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Nest-site selection and reproductive success of a
critically endangered parrot, the Great Green Macaw
(Ara ambiguus), in an anthropogenic landscape
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Nest-site selection is the principal way in which secondary cavity-nesting species mitigate
the negative effects of factors such as predation, parasitism and exposure on reproductive
success. Large-bodied secondary cavity-nesting birds rely on large cavities in mature trees
that are often absent or reduced in anthropogenically disturbed forests. Hence, the avail-
ability of high-quality nest-sites may be limited for these species, potentially reducing
reproductive success. The aim of this study was to investigate nest-site selection and the
effect of nest-site features on reproductive success in the critically endangered Great
Green Macaw Ara ambiguus in northern Costa Rica. We show that Great Green Macaws
select nest-sites according to the characteristics of the cavity and the tree in which they
are located. Moreover, reproductive success is a function of certain cavity features. How-
ever, the availability of high-quality cavities, those with features associated with higher
reproductive success, is potentially limited. By studying nest-site selection and productiv-
ity together, we have identified that the availability of high-quality cavities could poten-

tially limit the future recovery of the critically endangered Great Green Macaw.

Keywords: endangered species, limitation, nest-site availability, nest-site quality, reproduction.

Globally, there are 1307 secondary cavity-nesting
bird species, of which 13% are threatened with
extinction (van der Hoek et al. 2017). These spe-
cies rely on cavities created by decay and other
species to nest in. Large-bodied secondary cavity
nesters are particularly reliant on mature trees that
contain cavities of sufficient size (Marsden &
Jones 1997, de la Parra-Martinez et al. 2015, Ren-
ton et al. 2015). However, the availability of large
trees and cavities is often limited, especially in
degraded and regenerating forests (DeWalt
et al. 2003), potentially reducing reproductive suc-
cess and affecting population dynamics. Under-
standing whether and how a population is limited
by nest-site availability or other processes is
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essential information when designing a conserva-
tion strategy.

Nest-site limitation is influenced by three factors:
quantity, quality and location (Newton 1998).
However, the productivity of cavity-nesting birds —
the number of new individuals recruited into a pop-
ulation — may be impacted more by the quantity of
available cavities than by their quality (Lohmus &
Remm 2005). Many cavities are unoccupied in
mature, semi-natural forests (e.g. Edington & Eding-
ton 1972, Carlson et al. 1998, Wesotowski 2007),
yet cavity-nesting species often exhibit higher
reproductive success in nestboxes than in cavities
(Nilsson 1984, Jones et al. 1995, Brazill-Boast
et al. 2013), suggesting that natural cavities may not
always have optimal characteristics. Research also
shows that the reproductive output of a nest-site is
often associated with nest-site characteristics, such
as orientation (Goodenough et al. 2008), nest height
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2 T.C. Lewisetal

(Rottenborn 2000) and canopy connectivity (Britt
et al. 2014). This indicates that the reproductive
success of secondary cavity-nesting species may be
limited by the availability of high-quality nest-sites
in degraded forests, Stojanovic et al. 2021). There-
fore, it is vital to understand nest-site selection and
reproductive success to determine what makes a
high-quality nest.

Multiple factors can affect an individual’s repro-
ductive success, for example, individual age (For-
slund & Pirt 1995, Mauck et al. 2004) and food
availability (Siikamiki 1998, Grames et al. 2023);
these factors are completely outside an individual’s
control. However, the effect of other external fac-
tors such as weather (Stokes & Boersma 1998,
McDonald et al. 2004, Coppes et al. 2021) and
predation (Zhu et al. 2012, Stojanovic et al. 2014)
can be mitigated through nest-site selection. Nest-
site selection is particularly important for cavity-
nesting birds, which rely on cavity characteristics
to mitigate the risk of threats such as predation.
Therefore, we might expect high-quality nest-sites,
those that produce the most offspring, to share
certain characteristics.

Parrots are one of the most endangered bird fami-
lies, with 28% of species threatened with extinction
globally (IUCN 2020), and most are secondary cav-
ity nesters (Forshaw 2010, Parr & Juniper 2010).
They are found throughout the tropics and sub-
tropics (Forshaw 2010, Parr & Juniper 2010), where
their major threats are poaching and habitat loss
(Wright et al. 2001, Stojanovic et al. 2016, Ber-
kunsky et al. 2017, Vergara-Tabares et al. 2020).
For many parrot species, predation accounts for a
significant proportion of nest failure (Renton &
Salinas-Melgoza 2004, Pizo et al. 2008, Berkunsky
et al. 2016), so we expect productivity to be corre-
lated with physical nest-site characteristics that mit-
igate predation risk (Cockle et al. 2015). Parrots
often select cavities that are deeper, higher above
the canopy or larger than unused cavities (Saunders
et al. 1982, Webb et al. 2012, Olah et al. 2014, de la
Parra-Martinez et al. 2015, De Labra-Hernindez &
Renton 2016, Stojanovic et al. 2017, 2021). These
characteristics have been shown to have a significant
positive influence on productivity in the Papuan
Eclectus Eclectus polychloros (Heinsohn 2008) and
Scarlet Macaw Ara macao (Olah et al. 2014). This
may be because deep cavities offer greater protec-
tion against predators (Zhu et al. 2012) and para-
sites (Tomas et al. 2020), or higher cavities have a
better field of vision to detect predators (White

et al. 2006). It follows that breeding at low-quality
sites is often associated with lower reproductive suc-
cess (Rendell & Robertson 1989, Stokes &
Boersma 1998, Safran 2006, Carrete et al. 2006).
Hence, we hypothesize that reproductive success
might be limited in degraded ecosystems if con-
strained nest-site selection causes parrots to nest in
low-quality cavities.

We investigated whether a link between nest-
site selection and productivity exists in the criti-
cally endangered Great Green Macaw Ara ambi-
guus (BirdLife International 2020). The Great
Green Macaw is a large neotropical parrot whose
range extends from the Caribbean lowland forest
in Honduras to Colombia and the Pacific coast of
Panama to the dry forest in western Ecuador (For-
shaw 2010, Parr & Juniper 2010). In Costa Rica,
evidence suggests that their steep decline was the
result of habitat loss; 90% loss of a critical nesting
and food tree species, the Mountain Almond Dip-
teryx oleifera (Powell et al. 1999), and a 30%
reduction in forest cover to ~ 50% by the year
2000 (Calvo-Alvarado et al. 2009). In this context,
we aimed to (1) determine which cavity features
Great Green Macaws use to select a nest-site, (2)
discover which cavity features are associated with
reproductive output and (3) quantify the availabil-
ity of high-quality cavities.

