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Knowing the distribution and abundance of species is critical for conservation, yet field surveys are often
limited in their spatial extent. In this study, we use ecological niche models to infer the current and future
distribution of New Caledonian Parakeets (Cyanoramphus saisseti), Horned Parakeets (Eunymphicus cornu-
tus), and Ouvéa Parakeets (Eunymphicus uvaeensis) in New Caledonia. In addition, we present a new
method of assessing the population size of each species based on the relationship between local abun-
dance and modelled habitat suitability. According to our estimates, there are 5708 (5048–6174) New Cal-
edonian Parakeets on the main island of New Caledonia, distributed over an area of 2783 km2, of which
1939 km2 is forested. We estimate there to be 8690 (7934–9445) Horned Parakeets, and their distribution
extends over 3482 km2, including 2162 km2 of forest. In comparison, the Ouvéa Parakeet has a very
restricted range of 34 km2 (most of which is forested), and a population estimated at 1730 (963–3203)
individuals. Projections involving simulated climate change suggest that populations of New Caledonian
Parakeets and Horned Parakeets may recede into areas at higher altitudes in the future, primarily along
the central mountain chain of the mainland. It is difficult to predict how the Ouvéa Parakeet will respond
to the climatic changes forecast for Ouvéa, as the species is expected to face climatic conditions in the
future that are different from any of those currently experienced on the island. Our research demon-
strates that the current reserve system in New Caledonia is unlikely to provide sufficient protection
for parakeets. Hence, we believe that existing Important Bird Areas (IBAs) should be evaluated for their
current and future potential as reserves.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Knowledge of a species’ distribution and abundance is critical
for assessing conservation status, determining current levels of
threat, and developing conservation strategies (IUCN, 2011). How-
ever, field surveys are often limited in their spatial extent, even in
relatively well-studied regions of the world (Wilson et al., 2005).
Field research is costly and labour intensive, thus detailed informa-
tion about the distribution of species is difficult to obtain, let alone
keep current. One way to overcome this problem is to estimate
species’ distributions using ecological niche models, which quan-
tify the relationship between a species and its habitat (Guisan
and Thuiller, 2005). By correlating the spatial coordinates of field
observations with information about the surrounding environ-
ment, such models can be used to infer a species’ ecological
requirements and predict suitable habitat in unsurveyed regions
(Peterson, 2006). The reliability of ecological niche models has ad-
vanced in recent years as a result of the increased availability of
high-resolution geospatial data and improvements in predictive
algorithms (Elith et al., 2006; Phillips et al., 2006). While models
are typically used to estimate a species’ current distribution (e.g.
Buermann et al., 2008), they also have the potential to predict fu-
ture distributions (e.g. Araujo et al., 2004; Rodder and Weinshei-
mer, 2009), amongst a variety of other applications (Guisan and
Thuiller, 2005; Peterson, 2006).

Given the ability of ecological niche models to predict where a
species may occur, they may also provide an indication of a species’
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relative abundance in a particular habitat. In theory, a highly suit-
able habitat should support a large number of individuals, but this
assumption may not hold under all circumstances (Van Horne,
1983). Furthermore, the conceptual link between abundance and
habitat suitability has proven difficult to establish for certain taxa
(Jiménez-Valverde et al., 2009; Nielsen et al., 2005; Pearce and Fer-
rier, 2001), leading some authors to conclude that the relationship
may not be generally applicable (Jiménez-Valverde et al., 2009), or
that the factors limiting a species’ distribution may differ from
those that influence abundance (Nielsen et al., 2005). However, re-
cent research, involving novel modelling algorithms and relatively
fine-scale environmental variables, has revealed that a positive
relationship exists between spatial patterns of abundance and hab-
itat suitability for a wide range of species (VanDerWal et al., 2009).
These findings have important implications for conservation, as
they suggest that models of habitat suitability have potential for
monitoring population trends (e.g. Real et al., 2009) and for esti-
mating population size (e.g. Long et al., 2008).

Identifying priority areas for conservation is important for spe-
cies protection, yet distribution data are rarely available at the
scale or resolution necessary to determine which areas have the
greatest potential for conservation. Ecological niche models pro-
vide a means of extrapolating incomplete distribution data to a
wider area, which is useful for evaluating the suitability of reserves
(e.g. Anderson and Martinez-Meyer, 2004), and estimating the pro-
portion of a species’ range that is protected (e.g. Carroll, 2010).
There is an increasing need to incorporate predictive models into
conservation strategies as descriptive studies alone cannot keep
pace with the ongoing loss of biodiversity and the degradation of
ecosystems around the world, and this situation looks likely to
worsen as the risks associated with climate change become more
apparent (Walther et al., 2002).

