki 2014 AK14 2 0 0.0 0/0/2 1/1 15 1 6 167 RS 5 Remote TRUE No 5 TRUE/NotRecent/ 
NotRecent/NotRecent 

Arawhata 
2008 

AW08 4 0 0.0 0/1/3 3/1 2 1 12 333 Wanganui 
#7 

Remote FALSE No 4 TRUE/Recent/ 
NotRecent/Recent 

Arthurs Pass 
East 2022 

APE22 26 4 15.4 3/15/8 16/10 49 1 6 250 RS 5 Adjacent FALSE No 2 TRUE/Recent/ 
Recent/VeryRecent 

Arthurs Pass 
West 2022 

APW22 22 4 18.2 1/1/20 16/6 6 1 6 250 RS 5 Adjacent TRUE Yes 3 TRUE/Recent/ 
Recent/Recent 

Copland 2012 CP12 2 0 0.0 0/0/2 0/2 11 1 12 167 RS 5 Adjacent TRUE No 6 TRUE/NotRecent/ 
NotRecent/NotRecent 

Fox-Franz 
2008 

FF08 17 6 35.3 0/13/4 11/6 32 1 12 208 Wanganui 
#7 

Adjacent FALSE No NA FALSE/NotRecent/ 
Never/Never 

Hawdon 2009 HV09 10 0 0.0 2/3/5 5/5 15 1 6 333 RS 5 Adjacent TRUE No 3 TRUE/Recent/ 
Recent/Recent 

Hawdon 2012 HV12 6 0 0.0 0/1/5 0/6 21 1 12 167 RS 5 Adjacent TRUE No 3 TRUE/Recent/ 
Recent/Recent 

Hawdon 2014 HA14 4 0 0.0 0/0/4 0/4 24 1 6 167 RS 5 Adjacent TRUE No 2 TRUE/Recent/ 
Recent/VeryRecent 

Hawdon 2017 WM17 4 0 0.0 0/0/4 1/3 56 1 6 333 RS 5 Adjacent TRUE No 1 TRUE/Recent/ 
Recent/VeryRecent 

Hawdon 2019 HP19 6 0 0 0 1/1/4 3/3 6 1 6 500 RS 5 Adjacent TRUE No 2 TRUE/Recent/ 
Recent/VeryRecent 

Hawdon 
2019_2 

HP19_2 6 1 16.7 1/1/4 3/3 8 1 6 250 RS 5 Adjacent TRUE No 0 TRUE/Recent/ 
Recent/VeryRecent 

Matukituki 
2020 

MT20 10 6 60.0 0/0/10 5/5 15 2 6 250 RS 5 Adjacent FALSE No 3 TRUE/Recent/ 
Recent/Recent 

Mt Arthur 2009 MA09 12 0 0.0 0/3/9 10/2 5 1 12 167 RS 5 Remote FALSE No NA FALSE/NotRecent/ 
Never/Never 

Mt Arthur 2014 MA14 5 0 0.0 0/2/3 5/0 26 1 12 167 RS 5 Remote TRUE No 5 TRUE/NotRecent/ 
NotRecent/NotRecent 
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Table A5_1 continued 

31 
 

Operation Op 
Code 

Kea 
Ob- 
served 

Mor-
tality 

Mor-
tality  
(%) 

Age 
(FY/Juv/Ad) 

Sex 
(M/F) 

Days 
until 100 
mm rain 

Number 
of  
prefeeds 

Bait 
size 

Pellets 
/Ha 

Bait Type Scrounge 
proximity 

Breeding 
season 

Repel- 
lent 
trial 

Years  
since 
1080 

Hist1080  
(Before/F2/ 
F3/F4) 

Okarito 2011 OK11 36 8 22.2 5/9/22 18/18 8 1  12 167 RS 5 Adjacent TRUE No 13 TRUE/NotRecent/ 
NotRecent/NotRecent 

Oparara 2014 OP14 5 2 40.0 2/0/3 2/3 10 1 12 167 RS 5 Remote TRUE No NA FALSE/NotRecent/ 
Never/Never 

Oparara 2016 OP16 3 0 0.0 0/0/3 1/2 8 1 6 250 RS 5 Remote TRUE No 2 TRUE/Recent/ 
Recent/VeryRecent 

Otira-Taipo 
2022 

OTT22 28 7 25.0 2/10/16 17/11 20 1 6 167 RS 5 Adjacent TRUE Yes 9 TRUE/NotRecent/ 
NotRecent/NotRecent 

Otira 2013 OT13 11 4 36.4 0/2/9 7/4 6 1 12 167 RS 5 Adjacent TRUE Yes 8 TRUE/NotRecent/ 
NotRecent/NotRecent 

Perth Phase 1 
2019 

PE19 14 2 14.3 0/2/12 5/9 12 2 6 667 Wanganui 
#7 

Remote FALSE Yes 5 TRUE/NotRecent/ 
NotRecent/NotRecent 

Perth Phase 2 
2019 

PE19_2 13 0 0.0 0/2/11 6/7 9 2 6 333 RS 5 Remote TRUE Yes 0 TRUE/Recent/ 
Recent/VeryRecent 

Rotoiti 2014 RT14 2 1 50.0 0/0/2 1/1 24 1 6 167 RS 5 Adjacent TRUE No NA FALSE/NotRecent/ 
Never/Never 

Wangapeka 
2011 

WG11 13 0 0.0 0/2/11 8/5 10 1 12 167 RS 5 Remote TRUE No 5 TRUE/NotRecent/ 
NotRecent/NotRecent 

Wangapeka 
2014 

WG14 8 0 0.0 2/1/5 3/5 15 1 6 167 RS 5 Remote TRUE No 3 TRUE/Recent/ 
Recent/Recent 

Wangapeka 
2016 

WG16 15 0 0.0 1/0/14 6/9 11 1 6 250 RS 5 Remote TRUE No 2 TRUE/Recent/ 
Recent/VeryRecent 

Wet Jacket 
2020 

WJ20 6 3 50.0 0/0/6 6/0 23 1 6 250 RS 5 Remote FALSE No NA FALSE/NotRecent/ 
Never/Never 
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