METHODS

Study site

The study area is a ¢.1000-km? fragmented Carib-
bean lowland forest region situated in northern
Costa Rica within the San Juan La Selva biological
corridor (Fig. 1). Land use is split between cattle
pasture, pineapple and other annual crops, and
primary and secondary forests (Fagan et al. 2013,
Jadin et al. 2016). Annual rainfall is ¢.4667 mm
(2009-2014), with a slightly drier period between
January and April (Gilman et al. 2016), which cor-
responds to the breeding season of the Great
Green Macaw (Monge et al. 2003, 2012).

Cavity surveys

The locations of nest-cavities come from a data-
base of Great Green Macaw nest-sites collated by
Centro Cientifico Tropical (CCT 1995-2020) and
Macaw Recovery Network (2017-2020). Nest cav-
ities were entered into the database if they had a
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Figure 1. Study site map. Study site in the Caribbean lowlands within the San Juan La Selva (SJLS) biological corridor in northern
Costa Rica, with nest-cavities (blue) marked. There were two monitored nests outside the SJLS biological corridor.
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4 T.C. Lewisetal.

confirmed Great Green Macaw or Scarlet Macaw
breeding attempt. We used this combined data-
base to identify active nests (i.e. active in 2020) as
potential ‘focal nests’ for the drone surveys. This
involved identifying active nests from the previous
year (2019) and monitoring these to determine if
they were active in 2020. If a nest-cavity had pre-
viously been used by a Great Green Macaw but
was occupied by a Scarlet Macaw in 2020, we
included these in our study as focal nests, but we
did not monitor the reproductive output of Scarlet
Macaw breeding attempts. Around each active
nest-cavity in the 2020 breeding season between
December 2019 and May 2020, we surveyed a
500-m radius with a Mavic Pro Zoom drone to
search for visible cavities. The drone was flown in
transects 100 m apart and it searched for emergent
trees. We focused on emergent trees because other
studies have found that macaws select these types
of trees in tropical forests (Renton & Bright-
smith 2009), probably due to difficulties accessing
cavities within a closed-canopy forest. We defined
an emergent tree as one whose crown was entirely
above the surrounding canopy. Once located, it
was circled to attempt to detect any cavities; if we
found a cavity, a picture was taken directly above
the tree. The geo-location on the image was then
entered into the GPS so the climbing team could
navigate back to the tree on the ground; they then
climbed the geo-tagged tree to measure all its cavi-
ties. We also recorded whether cavities were used
by other interspecific competitors to help deter-
mine whether there is competition for cavities.

Cavity features

We took cavity measurements to calculate the
entrance area, internal diameter and cavity depth.
Because the internal shape of a cavity is not always
circular, our measurement of internal diameter can
be seen as a relative index of cavity diameter. Also,
as cavity entrances are not commonly circular, we
treated each entrance as five separate shapes to get
the most accurate approximation of the area (see
Supporting Online Information Fig. S1 and
Equation S1). Cavity depth from the lip is the dis-
tance from the bottom lip of the cavity entrance to
the cavity floor. Internal diameter was used instead
of measuring the cavity floor because, in many
cases, measuring this directly was impossible as the
cavities were too deep. We also recorded the cardi-
nal direction of the entrance.

The tree-level features measured were species
identity, cavity height from the ground (metres),
tree diameter at breast height (metres), which was
obtained by dividing tree circumference by &, can-
opy connectivity (%) and vertical distance to the
canopy to the nearest 5 m. We estimated the mean
canopy height within a 50-m radius of each cavity
using the dataset provided by Lang et al. (2022).
This global dataset of mean canopy height at 10-m
resolution was created using deep learning trained
with GEDI and Sentinel-2 satellite data. We also
estimated tree cover within 50 m using the dataset
developed by Karra et al. (2021); this is a global
dataset of landcover/land use created using deep-
learning and Sentinel-2 data and trained on 5 bil-
lion human-labelled pixels (Fig. S3).

Reproduction

We monitored 40 known nest-sites during the
2020 breeding season (December 2019 to June
2020). However, we only monitored reproductive
success at 33 active nest-sites; the rest were inac-
tive. Reproductive success was measured as the
number of chicks fledged per breeding attempt,
estimated as the number of fully feathered chicks
last seen in the nest before identifying an empty
nest. We defined a breeding attempt as a clutch of
eggs reaching a conclusion, either success or fail-
ure. Where possible, we recorded any evidence of
the cause of a breeding attempt failure. We also
used data collected over previous breeding seasons
to help us understand common causes of failure.
Potential causes were avian predation, aboreal ani-
mal predation and unknown.

Imputation

We could not acquire complete measurements for
every cavity because of cavities being challenging
to access or human error where measurements
were missed in the field. We imputed these miss-
ing data to maximize the power of our statistical
analyses. We used multivariate imputation by
chained equations (mice package); this is a more
robust way to deal with incomplete data sets com-
pared with single imputation or data deletion
approaches (Penone et al. 2014, Taugourdeau
et al. 2014, Cooke et al. 2019). We used the mice
package to generate our imputed values (van Buu-
ren & Groothuis-Oudshoorn 2011). We used a
random forest imputation method, with all
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numerical variables to impute missing values.
Finally, we imputed 100 datasets to capture the
uncertainty in the imputation process.

Statistical analysis

Cavity feature selection

To determine whether Great Green Macaws select
cavity features, we fit a pair of intercept-only
Bayesian regression models using the default flat
prior. For each feature i to model the distribution
of its values in occupied (xf) and unoccupied (x})
cavities:

xﬁ ~ Norm (ﬂf, a;-’) (1)
xjj ~ Norm (¥, o) 2)

where y; and o; are the mean and standard devia-
tion of their distributions. We used the posterior
distribution of the means and standard deviations
to summarize their uncertainty and evaluate
whether Great Green Macaws are selective for a
cavity feature. We compare features of occupied
and unoccupied cavities by calculating the poste-
rior distribution of the difference in their means
and standard deviations:

H—a ©)
oot (4)

If the 95% credibility intervals of the differences
did not cross zero, we treated the feature as
selected for. By evaluating both standard deviation
and mean, we can approach selection in different
ways. The difference in the means and their distri-
butions tells us whether they are actively selecting
these features. We expect that the direction of the
difference between means will vary depending on
the cavity feature; for example, the difference
would be positive if larger entrance holes were pre-
ferred compared to what is available. Standard
deviation measures the specificity of selection of a
feature. For this, we would expect strongly selected
features to have a negative difference in standard
deviation because occupied cavities would have a
smaller standard deviation than unoccupied ones.