New Caledonia is considered a global hotspot of biodiversity, on
account of its high level of species endemism, and in view of the
fact that a substantial proportion of its original vegetation has been
lost (Myers et al., 2000). Despite the dire need to conserve species
and habitats in New Caledonia, the region has not been adequately
surveyed. Thus, predictive models are likely to prove useful as con-
servation tools, by maximising the utility of existing data. Here, we
use ecological niche models to infer the current and future distri-
bution of New Caledonian Parakeets (Cyanoramphus saisseti),
Horned Parakeets (Eunymphicus cornutus), and Ouvéa Parakeets
(Eunymphicus uvaeensis) in New Caledonia. Ouvéa Parakeets are
categorised as ‘endangered’, while New Caledonian Parakeets and
Horned Parakeets are both considered ‘vulnerable’ by the IUCN
(2011). Using ecological knowledge gathered in previous studies
(Barré et al., 2010; Legault et al., 2011, 2012, 2013; Robinet et al.,
2003; Theuerkauf et al., 2009), we establish the relationship be-
tween local abundance and habitat suitability, and then draw on
this relationship to estimate the population size of each species.
Furthermore, we examine whether the existing reserve system
provides sufficient long-term protection for parakeets, and analyse
the relative suitability of Important Bird Areas (IBAs) in New Cale-
donia, as defined by Spaggiari et al. (2007).
2. Methods

2.1. Surveys

We carried out our study throughout New Caledonia
(18,500 km2), which is located in the southwest Pacific Ocean
(20–22�S, 164–168�E). We based our analysis on encounters with
parakeets, which we recorded during targeted searches, auditory
point counts, and distance sampling from 2002 to 2011.
Searches were carried out at various locations on the main is-
land of New Caledonia (Fig. 1), and involved locating parakeets
by their calls and recording their position using GPS. The vocalisa-
tions of each species are distinct, so we had little difficulty identi-
fying birds. The GPS error associated with parakeets encountered
during searches was usually 20 m or less, and not more than
50 m (95% probability). At 39 survey sites on the mainland, we as-
sessed daily encounter rates by recording the number of parakeets
encountered during two days of searches. At two of these sites, we
established the relationship between encounter rates and density
estimates from distance sampling (Legault et al., 2013).

We performed point counts throughout mainland New Caledo-
nia during several extensive surveys (Chartendrault and Barré,
2005, 2006; Desmoulins and Barré, 2004). Points were spaced at
intervals of about 500 m, and we spent 15 min at each point listen-
ing for bird calls. We undertook counts from dawn to 09:30, and
from 15:30 to dusk. Only the location of the observer was recorded
during point counts. We did not record the distance or direction to
birds, but we presume that most locations were within a radius of
250 m or less, due to limitations of audibility. We consider this to
be a conservative estimate, as we rarely detected parakeets beyond
80 m during distance sampling (Legault et al., 2013), and the accu-
racy of these records was sufficient for our purposes.

On the mainland, we used point counts and daily encounter
rates as indices of parakeet abundance because they offered a con-
venient means of surveying multiple species over large areas in a
relatively short period. Both of these methods yield important
information about the distribution and abundance of parrots, yet
they are of limited use for estimating population size on their
own. On the island of Ouvéa (20�36’S, 166�34’E), we used line tran-
sect distance sampling methods (Buckland et al., 1993) to estimate
parakeet numbers (Barré et al., 2010; Legault et al., 2013). Distance
sampling is useful for estimating bird densities, but few areas on
the mainland have been surveyed using this approach (Legault
et al., 2013). Assuming a search radius of 250 m at each of the loca-
tions visited, we estimate that we surveyed 510 km2 (3%) of the
mainland (using searches, point counts, and distance sampling),
and 40 km2 (29%) of Ouvéa (using distance sampling). All estimates
of density and population size are provided with 95% confidence
intervals.
2.2. Model variables

We assessed habitat suitability for parakeets in New Caledonia
using the maximum entropy niche modelling approach, as imple-
mented in Maxent version 3.3.2 (Phillips et al., 2004, 2006). Given
the varying detectability of parakeets in their natural environment,
some individuals are likely to have remained undetected during
surveys. Considering the difficulty in distinguishing between
inconspicuous behaviour and true absence, we felt that a pres-
ence-only modelling approach would suit our study better than
an approach requiring accurate absence data.

During the initial testing phase, we generated models using var-
ious combinations of variables. We examined the relative contribu-
tion of each variable and performed a jack-knife test to evaluate
variable importance. We also measured the degree of spatial corre-
lation between potential model variables by calculating Pearson’s
correlation coefficient (r) in ENMTools 1.1 (Warren et al., 2010).
To improve interpretability and to minimise the possibility of
over-fitting, we removed highly correlated variables (r > 0.90),
and retained only those that we considered to be biologically rele-
vant to parrots in New Caledonia, as described below. Additional
variables did not appear to improve predictive performance, and
the probability distributions generated by the chosen models were
very similar to those produced by more complex alternatives.
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Fig. 1. Location of terrestrial reserves and IBAs on mainland New Caledonia and Ouvéa.
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We downloaded bioclimatic variables from WorldClim
(www.worldclim.org), a database of global climate layers gener-
ated through interpolation of climate data from weather stations
on a 30 arc-second resolution grid, commonly referred to as
‘1 km’ resolution (Hijmans et al., 2005). The bioclimatic variables
were derived from monthly temperature and rainfall records from
around 1950 to 2000. We selected nine bioclimatic variables to
model, namely annual mean temperature, mean diurnal tempera-
ture range, temperature seasonality (standard deviation across
months), maximum temperature of the warmest month, annual
temperature range, annual precipitation, precipitation seasonality
(coefficient of variation across months), precipitation of the wet-
test quarter, and precipitation of the driest quarter.