Nest suitability
To evaluate the suitability of each occupied cavity,
we calculated the cavity suitability scores for each

Nest-site selection and productivity of the Great Green Macaw 5

feature (s;;), which differs among the occupied and
unoccupied cavities:

0 o
X5~ H;

o )

Sij =

This gives the standardized score (s]) for feature i
associated with cavity j; the further away from the
mean or suitable value, the lower the score will be.
Therefore, less suitable cavities have lower scores.
We combined these standardized scores into the
nest suitability score by taking the mean of the
selected features.

We carried out an ordinal regression with a logit
link and a flexible threshold with the standardized
score (s}) for each feature and the combined nest
suitability score as the individual predictor vari-
ables and reproductive output as the response vari-
able. We then compared the performance of each
model using the Widely Applicable Information
Criterion (Watanabe 2010). We then used the
top-performing model to estimate how many cavi-
ties not used by Great Green Macaws are within
the nest suitability score range and, therefore, suit-
able for Great Green Macaw use. Finally, we
determined how many high-quality cavities were
available; we defined high-quality cavities as those
with predicted productivity higher than the mean
reproductive success.

We used the brms package to run all of our
Bayesian models; this permitted the pooling of
results across imputed datasets and the examina-
tion of posterior distributions (Biirkner 2017,
2018, 2021), which is crucial to our analysis. We
carried out all analyses in R (R Core Team 2021).

RESULTS

We monitored 35 breeding attempts in 33 nest-
cavities during the 2020 breeding season. A total
of 47 Great Green Macaws fledged from these 35
breeding attempts, a mean of 1.34 (n = 35) fledg-
lings per breeding attempt. Most trees held only
one nest; however, two trees included in this study
contained multiple (two and three) active nests.
The tree that contained three nests fledged a total
of seven chicks. Two trees not included in the
study, because they were too dangerous to climb,
also contained two active Great Green Macaw
nests. We also found one nest tree that contained
an active Great Green Macaw nest and an active
Scarlet Macaw nest.
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6 T C. Lewisetal

Nine nests failed at the first breeding attempt;
birds at five of these nests did not re-lay. The max-
imum number of chicks fledged was three (n = 1).
During the 2020 breeding season, we were able to
attribute five failures to predation, one at the egg
stage and four at the chick stage. Four of the fail-
ures at the chick stage were attributed to avian
predators. During the 2019 breeding season, there
were three confirmed predation events. One was
attributed to avian predators; this nest was also
predated in 2020. The other two were attributed
to mammalian predators, as detached wings were
found on the ground near the nests. Interestingly,
the two nests that were apparently predated by
arboreal predators have not been used again, that
is, three breeding seasons later.

We measured a total of 192 cavities; 95 were
found using a drone, 66 were from an existing
CCT database and 51 were found incidentally by
the field team of the Macaw Recovery Network.
We found an additional 83 trees in the drone sur-
vey but did not include them in the study because
of aggressive bees (n = 2), no cavities being found
in the marked tree (n = 2) and fieldwork being cut
short by the global coronavirus disease 2019 pan-
demic (n = 79). We excluded 22 cavities that were
in entirely hollow trees. There was an average of
2.65 cavities per tree (n = 192). We found six spe-
cies of trees with cavities; five were used as nest
trees (Fig. S3). Most located cavities were in
Mountain Almonds (88.5%; n = 185), as were the
majority of nests (84.6%; n = 33; Fig. S3). These
results indicate that Great Green Macaws use
Mountain Almonds because this species is the most
abundant source of cavities rather than actively
preferring the species. Of the 192 cavities mea-
sured, we found interspecific competitors in 19;
the most common were Scarlet Macaw (n = 9)
and Red-lored Amazon Amazona autumnalis
(n = 5; Table 1). Using Fichtler et al. (2003) we
estimated the ages of all occupied nest trees (range
274-565 years old, mean 395 years; n = 33).

Cavity feature selection

We imputed 104 data points, which was 9% of our
dataset (n = 1160). The difference in the posterior
distributions of the mean cavity features in occu-
pied and unoccupied cavities suggests that Great
Green Macaws select certain nest-site characteris-
tics. Mean differences between the types of cavities
can either be positive or negative; those that are

Table 1. Nest suitability and cavity depth model predictions
for all cavities.

Predicted mean

productivity
Nest
Number Cavity  Suitability
Species of cavities depth  Score
Red-lored Amazon 5 1.39 0.97
Great Green Macaw 37 1.40 1.26
Scarlet Macaw 9 1.10 0.97
Other interspecific 5 1.55 1.43
competitors

Unoccupied 91 1.05 0.89

The two most numerous interspecific competitors, Scarlet
Macaw and Red-lored Amazon, use cavities that have a pre-
dicted mean productivity that is lower than the Great Green
Macaw, for cavity depth and nest suitability score. This sug-
gests that on average these two species occupy cavities that
are less suitable for Great Green Macaws.

negative show that Great Green Macaws are select-
ing for features that are lower. For example,
entrance height (mean — 0.69, 95% CI -1.06 to
—0.33) was negative, suggesting that Great Green
Macaws select cavities with lower entrances. How-
ever, cavity depth (mean 0.39, 95% CI 0.034-
0.749), internal circumference (mean 1.14, 95% CI
0.83-1.46) and entrance area (mean 0.56, 95% CI
0.23-0.90) were all positive, suggesting that Great
Green Macaw select for deeper, larger diameter
and larger entranced cavities. At the tree level, all
characteristics were lower around occupied than
unoccupied cavities; they used canopy connectivity
(mean — 0.54, 95% CI -0.93 to —0.19) when
selecting nest-cavities, as well as canopy height
(mean — 0.45, 95% CI -0.83 to —0.07) and tree
cover (mean — 0.46, 95% CI -0.87 to —0.04) at
the local area level (Fig. 2a,c). The difference in
posterior distributions of the standard deviation
shows that Great Green Macaws have a narrower
preference for cavity entrance area (mean — 0.37,
95% CI -0.61 to —0.19), depth (mean — 0.28,
95% CI -0.53 to —0.01) and canopy connectivity
(mean — 0.79, 95% CI -1.13 to —0.49) (Fig. 2b,
d). A summary of the raw cavity measurements for
occupied and unoccupied cavities can be found in
Table S1.

Nest suitability

Cavity depth (1.05, 95% CI 0.20-1.99) was the
only feature that was significantly positively
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Figure 2. Cavity feature measurements ((a) cavity entrance height (m), (b) tree diameter (m), (c) vertical distance to canopy (m), (d)
canopy height (m), (e) internal diameter (cm), (f) cavity depth (cm), (g) tree cover (%), (h) entrance area (cm2), (i) canopy connectivity
(%)), after imputation, of occupied (n = 37) and unoccupied (n = 79) cavities, black dots show the mean for each feature and occu-

pied status.

correlated with the number of fledglings per
breeding attempt (Fig. 3). Our combined metric
nest suitability score (2.20, 95% CI 0.33-4.34)
was significantly positively correlated with the
number of fledglings per breeding attempt.