In addition to the climate layers, models incorporated layers
depicting altitude, vegetation, forest cover, distance to forest (Insti-
tut Géographique National – www.ign.fr) and soil (ORSTOM, 1981).
We converted all of the layers to rasters with a cell size of
50 � 50 m. To estimate forest cover, we used the neighbourhood
focal statistics ‘sum’ function to calculate the number of forested
cells within a circular scanning radius of 100 m, 500 m, and 3 km
from each cell. The 3 km forest cover variable was not used for
Ouvéa because the island is only a few kilometres wide. To esti-
mate the distance to forest, we calculated the distance from the
centre of each cell to the centre of the closest forested cell. We
did not use the vegetation layer as a predictor variable on its
own because preliminary runs indicated that it contributed very
little to the models. Forest is more important to parakeets in
New Caledonia than other vegetation types (Barré et al., 2010; Leg-
ault et al., 2011, 2012), and we felt it was more appropriate to use
continuous variables (e.g. forest cover and distance to forest) than
fine-scale categorical variables (e.g. vegetation type), as this is
likely to reduce the severity of spatial errors.

2.3. Model building and validation

We generated a batch of 10 models for each species using the
selected variables and presence data. At several locations, we
thinned out observations to compensate for increased sampling ef-
fort by replacing clusters of observations with individual points
spaced approximately 500 m apart. We retained duplicate records
so that areas of increased abundance (e.g. larger flocks) were re-
flected in the models. Models were trained using 724, 782, and
722 records of New Caledonian Parakeets, Horned Parakeets, and
Ouvéa Parakeets, respectively. We used the default settings in
Maxent for the regularisation multiplier (1), maximum number
of background points (10,000), convergence threshold (0.00001),
and features (auto). We also used the default logistic output for-
mat, which scales the output so that the probability of presence

http://www.worldclim.org
http://www.ign.fr
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in each cell is between 0 (unsuitable habitat) and 1 (optimal hab-
itat). We used a different random seed for each run, increased the
maximum number of iterations to 1000, generated response
curves, and ran a jack-knife test.

To evaluate the performance of competing models, we com-
pared the Area Under the Curve (AUC) of the Receiver Operating
Characteristic (ROC) plot. Of the final 10 models generated, we se-
lected the one with the highest AUC. In presence-only modelling,
the AUC evaluates how well a model is able to differentiate be-
tween randomly selected presence cells and randomly selected
background cells, and has a theoretical maximum of less than 1
(Phillips et al., 2006).

We tested each model’s predictive ability using a 10-fold cross-
validation routine: the occurrence data were randomly partitioned
into 10 subsamples, and then 10 models were generated by omit-
ting a different subsample each time. Thus, each of the models
incorporated 90% of the presence localities as a training set, and
the remaining 10% of the data were used for testing. Using ENM-
Tools 1.1 (Warren et al., 2010), we calculated the degree of corre-
lation between the models derived using all presence data and the
point-wise mean of the 10 models resulting from the cross-valida-
tion procedure. Subsequent analyses were based on the model
built with all of the records.
2.4. Future projections

To simulate the distribution of parakeets under potential future
climatic conditions, we projected models onto climate data derived
from a Commonwealth Scientific and Industrial Research Organisa-
tion (CSIRO) Mark version 2.0 global climate model (www.ccafs-
climate.org), which consisted of bioclimatic variables for 2020,
2050, and 2080, based on the B2 climate change scenario. The B2
emissions scenario predicts a future world that emphasises envi-
ronmental protection and social equity, has a moderate rate of
population growth and economic development, and favours
regionalisation over globalisation (IPCC, 2007). We chose this par-
ticular emissions scenario because it appeared to provide a rela-
tively conservative forecast of the potential impacts associated
with climate change. We processed the future climate data in the
same manner as the current climate data, and assumed that the
rest of the variables remained the same in the future.

During the development or training period, the model analyses
the use and availability of environmental conditions across the
study area. However, when projecting models under future condi-
tions, variables may take on values that are outside of the range
encountered during training. By default, Maxent treats these vari-
ables as though they are at the limits of their training range, which
is known as ‘clamping’ (Phillips et al., 2006). Regions that experi-
ence a lot of clamping are likely to have unreliable predictions
and should therefore be viewed with suspicion. Thus, in order to
decrease the effect of clamping, we reduced the prediction by the
absolute difference between clamped and non-clamped values at
each point, using the ‘fade by clamping’ setting in Maxent. We
did not include projections for Ouvéa because the island suffered
from excessive clamping due to its small size.
2.5. Niche overlap, range estimation, and suitability of reserves and
IBAs

We quantified niche overlap for the mainland parakeets by
comparing their continuous distributions using ENMTools 1.1
(Warren et al., 2010). We measured the degree of similarity using
Schoener’s ‘D’ and the ‘I’ statistic, both of which range from 0 (no
overlap) to 1 (identical distributions). We also performed a niche
identity test (with 10 pseudoreplicates) to determine whether
the mainland parakeets occupied significantly different niches
(Warren et al., 2008).