The number of high-quality cavities available
for Great Green Macaws to use varies depending
on which metric is used to determine the quality.
When we restricted the unoccupied cavities to
within the range of scores used by Great Green
Macaws, there were 39 high-quality available cavi-
ties when using cavity depth, although eight were
used by competitors (Fig. 4). The number of high-
quality cavities was much lower when using the
nest suitability score, with only 17 cavities avail-
able; two were used by competitors (Fig. 5).

DISCUSSION

The Great Green Macaws in our study population
prefer larger, deeper cavities in isolated trees,
showing a strong selection for larger cavity
entrance area, greater depth and low canopy con-
nectivity. We have shown that high-quality nest-
sites, those that produce more fledglings, are those
that are deep. Our combined nest suitability score
is also a good metric of nest quality, suggesting
that although not significant on their own, other
cavity features also contribute to reproductive suc-
cess. This agrees with numerous other studies that
found that parrots select for cavity depth (Saun-
ders et al. 1982, Webb et al. 2012, Olah
et al. 2014, de la Parra-Martinez et al. 2015, Ren-
ton et al 2015, De Labra-Hernindez &
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Figure 3. Univariate model outputs for cavity characteristics. Univariate model (a) means and posterior distributions and (b) variance
and posterior distributions for occupied and unoccupied cavities. With the difference in (c) means and posterior distributions and (d)
standard deviations and posterior distributions for each cavity feature with significant features, those with 95% credibility intervals not

crossing zero are highlighted in red.

Renton 2016, Stojanovic et al. 2017, 2021) or tree
isolation (Olah et al. 2014, Renton et al. 2015).
We know that predation accounts for a significant
proportion of nest failure in many parrot species
(Pizo et al. 2008, Renton et al. 2015, Berkunsky
et al. 2016); therefore, the selection of these spe-
cific features is probably driven by the need to
reduce predation risk. By selecting isolated trees,
parrots can passively reduce predation risk from
non-volant predators (Britt et al. 2014, de la Parra-
Martinez et al. 2015, Berkunsky et al. 2016),
whereas deeper cavities reduce the risk from avian
predators (Wesolowski 2002, Zhu et al. 2012, de
la Parra-Martinez et al. 2015, Mejias et al. 2017).
For secondary cavity-nesting species, cavity
location and morphology are the only way to
reduce predation risk passively. Therefore, the

relationship between cavity and tree characteris-
tics and productivity can indicate which type of
predators are the current primary threat to Great
Green Macaw nesting success. Although it sim-
plifies the suite of factors such as habitat quality
(Dhondt 2010, Jones et al. 2014) and climatic
conditions  (McGillivray 1981, Borgman &
Wolf 2016) that influence productivity, it is a
valuable process because it might highlight poten-
tial information for conservation managers. Birds
can attempt to reduce the risk from avian preda-
tors by selecting deeper cavities (Weso-
lowski 2002, Zhu et al. 2012). Therefore, if avian
predation was the primary cause of nest failure,
we might expect to see a relationship between
cavity depth, as birds are more likely to predate
shallow nests (Mejias et al. 2017). Alternatively,
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Figure 4. The relationship between productivity and cavity features. (a) Model estimates of the regression slopes and their posterior
distributions from the univariate ordinal regression of each cavity feature, with the significant models in red. (b) Difference in the
Widely Applicable Information Criterion (WAIC) scores compared with the best-performing model. (c) The relationship between each

feature and predicted productivity alongside the data (grey).

individuals passively reduce accessibility to non-
volant predators such as snakes and arboreal
mammals by selecting isolated trees because they
need access to cavities via connected canopy or
vines (Koenig 2001, Britt et al. 2014, Berkunsky
et al. 2016). Therefore, if non-volant predators
are the primary source of nest predation, we
expect to see a relationship between canopy con-
nectivity and productivity. We have found a sig-
nificant positive relationship between productivity
and cavity depth, suggesting that avian predation
is one of the primary drivers of nest failure.
Indeed, we have evidence of this in our study
population, where five of seven confirmed preda-
tion events from our study area were probably
the result of avian predators. However, further
research is needed to confirm this relationship
between cavity characteristics and predation.

Great Green Macaws are apparently unique in
their selection of cavities with entrance heights
lower than surrounding cavities (Renton & Bright-
smith 2009, de la Parra-Martinez et al. 2015). This
may be an adaptation to fragmentation and degra-
dation of habitat in this area of Costa Rica (Chas-
sot et al. 2007, Grantham et al. 2020, Karra
et al. 2021), where large cavities in large, emergent
trees in the forest have probably been lost
(DeWalt er al. 2003, Chassot et al. 2007). Cavity
size is inversely related to height in the tree (Lin-
denmayer et al. 2000); therefore, low tree cover
and canopy height could make large cavities lower
down in trees accessible to Great Green Macaws.
This might partially compensate for the loss of
mature emergent trees in this region over the last
100 years (Sader & Joyce 1988). We monitored
two active nests in 2020 that were 9.4 and 10.4 m
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Figure 5. Comparison of occupied and unoccupied cavity features. Distribution of the predicted number of fledglings per breeding
attempt from our univariate models. We restricted the unoccupied cavities to the range of the occupied cavities in both cases. The
dashed line is the mean number of fledglings per breeding attempt from our monitoring data. The cavities to the right of the mean line

are defined as high-quality and to the left as low-quality.

above the ground. The average canopy height
across the San Juan La Selva biological corridor is
23.4 m (Lang et al. 2022), suggesting that if these
trees were within the forest, they would not be
accessible or suitable for Great Green Macaws.

We have shown that Great Green Macaws
select for cavities that maximize reproductive suc-
cess, which is not always the case, because other
factors such as competition mean it is not possible
(Zhu et al. 2012). Half of the cavities occupied by
interspecific competitors were used by Scarlet
Macaws (Table 1). However, cavities occupied by
Scarlet Macaws were mostly considered low-
quality cavities for the Great Green Macaws
(Fig. 4). Research has shown that Scarlet Macaws
have a broad nesting niche and compete directly
with other large macaws for nesting cavities (Ren-
ton & Brightsmith 2009). Long-term data on
known nest usage in Costa Rica suggest that only a
small proportion of cavities are used by both Great

Green Macaws and Scarlet Macaws (CCT unpubl.
data). This suggests that Great Green Macaws are
stronger competitors, meaning that there is either
limited competition for cavities or Great Green
Macaws are stronger competitors for cavities with
their favoured characteristics. We have found evi-
dence that high-quality cavities are in short supply
(Fig. 4). Therefore, although Great Green Macaws
may be stronger competitors, they are nesting in
low-quality cavities, which is negatively impacting
reproductive success.