In order to estimate each species’ range, the continuous prob-
ability distribution generated by Maxent must be converted into a
binary map using a threshold. We set the thresholds of the distri-
butions at a level where the entropy of the original and threshol-
ded distributions was equal, which resulted in range estimates
that retained 96.0–97.2% of the records for each species. In order
to better distinguish between suitable and unsuitable habitat
within this range, we clipped each of the thresholded distribu-
tions to the area covered by forest. To assess whether the present
system of reserves adequately protects parakeet habitat, we esti-
mated the total area of suitable habitat under both current and
future conditions, then calculated the proportion of suitable hab-
itat within reserves. We repeated this process for each of the
mainland IBAs (Spaggiari et al., 2007), in order to identify those
that are likely to have the highest potential as refuges for para-
keets in the long term.

2.6. Mainland population estimates

In order to estimate parakeet numbers on the mainland, it
was necessary to infer abundance from mapped probability val-
ues. First, we established the relationship between mapped
probabilities and point count detection rates, as well as encoun-
ter rates (Step 1). Then, we converted point count detection rates
to encounter rates, using the model as an intermediary
(Step 2). Finally, we converted encounter rates to absolute den-
sities, using coefficients established at distance sampling sites
(Step 3).

Step 1: We buffered each point count location by 250 m, and
calculated the average probability within each buffer. We
sorted point counts into groups according to their probability
values. For each group, we calculated the average probability
and the average number of parakeets detected. We performed
a regression with these values to determine the relationship
between the point count detection rate and the probability
of encountering parakeets at each point count location. Simi-
larly, we placed a 250 m buffer around each of the 39 survey
sites where encounter rates were recorded. Then, we assigned
probability values to each of the buffered survey sites, and
calculated the average probability at each site.
Step 2: Using the regression line generated above, we identi-
fied the point count detection rate that corresponded with
each of the probability values associated with survey sites.
With this information, we ran another regression to establish
the relationship between point count detection rates and
encounter rates recorded at survey sites. It was necessary to
use mapped probability values to approximate point count
detection rates at each of the survey sites because the
locations of point counts and survey sites did not always
overlap.
Step 3: Based on the coefficients provided by Legault et al.
(2013), we converted the encounter rates into minimum
(lower 95% confidence limit), mean, and maximum (upper
95% confidence limit) densities. During the conversion from
mapped probability values to absolute densities, we did not
extrapolate beyond the highest densities estimated by the
Distance program (Legault et al., 2013), as we probably sur-
veyed the areas with the highest densities of parakeets. We
clipped the distribution to forest, and multiplied the density
of each cell by its area in order to calculate the approximate
number of parakeets per cell. Finally, we estimated mainland
parakeet populations by adding up the number of parakeets
in all cells.

http://gisweb.ciat.cgiar.org/GCMPage/
http://gisweb.ciat.cgiar.org/GCMPage/
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2.7. Ouvéa population estimates

We used a slightly different method to estimate parakeet
numbers on Ouvéa because we surveyed Ouvéa Parakeets using
only line transect distance sampling (Barré et al., 2010; Legault
et al., 2013). We buffered each transect by 70 m (the maximum
detection distance used to estimate densities), assigned probabil-
ity values from the Maxent distribution to each buffer, and cal-
culated the average probability within each buffer. We divided
the transects into six groups, based on their probability values,
then estimated densities for each group using Distance 6.0 (Tho-
mas et al., 2010). As the population of Ouvéa Parakeets appears
to be increasing (Barré et al., 2010), we corrected each of the
estimates to ensure that they corresponded with the most recent
surveys. We generated three regression lines comparing the
average probability of each group of transects with the mini-
mum (lower 95% confidence limit), mean, and maximum (upper
95% confidence limit) densities of each group of transects. We
used the regression equations to convert mapped probability val-
ues into densities, yet we did not extrapolate beyond the highest
densities estimated for any single group of transects. We clipped
the distribution to forest, and calculated the approximate num-
ber of parakeets per cell by multiplying the density of each cell
by its area. Then, we added up the number of parakeets in all
cells to estimate population size.

For the sake of comparison, we also generated population esti-
mates for Ouvéa Parakeets by extrapolating mean densities to areas
of forested habitat within their modelled range, as defined earlier,
by thresholding the distribution at a level where the entropy of
the original and thresholded distribution was equal.
Table 1
The relative contributions of environmental variables used to model the distribution of p
species.

Variable New Caledonian Parakeet

Rank % Contribution

Forest cover in 500 m radius 1 16.7
Precipitation of driest quarter 4 12.4
Precipitation seasonality 2 13.7
Forest cover in 3000 m radius 8 5.6
Precipitation of wettest quarter 9 4.9
Temperature seasonality 5 10.2
Annual mean temperature 3 12.7
Annual temperature range 6 9.5
Forest cover in 100 m radius 7 6.6
Max temperature of warmest month 12 0.9
Mean diurnal temperature range 13 0.9
Soil type 10 4.0
Altitude 14 0.4
Distance to forest 11 1.0
Annual precipitation 15 0.4

Table 2
Range (in km2, and % of New Caledonian mainland) and population estimates for the New
averages from 1950 to 2000, and future estimates are based on climate projections for 2020
amount of forest in their range.

New Caledonian Parakeet

Current 2020 2050

Total range km2 2783 2367 1972
% 17 15 12

Forested range km2 1939 1493 1418
% 12 9 9

Population size # 5708 4394 4174
% 100 77 73
2.8. Hotspot mapping

Areas of concentrated abundance, or hotspots, are more likely to
be prioritised for conservation than areas where parakeets are
sparsely distributed. It is important to be able to easily identify
such hotspots so that conservation resources can be allocated
appropriately. To facilitate interpretation, we transformed all of
the Maxent models into hotspot maps, as a final processing step.
We simplified the mainland models by averaging values over a
10 cell scanning radius, with each cell being 50 � 50 m. For Ouvéa,
we resampled the distribution to 10 � 10 m cells, then averaged
values over a 20 cell scanning radius. Finally, we created contour
lines at intervals that accentuated areas of high probability but still
retained most of the areas where there was a low probability of
encountering parakeets.

3. Results

All of the models achieved high AUC values (0.931, 0.928, and
0.923, for the New Caledonian Parakeet, Horned Parakeet, and
Ouvéa Parakeet, respectively), indicating a good fit to the presence
records used for training. The final models were highly correlated
with the point-wise mean of the models tested using a 10-fold
cross-validation (r > 0.983).

The most important variable explaining the occurrence of New
Caledonian Parakeets was forest cover within a 500 m radius, fol-
lowed by precipitation seasonality (Table 1). The species was pre-
dicted to occur in regions where forest cover was relatively high,
and in regions that received consistent rainfall. Annual tempera-
ture range had the highest gain when used in isolation, suggesting
arakeets in New Caledonia. Variables are sorted by their mean rank across the three

Horned Parakeet Ouvéa Parakeet

Rank % Contribution Rank % Contribution

10 2.9 1 38.2
3 11.4 5 7.5
8 4.5 3 10.8
1 25.6 - -
6 6.1 4 9.5

12 1.3 2 11.5
15 0.9 6 6.0

7 5.2 11 1.3
9 4.0 10 1.7
2 18.9 12 1.0
5 6.2 8 4.0
4 9.4 14 0.4

11 1.3 7 5.0
13 1.2 13 0.5
14 1.0 9 2.6

Caledonian Parakeet and Horned Parakeet. Current estimates are based on climate
, 2050, and 2080. Parakeet populations are assumed to decline in proportion with the

Horned Parakeet

2080 Current 2020 2050 2080

643 3482 2924 1191 1685
4 22 18 7 11

518 2162 1911 858 840
3 14 12 5 5

1525 8690 7679 3446 3374
27 100 88 40 39
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Fig. 2. Predicted distribution of New Caledonian Parakeets on mainland New Caledonia (20–22�S, 164–167�E). Current prediction is based on climate averages from 1950 to
2000, and future predictions are based on climate projections for 2020, 2050, and 2080.
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that it had the most useful information on its own. The gain de-
creased most when forest cover within a 3 km radius was omitted,
indicating that this variable contained the most information that
was absent from the other variables.

Forest cover within a 3 km radius contributed the most to the
Horned Parakeet model (Table 1), and also had the most useful
information by itself. In general, areas of high forest cover were a
strong predictor of Horned Parakeet occurrence. The maximum
temperature of the warmest month also made a strong contribu-
tion to the model, with the species generally favouring areas where
the maximum temperatures were relatively low. The gain de-
creased most when the mean diurnal temperature range was omit-
ted, suggesting that this variable contained the most information
that was not present in the other variables.

The most influential variable for the Ouvéa Parakeet was forest
cover within a 500 m radius (Table 1). This variable had the highest
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Fig. 3. Predicted distribution of Horned Parakeets on mainland New Caledonia (20–22�S, 164–167�E). Current prediction is based on climate averages from 1950 to 2000, and
future predictions are based on climate projections for 2020, 2050, and 2080.
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gain when used in isolation and decreased the gain the most when
it was omitted, which suggests that it had the most useful informa-
tion on its own and had the most information not present in other
variables. Areas of high forest cover were predicted to be most
important to Ouvéa Parakeets.
New Caledonian Parakeets have an estimated extent of occur-
rence of 2783 km2, or 17% of the area on the mainland, and we esti-
mate that 1939 km2 of their range is forested (Table 2). Prime
habitat for New Caledonian Parakeets occurs in the central and
southern parts of the mainland, including the far south (Fig. 2).
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The range of Horned Parakeets is estimated to be slightly larger,
at 3482 km2, or 22% of the mainland, and this includes about
2162 km2 of forest. The most important habitat for Horned Para-
keets occurs in the central and northeastern parts of the mainland
(Fig. 3). We estimate that 1186 km2 of forest is potentially suitable
for both species, based on the overlap of forest within their ranges.

The degree of similarity between parakeet distributions on the
mainland was estimated at 0.54 using Schoener’s ‘D’ statistic, and
0.77 using the ‘I’ statistic. Both of the similarity statistics were con-
siderably lower than those generated from the null distribution
(D = 0.88–0.91; I = 0.98–0.99), indicating that the species demon-
strate significant niche differentiation.