Interestingly, we found multiple cases of trees
holding more than one active Great Green Macaw
nest. In addition, one tree contained both a Great
Green Macaw and a Scarlet Macaw active nest,
and others have also reported that Great Green
Macaws and Scarlet Macaws in this region will
occupy different nest-cavities in the same tree
(Chassot et al. 2011, Jimenez et al. 2020). Gregari-
ous nesting like this is not common in parrots,
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with only seven species of secondary cavity-nesting
parrots, including Military Macaw Ara militaris,
reported doing this (Rowley 1984, Forshaw 2010).
We have found no other evidence in the literature
of multispecies gregarious nesting in parrots in
other regions. This could either mean that there is
an abundance of cavities, so individuals are able to
use cues from others to indirectly access the com-
modities (e.g. food and safety) necessary to breed
and select cavities near successful nests (Danchin
& Wagner 1997, Eberhard 2002). However, it
could also suggest a lack of available cavities, forc-
ing pairs to nest in close proximity. With the evi-
dence from this study and the continuing
extraction of large mature trees in this region
(T.C. Lewis, pers. obs.), it is likely that there is a
lack of high-quality nest-sites for Great Green
Macaws.

Conservation implications

Cavity entrance height has often been found to be
an important factor in nest-site selection for
macaws, with species selecting for cavities higher
than unused cavities (Olah et al. 2014, de la Parra-
Martinez et al. 2015). However, we found that
Great Green Macaws nest in cavities lower than
unused cavities. This may be a result of the lack
of forest around nest trees. Costa Rica reached a
17% forest cover low in the 1980s (Sader &
Joyce 1988), and although logging continues in
this region, large-scale deforestation no longer
occurs (Fagan et al. 2013). In many areas, regener-
ating forest has replaced cattle pasture (Fagan
et al. 2013, Jadin et al. 2016). However, as the for-
est continues to recover, there is a risk that cavities
currently occupied by Great Green Macaws will
become more connected to adjacent trees, increas-
ing their accessibility for non-volant predators.
This is a natural process that we have seen at a
few nests in abandoned pastures; when the nests
were first monitored 20 years ago, they were in
isolated trees, and now they are within the canopy
(U. Aleman, pers. comm.).

Trees around nest-sites could be managed to
maintain limited connectivity with other trees and
prevent access to the canopy for non-volant preda-
tors. However, installing artificial nestboxes may
represent a better management option than pre-
venting forest recovery around current nest trees.
Before any nestbox programme is begun, we sug-
gest experimenting with design features to counter
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predation, such as an entrance chamber like those
used by the Mauritian Wildlife Foundation
(Tatayah et al. 2007). There will obviously be a
trade-off between practicality and design, but our
results show that deep cavities are more produc-
tive, so deep nestboxes (up to 3.5 m deep, the
deepest monitored active cavity) should be experi-
mented with. As isolated trees are favoured by
Great Green Macaws, we also recommend using
trees whose canopy is not connected to the sur-
rounding forest and that offer few opportunities
for arboreal predators to climb to the nestbox.
This is supported by evidence from Britt
et al. (2014) who showed that canopy connectivity
is a key factor determining nest success of Scarlet
Macaws. The CCT carried out a small experiment
with four nestboxes of one design between 2016
and 2020; one chick successfully fledged from a
nestbox in 2020 (CCT unpubl. data). This demon-
strates that wild Great Green Macaws will use
nestboxes and suggests that further supplementa-
tion could be a viable management strategy.

Nestbox provision is a common conservation
strategy to combat limited cavity availability in
degraded habitats (Jones et al. 1995, Darling
et al. 2004, Berthier et al. 2012, Tollington
et al. 2013). For example, nestboxes have been
successfully employed with another critically
endangered macaw, the Blue-throated Macaw Ara
glaucogularis, in Bolivia (Herzog et al. 2021).
Research has shown that nestboxes can provide
high-quality nest-sites, often producing larger
clutches and fledging more offspring (Robertson &
Hutto 2006, Brazill-Boast et al. 2013). A second-
ary benefit is that it would permit easier monitor-
ing and active management of breeding attempts if
necessary (Jones et al. 1995, Tollington
et al. 2013). However, using nextboxes as a man-
agement tool does come with associated costs. It
would have to be a long-term strategy to be able
to mitigate the loss of cavities while others
develop in maturing trees.

Mature Mountain Almond trees are a vital
resource for the survival of Great Green Macaws.
Evidence from this study suggests that Mountain
Almonds need to be nearly 300 years old before
their cavities can be used by Great Green Macaws.
Furthermore, it is a species of conservation con-
cern, with an alarming decline of approximately
90% observed in its Costa Rican populations
(Chassot & Monge 2012). Additionally, the genetic
diversity of these populations faces a significant
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challenge due to the limited gene flow between
geographically disjunct groups, which could further
impair their resilience (Chun 2008). The signifi-
cance of the Mountain Almond tree has been inter-
nationally recognized, as evidenced by its inclusion
in Appendix II of the Convention on International
Trade in Endangered Species of Wild Fauna and
Flora (CITES 2022).

Our study population of Great Green Macaw
mainly nest in trees that are isolated or have low
canopy connectivity. However, it is concerning
that these isolated trees have a scarcity of seedlings
or saplings (T.C. Lewis, pers. obs.). The primary
factor contributing to this shortage can be attrib-
uted to cattle grazing in pasture lands, a practice
found to have a significant negative impact on tree
recruitment (de la Pefia-Domene et al. 2013). As
trees are not being recruited in these open areas
the trees within the forest are therefore vital to
the long-term survival of the Great Green Macaw.
It is the availability of these mature trees and their
cavities that will be instrumental in facilitating the
recovery and potential growth of the Great Green
Macaw population in the future.

Study limitations

We used a univariate approach due to the limited
size of our dataset, because we did not have suffi-
cient power to use multivariate approaches. The
main limitation of this approach is that we are not
capturing conditional effects. For example, our
analysis suggests that Great Green Macaws select
for cavities with lower entrances; however, our cor-
relation analysis (Fig. S2) shows that this is strongly
negatively correlated with entrance size and inter-
nal diameter. Future work with a larger dataset
would enable the use of multivariate analysis, and
could investigate these relationships further.

Secondly, we only used already known nests of
the Great Green Macaw. These were not found
using systematic methods and therefore there is
observer bias in their selection. For example, nests
in isolated trees in pasture are much easier to find
than nests in forest. Therefore, our results cannot
be used to generalize to Great Green Macaws in
other habitats such as primary forest or other
regions. Our study demonstrates that in degraded
ecosystems Great Green Macaws will use low-
quality nest-sites and that in these areas the avail-
ability of high-quality nest-sites is potentially
limited.