The estimated range of the Ouvéa Parakeet extends over
34 km2, of which 30 km2 (89%) is forested. Habitat suitability is
predicted to be highest in the rainforests of the smaller, northern
part of Ouvéa (Fig. 4).

We detected a strong relationship between the probability of
occurrence and the point count detection rate for New Caledonian
Parakeets and Horned Parakeets (Fig. 5). Based on a conversion
from relative abundance into absolute density (Fig. 6), we estimate
there to be 5708 (5048–6174) New Caledonian Parakeets and 8690
(7934–9445) Horned Parakeets on the mainland.
5 km

Probability of Occurrence

0.0 0.1 0.2 0.3 1.00.70.5

Fig. 4. Predicted distribution of Ouvéa Parakeets on Ouvéa (20�23–44’S, 166�23
On the island of Ouvéa, we estimate there to be 1730 (963–
3203) Ouvéa Parakeets, based on a conversion from continuous
probabilities to densities within forest (Fig. 7). Thresholding the
distribution at a level where the entropy of the original and thres-
holded distributions was equal resulted in a range of 30 km2

(16 km2 in the north, 14 km2 in the south) and produced a popula-
tion estimate of 1720 (1226–2412) birds.

The ranges of mainland parakeets are predicted to decrease in
the future (Table 2), under the assumption that parakeets are un-
able to adapt to the simulated changes in climate (CSIRO climate
model; B2 scenario). Parakeet populations are predicted to recede
into areas at higher altitudes, primarily along the central mountain
chain (Figs. 2 and 3). Ouvéa is predicted to have one or more cli-
matic variables in the future that are outside of the range encoun-
tered during training. This limited our ability to predict the
distribution of Ouvéa Parakeets in the future.

According to our models, only 14% (278 km2) of the forested
areas that are deemed suitable for New Caledonian Parakeets occur
in reserves (Table 3). Likewise, reserves protect about 10%
(216 km2) of the forests that are considered suitable for Horned
Parakeets. Around 31% (194 km2) of the area in reserves
(619 km2) is likely to comprise forested habitat that is suitable
–40’E), based on recent climate conditions (averages from 1950 to 2000).
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for both species. In general, the largest reserves have the highest
potential for protecting parakeet habitat into the future (Table 3
and Fig. 1). The majority of the IBAs provide important habitat
for at least one of the parakeet species, and several are predicted
to provide highly suitable habitat for both species over the long-
term (Table 4 and Fig. 1).
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4. Discussion

4.1. Range and population estimates

Our study indicates that ecological niche models have promise
for estimating population size, at least for parakeets in New Cale-
donia, and potentially for other species that operate at a similar
scale. While our population estimate for the Ouvéa Parakeet is low-
er than recently reported (Barré et al., 2010), we are not implying
that the number of birds has decreased. Previous Ouvéa Parakeet
estimates were generated by multiplying mean densities by the
area of land considered to comprise suitable habitat for the species
(Barré et al., 2010; Robinet et al., 1996), which is a typical method
of estimating parrot numbers (e.g. Walker and Cahill, 2000). Here,
we have shown that a positive relationship exists between density
and habitat suitability, and we have used this relationship to esti-
mate parakeet numbers on the island. In particular, our results sug-
gest that the area of forest used by Ouvéa Parakeets in the southern
half of Ouvéa is likely to be smaller than previously estimated.
Thus, extrapolating mean densities to the rest of the southern for-
ests could potentially result in an overestimate of parakeet
numbers.
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Fig. 5. Relationship between modelled habitat suitability (i.e. probability of
occurrence) and relative abundance (i.e. detections per point count) of New
Caledonian Parakeets and Horned Parakeets.
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Fig. 6. Relationship between relative abundance (i.e. detections per point count
inferred from mapped probabilities) and absolute density (i.e. birds per km2

inferred from encounter rates) of New Caledonian Parakeets and Horned Parakeets.
Regression lines correspond with minimum (lower 95% CI), mean, and maximum
(upper 95% CI) density estimates.
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CI) density estimates.
All of the models performed well according to the AUC values
associated with each distribution, and the results of cross-valida-
tion suggest that the models were good at predicting test data.
However, there will always be some degree of uncertainty associ-
ated with the use of models in conservation assessments, so their



158 A. Legault et al. / Biological Conservation 167 (2013) 149–160
predictive ability should be validated in the field whenever possi-
ble. The models are based on relatively coarse variables, yet para-
keet distributions are probably affected by factors occurring at a
small scale, such as the occurrence of specific nesting or food trees.
Seasonal breeding patterns and food availability might also influ-
ence parakeet distributions throughout the year (Legault et al.,
2012; Marini et al., 2010). However, these temporal variations
would have been averaged over the length of our study.
Table 3
Estimated area of forested habitat for New Caledonian Parakeets and Horned Parakeets that
from 1950 to 2000, and future estimates are based on climate projections for 2020, 2050,

Reserve Area (km2) New Caledonian Parakeet habitat (km2)

Current 2020 2050

P1 45.3 42.4 14.8 29.9
P2 11.4 5.6 5.3 5.3
P3 163.2 75.0 75.7 72.3
N1 56.8 19.6 18.9 17.9
A1 53.7 31.5 27.7 11.6
F1 9.2 6.4 3.0 5.7
F2 3.0 0.0 0.0 0.0
F3 74.4 27.2 30.8 27.6
F4 44.5 33.1 33.1 32.7
B1 55.6 0.0 1.8 13.4
B2 3.6 0.5 0.7 0.2
B3 11.0 2.8 4.4 2.5
B4 16.6 2.2 3.4 1.9
B5 6.8 2.8 2.7 2.8
B6 6.3 2.8 2.9 1.2
B7 14.7 8.0 7.7 5.7
B8 5.5 1.4 1.5 0.4
B9 4.0 0.2 0.1 0.0
B10 3.9 3.4 3.5 1.5
B11 3.1 1.0 0.4 0.0
B12 2.7 1.5 0.8 0.0
B13 8.1 0.6 0.0 0.0
H1 15.7 10.4 2.5 4.3

Total 619.0 278.3 241.7 237.1

Table 4
Estimated area of forested habitat for New Caledonian Parakeets and Horned Parakeets th
from 1950 to 2000, and future estimates are based on climate projections for 2020, 2050,

IBA Area (km2) New Caledonian Parakeet habitat (km2)

Current 2020 2050

I1 316.7 60.0 23.7 108.6
I2 364.9 0.0 2.0 3.6
I3 69.6 0.0 0.0 0.5
I4 82.6 9.1 3.4 15.3
I5 102.1 32.7 16.9 16.1
I6 25.5 0.0 0.0 0.0
I7 54.2 0.4 0.5 0.1
I8 95.1 41.5 35.6 16.4
I9 169.4 88.3 100.7 49.1
I10 27.8 13.2 10.6 12.5
I11 106.7 38.5 17.0 30.5
I12 236.8 183.5 98.5 125.2
I13 205.2 130.7 34.5 81.7
I14 34.2 8.0 13.5 5.9
I15 45.1 30.6 24.1 26.7
I16 33.5 19.5 14.7 16.1
I17 34.7 22.0 22.2 17.0
I18 237.5 96.7 64.4 64.1
I19 18.0 1.5 2.0 1.0
I20 53.9 0.5 0.0 0.0
I21 56.6 14.0 19.0 17.1
I22 68.1 11.8 9.3 10.0
I23 20.4 2.8 3.8 0.3
I24 732.4 326.4 328.9 303.8

Total 3190.7 1131.8 845.0 921.5
4.2. Future predictions

Despite using a relatively conservative emissions scenario to
model future climatic conditions (Beaumont et al., 2008), projec-
tions suggest that climate change is likely to have a detrimental
impact on the distribution of parakeets in New Caledonia. Habitat
that is currently suitable for parakeets is expected to become
increasingly fragmented, and habitat quality is generally predicted
to decline over the medium to long term. However, it is important
is within reserves (labelled in Fig. 1). Current estimates are based on climate averages
and 2080.

Horned Parakeet habitat (km2)

2080 Current 2020 2050 2080

0.6 42.9 42.7 34.2 15.3
4.7 5.8 5.5 4.3 2.7

44.1 60.6 69.3 33.1 30.6
4.3 16.3 19.1 8.3 8.2

22.8 37.8 37.9 29.6 24.6
4.2 8.7 7.3 4.1 0.3
0.0 0.0 0.1 0.0 0.1
3.1 3.5 21.1 7.2 22.3
8.8 17.1 28.5 14.6 20.2
0.0 9.3 0.2 1.3 10.9
0.0 0.0 0.2 0.0 0.3
0.0 0.1 3.6 0.1 1.8
0.0 0.1 1.6 0.1 2.9
2.0 2.3 2.8 2.2 2.6
0.0 0.1 0.0 0.0 0.0
0.5 0.0 0.0 0.0 0.0
0.0 0.3 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
0.1 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
0.3 10.7 10.4 5.5 1.2

95.6 215.5 250.4 144.6 143.9

at is within IBAs (labelled in Fig. 1). Current estimates are based on climate averages
and 2080.

Horned Parakeet habitat (km2)

2080 Current 2020 2050 2080

3.1 58.4 8.0 6.3 61.4
0.3 144.6 47.5 0.2 12.9
0.0 16.3 4.8 0.0 1.9
3.3 52.8 24.6 0.1 5.4

23.7 62.3 56.2 5.3 25.4
0.0 0.0 0.0 0.0 0.0
0.6 17.4 15.7 2.7 6.7

28.2 59.8 53.1 35.7 31.3
70.1 112.5 97.8 62.3 16.2

7.8 20.9 21.6 12.8 4.0
22.2 76.8 59.7 42.1 6.3
79.7 178.9 191.4 159.4 57.8

6.5 167.0 139.4 95.8 36.4
0.0 11.8 15.7 4.0 0.3
6.7 28.3 30.6 24.2 19.3
6.3 16.9 19.7 11.6 12.0
7.3 12.8 19.5 10.8 11.3