CONCLUSIONS

Habitat loss and degradation have caused the loss
of mature trees across the tropics, resulting in the
loss of large cavities for large-bodied cavity nesters
such as the Great Green Macaw (DeWalt
et al. 2003, Degen et al. 2006, Cockle et al. 2010).
As anthropogenic disturbance in tropical ecosys-
tems grows, we need to understand how endan-
gered species are affected and adapt to their new
environment. Ecological traps can form if cues are
used to select suitable nest-sites, and actual nest-
site quality becomes uncoupled as the result of
anthropogenic  disturbance. This can lead to
declines in productivity and subsequent population
decline (e.g. Tozer et al. 2012, Zhu et al. 2012,
Diaz & Kitzberger 2013). We found that repro-
ductive success is associated with cavity features
(Chassot et al. 2007, Grantham et al. 2020, Karra
et al. 2021); however, the use of low-quality nest-
sites suggests that high-quality nest-sites may be
limiting reproductive output. It is unclear whether
the reproductive success of 1.34 fledglings per
breeding attempt is sufficient to maintain this pop-
ulation. More work studying the breeding biology
of Great Green Macaw in less degraded regions
will be important. By studying nest-site selection
and productivity together, we have identified fac-
tors that could potentially limit the future recov-
ery of the critically endangered Great Green
Macaw. Finally, we suggest that nestbox provision-
ing could be a solution to the lack of high-quality
nest-sites and the potential loss of nest-sites to for-
est regeneration in the future. This approach can
be successful but does mean a long-term commit-
ment to maintenance for conservationists.

AUTHOR CONTRIBUTIONS

Thomas C. Lewis: Conceptualization; methodol-
ogy; data curation; formal analysis; investigation;
visualization; project administration; resources;
writing — review and editing; writing — original
draft; software. Ignacio Gutiérrez Vargas: Investi-
gation; data curation. Claire Vredenbregt: Investi-
gation. Mario Jimenez: Investigation. Ben
Hatchwell: Supervision; writing — review and edit-
ing; funding acquisition; validation. Andrew P.
Beckerman: Funding acquisition; supervision; writ-
ing — review and editing; validation. Dylan Z.
Childs: Conceptualization; methodology; supervi-
sion; funding acquisition; writing — review and

© 2023 The Authors. Ibis published by John Wiley & Sons Ltd on behalf of British Ornithologists' Union.

9SUQDIT suowwo)) dAnear) dqesrfdde oy Aq pauroa0s are sa[onIe Y asn Jo SN 10J A1eIqI] ouI[uQ AS[IA\ UO (SUOTIPUOD-PUB-SULIA) W0 K[IM" ATRIqI[auT[uoy/:sd)Y) SUONIPUO)) puk SWIAL, oY) 39S “[£707/60/11] U0 Areiqi autjuQ A1 “I1S9L £q Z9ZE1 191/ 111°01/10p/wod" Kofim’ATeIqrjaurjuoy/:sdiy woiy papeo[umo( ‘0 ‘X616vLYy 1



editing; writing — original draft; software; formal
analysis; validation.

ACKNOWLEDGEMENTS

This study was funded through the National Envi-
ronmental Research Council's (NERC) ACCE
Doctoral Training program (NE/L002450/1) with
support from Macaw Recovery Network, Costa
Rica and Chester Zoo, UK. All work carried out in
Costa Rica was done so under permit R-SINAC-
PNI-ACAHN-29-2019.

CONFLICT OF INTEREST
STATEMENT

There are no conflicts of interest.

FUNDING

Natural Environment Research Council.

ETHICAL NOTE

None.

Data Availability Statement

All data and code used in this paper can be found
in Appendix S1.

REFERENCES

Berkunsky, l., Segura, L.N., Aramburd, R.M., Ruggera,
R.A., Svagelj, W.S. & Reboreda, J.C. 2016. Nest survival
and predation in blue-fronted parrots Amazona aestiva:
Effects of nesting behaviour and cavity characteristics.
Ardea 104: 143-151.

Berkunsky, I, Quillfeldt, P., Brightsmith, D.J., Abbud,
M.C., Aguilar, J.M.R.E., Aleman-Zelaya, U., Aramburd,
R.M., Arce Arias, A., Balas McNab, R., Balsby, T.J.S.,
Barredo Barberena, J.M., Beissinger, S.R., Rosales, M.,
Berg, K.S., Bianchi, C.A., Blanco, E., Bodrati, A,
Bonilla-Ruz, C., Botero-Delgadillo, E., Canavelli, S.B.,
Caparroz, R., Cepeda, R.E., Chassot, O., Cinta-
Magallén, C., Cockle, K.L., Daniele, G., de Araujo, C.B.,
de Barbosa, A.E., de Moura, L.N., Del Castillo, H., Diaz,
S., Diaz-Luque, J.A., Douglas, L., Figueroa Rodriguez,
A., Garcia-Anleu, R.A., Gilardi, J.D., Grilli, P.G., Guix,
J.C., Hernandez, M., Hernandez-Muioz, A., Hiraldo, F.,
Horstman, E., Ibarra Portillo, R., Isacch, J.P., Jiménez,
J.E., Joyner, L., Juarez, M., Kacoliris, F.P., Kanaan,
V.T., Klemann-Janior, L., Latta, S.C., Lee, A.T.K,,
Lesterhuis, A., Lezama-Lépez, M., Lugarini, C., Marateo,
G., Marinelli, C.B., Martinez, J., McReynolds, M.S., Mejia

Nest-site selection and productivity of the Great Green Macaw 13

Urbina, C.R., Monge-Arias, G., Monterrubio-Rico, T.C.,
Nunes, A.P., Nunes, F., Olaciregui, C., Ortega-Arguelles,
J., Pacifico, E., Pagano, L., Politi, N., Ponce-Santizo, G.,
Portillo Reyes, H.O., Prestes, N.P., Presti, F., Renton,
K., Reyes-Macedo, G., Ringler, E., Rivera, L.,
Rodriguez-Ferraro, A., Rojas-Valverde, A.M., Rojas-
Llanos, R.E., Rubio-Rocha, Y.G., Saidenberg, A.B.S.,
Salinas-Melgoza, A., Sanz, V., Schaefer, H.M., Scherer-
Neto, P., Seixas, G.H.F., Serafini, P., Silveira, L.F.,
Sipinski, E.A.B., Somenzari, M., Susanibar, D., Tella,
J.L., Torres-Sovero, C., Trofino-Falasco, C., Vargas-
Rodriguez, R., Vazquez-Reyes, L.D., White, T.H.,
Williams, S., Zarza, R. & Masello, J.F. 2017. Current
threats faced by Neotropical parrot populations. Biol.
Conserv. 214: 278-287.