28.3 51.7 79.6 36.8 38.5
0.0 0.0 0.7 0.1 0.9
0.0 0.0 0.1 0.0 0.0
0.0 2.3 17.4 4.4 12.4
2.7 1.5 8.9 1.6 3.1
0.0 0.0 1.3 0.0 0.0

87.5 165.2 281.9 121.8 179.7

384.4 1258.3 1195.2 637.8 543.2
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to interpret future predictions with care. Although ecological niche
models can help to predict general trends in response to simulated
climate conditions, they are associated with various sources of
uncertainty (Beaumont et al., 2008). Our predictions are based on
the assumption that parakeets are not able to adapt to the pre-
dicted changes in climate. For the mainland parakeets, we might
expect a gradual shift to higher altitudes, particularly in the central
and southern parts of the island. This follows the notion that spe-
cies will respond to shifting climates by moving either towards the
poles or upward in altitude (Walther et al., 2002). It is difficult to
predict how the Ouvéa Parakeet will respond to the climatic condi-
tions forecast for Ouvéa, yet their long-term survival will likely de-
pend on their ability to adapt, especially to any vegetation changes
brought about by climate change. Of particular concern is that par-
akeets on the mainland almost never occur in areas with annual
mean temperatures as high as those currently experienced on
Ouvéa. Unlike the mainland parakeets, the Ouvéa Parakeet does
not have the option of migrating elsewhere, thus the species faces
a high risk of extinction if climate change leads to the loss of forest
habitat or important food species.

4.3. Conservation status of parakeets in New Caledonia

We estimate there to be 5708 (5048–6174) New Caledonian
Parakeets and 8690 (7934–9445) Horned Parakeets in New Caledo-
nia. However, much of the habitat that is currently deemed appro-
priate for these species is predicted to become unsuitable by 2080,
and this is likely to decrease both their range and population size. If
their numbers decline in relation to the availability of suitable hab-
itat, we would expect to see a 23% reduction in the New Caledonian
Parakeet population over the next 20 years, and a 12% reduction in
the Horned Parakeet population. BirdLife International (2012a, b)
estimates a generation length of 4.6 years for New Caledonian Par-
akeets, and 6.6 years for Horned Parakeets. Assuming a linear de-
cline, and ignoring any time lags associated with the
disappearance of habitat, we forecast a 16% decrease in the New
Caledonian Parakeet population, and a 12% decrease in the Horned
Parakeet population, over the next three generations. We feel that
both species should continue to be considered ‘vulnerable’ as their
population size is estimated to comprise less than 10,000 birds,
and is predicted to decline by more than 10% within the next three
generations (IUCN, 2011). Based on estimates of the longevity and
breeding age of Eunymphicus and Cyanoramphus parakeets (e.g.
Bregulla, 1993; Brouwer et al., 2000; Hahn, 1993; Young et al.,
2012), there is reason to believe that the generation lengths pro-
posed by BirdLife International (2012a,b) may be underestimates.
If so, this would imply that a 10% decline is even more likely to oc-
cur within the next three generations. Furthermore, we have not
taken into consideration any other factors that might reduce para-
keet populations over the same period (e.g. introduced species).

The Ouvéa Parakeet has a very restricted range of around
34 km2, and a concentrated population of approximately 1730
(963–3203) individuals. The number of Ouvéa Parakeets has risen
in recent years due to the elimination of nest poaching (Barré et al.,
2010), yet there is considerable uncertainty concerning their abil-
ity to adapt to climate change. We believe that the species’ current
‘endangered’ status (IUCN, 2011) is appropriate as they only exist
on the small island of Ouvéa, and declines are projected in the area,
extent, and quality of their habitat.

4.4. Reserve suitability

Ideally, conservation plans should take into account the entire
diversity of species in a given area (Ferrier, 2002), yet the distribu-
tions of many species in New Caledonia are poorly known. Hence,
using parakeets and other threatened birds as surrogates in conser-
vation planning seems warranted. New Caledonian Parakeets and
Horned Parakeets appear to occupy slightly different niches, and
this has important implications for conservation, as it suggests that
protecting the habitat of one species will not necessarily benefit
the other. Conservation efforts should focus on areas where para-
keet distributions overlap, not only because this is the most effi-
cient way of safeguarding habitat for both species, but also
because these areas appear most likely to provide habitat over
the long term.

Our research demonstrates that the reserve system in New Cal-
edonia is unlikely to provide sufficient protection for parakeets. On
the mainland, approximately 90% of the forested areas that are pre-
dicted to be suitable for parakeets occur outside of reserves. Fur-
thermore, no habitat has been set aside for the endangered
Ouvéa Parakeet. In spite of this, several reserves do appear to be
well placed to cope with potential shifts in parakeet distributions
associated with climate change, particularly those that are rela-
tively large, mountainous, and forested. Many of the IBAs described
by Spaggiari et al. (2007) are likely to sustain parakeet populations
into the future, yet they are mainly located outside of reserves.
Consequently, we believe that the reserve system should be ex-
tended in order to provide additional protection for New Caledo-
nia’s wildlife, and we strongly recommend that IBAs be
thoroughly evaluated for their current and future potential as
reserves.
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