Berthier, K., Leippert, F., Fumagalli, L. & Arlettaz, R. 2012.
Massive nest-box supplementation boosts fecundity, survival
and even immigration without altering mating and
reproductive behaviour in a rapidly recovered bird
population. PLoS One 7: €36028.

BirdLife International. 2020. Great Green Macaw (Ara
ambiguus) - BirdLife species factsheet. Available at http://
datazone.birdlife.org/species/factsheet/great-green-macaw-
ara-ambiguus (accessed 5 January 2021).

Borgman, C.C. & Wolf, B.O. 2016. The indirect effects of
climate variability on the reproductive dynamics and
productivity of an avian predator in the arid southwest.
Oecologia 180: 279-291.

Brazill-Boast, J., Pryke, S.R. & Griffith, S.C. 2013.
Provisioning habitat with custom-designed nest-boxes
increases reproductive success in an endangered finch.
Austral Ecol. 38: 405-412.

Britt, C.R., Anleu, R.G. & Desmond, M.J. 2014. Nest survival
of a long-lived psittacid: Scarlet macaws (Ara Macao
cyanoptera) in the Maya biosphere Reserve of Guatemala
and Chiquibul Forest of Belize. Condor 116: 265-276.

Biirkner, P.-C. 2017. Brms: An R package for Bayesian
multilevel models using Stan. J. Stat. Softw. 80: 1-28.

Biirkner, P. 2021. Bayesian item response modeling in R with
brms and Stan. J. Stat. Softw. 100: 1-54.

Biirkner, P.-C. 2018. Advanced Bayesian multilevel modeling
with the R package brms. R J. 10: 395-411.

van Buuren, S. & Groothuis-Oudshoorn, K. 2011. Mice:
Multivariate imputation by chained equations in R. J. Stat.
Softw. 45: 1-67.

Calvo-Alvarado, J., McLennan, B., Sanchez-Azofeifa, A. &
Garvin, T. 2009. Deforestation and forest restoration in
Guanacaste, Costa Rica: Putting conservation policies in
context. For. Ecol. Manag 258: 931-940.

Carlson, A., Sandstrom, U. & Olsson, K. 1998. Availability
and use of natural tree holes by cavity nesting birds in a
Swedish deciduous forest. Ardea 86: 109-119.

Carrete, M., Donazar, J.A. & Margalida, A. 2006. Density-
dependent productivity depression in Pyrenean bearded
vultures: Implications for conservation. Ecol. Appl. 16: 1674—
1682.

Chassot, O. & Monge, G.A. 2012. Connectivity conservation
of the great green Macaw’s landscape in Costa Rica and
Nicaragua (1994-2012). Parks 18: 61-68.

Chassot, O., Arias, G.M. & Powell, G.V.N. 2007. Biologia de
la Conservacion de Ara ambiguus en Costa Rica, 1994-
2006. Mesoamerica 11: 43-49.

© 2023 The Authors. Ibis published by John Wiley & Sons Ltd on behalf of British Ornithologists' Union.

9SUQDIT suowwo)) dAnear) dqesrfdde oy Aq pauroa0s are sa[onIe Y asn Jo SN 10J A1eIqI] ouI[uQ AS[IA\ UO (SUOTIPUOD-PUB-SULIA) W0 K[IM" ATRIqI[auT[uoy/:sd)Y) SUONIPUO)) puk SWIAL, oY) 39S “[£707/60/11] U0 Areiqi autjuQ A1 “I1S9L £q Z9ZE1 191/ 111°01/10p/wod" Kofim’ATeIqrjaurjuoy/:sdiy woiy papeo[umo( ‘0 ‘X616vLYy 1



14 T.C. Lewis et al.

Chassot, O., Monge, G.A., Aleman-Zelaya, U. & Gonzalez-
Tellez, A. 2011. Primer reporte dun arbol con nidos activos
de guacamayo rojo (Ara Macao) y guacamayo verde major
(Ara ambiguus) en bosque muy humedo tropical de
Centroamerica. Zeledonia 15: 72-79.

Chun, S. 2008. The utility of digital aerial surveys in
censusing Diptryx panamensis, the key food and nesting
tree of the endangered Great-green Macaw (Ara ambiguus)
in Costa Rica. PhD Thesis, Duke University.

CITES. 2022. Consideration of proposals for amendment of
appendices | AND Il (No. Nineteenth Meeting of the
Conference of the Parties). CITES, Panama City, Panama.

Cockle, K.L., Martin, K. & Drever, M.C. 2010. Supply of tree-
holes limits nest density of cavity-nesting birds in primary
and logged subtropical Atlantic forest. Biol. Conserv. 143:
2851-2857.

Cockle, K.L., Bodrati, A., Lammertink, M. & Martin, K.
2015. Cavity characteristics, but not habitat, influence nest
survival of cavity-nesting birds along a gradient of human
impact in the subtropical Atlantic Forest. Biol. Conserv. 184:
193-200.

Cooke, R.S.C., Eigenbrod, F. & Bates, A.E. 2019. Projected
losses of global mammal and bird ecological strategies. Nat.
Commun. 10: 2279.

Coppes, J., Kdimmerle, J.-L., Schroth, K.-E., Braunisch, V.
& Suchant, R. 2021. Weather conditions explain
reproductive success and advancement of the breeding
season in Western Capercaillie (Tetrao urogallus). Ibis 163:
990-1003.

Danchin, E. & Wagner, R.H. 1997. The evolution of
coloniality: The emergence of new perspectives. Trends
Ecol. Evol. 12: 342-347.

Darling, L.M., Finlay, J.C., Gillespie, T.W., Cousens, B.,
Kostka, S. & Baker, A. 2004. Recovery of the purple martin
in British Columbia: More than a nest box program, 10.

De Labra-Hernandez, M.A. & Renton, K. 2016. Importance
of large, old primary Forest trees in nest-site selection by
the northern mealy Amazon (Amazona guatemalae). Trop.
Conserv. Sci. 9: 1940082916680361.

Degen, B., Blanc, L., Caron, H., Maggia, L., Kremer, A. &
Gourlet-Fleury, S. 2006. Impact of selective logging on
genetic composition and demographic structure of four
tropical tree species. Biol. Conserv. 131: 386-401.

DeWalt, S.J., Maliakal, S.K. & Denslow, J.S. 2003. Changes
in vegetation structure and composition along a tropical
forest chronosequence: Implications for wildlife. For. Ecol.
Manage. 182: 139-151.

Dhondt, A.A. 2010. Effects of competition on great and blue
tit reproduction: Intensity and importance in relation to
habitat quality. J. Anim. Ecol. 79: 257-265.

Diaz, S. & Kitzberger, T. 2013. Nest habitat selection by the
austral parakeet in North-Western Patagonia. Austral Ecol.
38: 268-278.

Eberhard, J.R. 2002. Cavity adoption and the evolution of
coloniality in cavity-nesting birds. Condor 104: 240-247.

Edington, J.M. & Edington, M.A. 1972. Spatial patterns and
habitat partition in the breeding birds of an upland wood. J.
Anim. Ecol. 41: 331-357.

Fagan, M.E., DeFries, R.S., Sesnie, S.E., Arroyo, J.P.,
Walker, W., Soto, C., Chazdon, R.L. & Sanchun, A. 2013.
Land cover dynamics following a deforestation ban in
northern Costa Rica. Environ. Res. Lett. 8: 34017.

Fichtler, E., Clark, D.A. & Worbes, M. 2003. Age and long-
term growth of trees in an old-growth tropical rain Forest,
based on analyses of tree rings and 14C1. Biotropica 35:
306-317.

Forshaw, J.M. 2010. Parrots of the World (Vol. 70). Princeton
University Press.

Forslund, P. & Part, T. 1995. Age and reproduction in birds
— Hypotheses and tests. Trends Ecol. Evol. 10: 374-378.
Gilman, A.C., Letcher, S.G., Fincher, R.M., Perez, A.l,
Madell, T.W., Finkelstein, A.L. & Corrales-Araya, F. 2016.
Recovery of floristic diversity and basal area in natural forest
regeneration and planted plots in a Costa Rican wet forest.

Biotropica 48: 798-808.

Goodenough, A.E., Hart, A.G. & Elliot, S.L. 2008. Variation
in offspring quality with cavity orientation in the great tit.
Ethol. Ecol. Evol. 20: 375-389.

Grames, E.M., Montgomery, G.A., Youngflesh, C., Tingley,
M.W. & Elphick, C.S. 2023. The effect of insect food
availability on songbird reproductive success and chick body
condition: Evidence from a systematic review and meta-
analysis. Ecol. Lett. 26: 658-673.

Grantham, H.S., Duncan, A., Evans, T.D., Jones, KR,
Beyer, H.L., Schuster, R., Walston, J., Ray, J.C,
Robinson, J.G., Callow, M., Clements, T., Costa, H.M.,
DeGemmis, A., Elsen, P.R., Ervin, J., Franco, P.,
Goldman, E., Goetz, S., Hansen, A., Hofsvang, E., Jantz,
P., Jupiter, S., Kang, A., Langhammer, P., Laurance,
W.F., Lieberman, S., Linkie, M., Malhi, Y., Maxwell, S.,
Mendez, M., Mittermeier, R., Murray, N.J., Possingham,
H., Radachowsky, J., Saatchi, S., Samper, C., Silverman,
J., Shapiro, A., Strassburg, B., Stevens, T., Stokes, E.,
Taylor, R., Tear, T., Tizard, R., Venter, O., Visconti, P.,
Wang, S. & Watson, J.E.M. 2020. Anthropogenic
modification of forests means only 40% of remaining forests
have high ecosystem integrity. Nat. Commun. 11: 5978.

Heinsohn, R. 2008. The ecological basis of unusual sex roles
in reverse-dichromatic eclectus parrots. Anim. Behav. 76:
97-103.

Herzog, S.K., Maillard, O., Boorsma, T., Sénchez-AviIa, G.,
Garcia-Soliz, V.H., Paca-Condori, A.C., Abajo, M.V.D. &
Soria-Auza, R.W. 2021. First systematic sampling approach
to estimating the global population size of the critically
endangered blue-throated macaw Ara glaucogularis. Bird
Conserv. Int. 31: 293-311.

van der Hoek, Y., Gaona, G.V. & Martin, K. 2017. The
diversity, distribution and conservation status of the
tree-cavity-nesting birds of the world. Divers. Distrib. 23:
1120-1131.

IUCN. 2020. The IUCN Red List of Threatened Species. IUCN
Red List Threat. Species. https://www.iucnredlist.org/en
(accessed 13 January 2021)

Jadin, I, Meyfroidt, P. & Lambin, E.F. 2016. International
trade, and land use intensification and spatial reorganization
explain Costa Rica’s forest transition. Environ. Res. Lett. 11:
35005.

Jimenez, M., Marin, P., Coto, D., Vargas, B. & Emanuel, R.
2020. Anidacién simultanea de Ara ambiguus y Ara Macao
en Vochysia ferruginea, en la zona norte de Costa Rica.
Zeledonia 24: 51-54.

Jones, C.G., Heck, W., Lewis, R.E., Mungroo, Y., Slade, G.
& Cade, T. 1995. The restoration of the Mauritius kestrel
Falco punctatus population. Ibis 137: 173-180.

© 2023 The Authors. Ibis published by John Wiley & Sons Ltd on behalf of British Ornithologists' Union.

9SUQDIT suowwo)) dAnear) dqesrfdde oy Aq pauroa0s are sa[onIe Y asn Jo SN 10J A1eIqI] ouI[uQ AS[IA\ UO (SUOTIPUOD-PUB-SULIA) W0 K[IM" ATRIqI[auT[uoy/:sd)Y) SUONIPUO)) puk SWIAL, oY) 39S “[£707/60/11] U0 Areiqi autjuQ A1 “I1S9L £q Z9ZE1 191/ 111°01/10p/wod" Kofim’ATeIqrjaurjuoy/:sdiy woiy papeo[umo( ‘0 ‘X616vLYy 1



Jones, J.A., Harris, M.R. & Siefferman, L. 2014. Physical
habitat quality and interspecific competition interact to
influence territory settlement and reproductive success in a
cavity nesting bird. Front. Ecol. Evol 2: 2.

Karra, K., Kontgis, C., Statman-Weil, Z., Mazzariello, J.C.,
Mathis, M. & Brumby, S.P. 2021. Global land use/land
cover with sentinel 2 and deep leamning. In: 2021 IEEE
International Geoscience and Remote Sensing Symposium
IGARSS. Presented at the 2021 I|EEE International
Geoscience and Remote Sensing Symposium IGARSS,
pp. 4704-4707 hitps://doi.org/10.1109/IGARSS47720.2021.
9553499

Koenig, S.E. 2001. The breeding biology of black-billed parrot
Amazona agilis and yellow-billed parrot Amazona collaria in
cockpit country, Jamaica. Bird Conserv. Int 11: 205-225.

Lang, N., Jetz, W., Schindler, K. & Wegner, J.D. 2022. A
high-resolution canopy height model of the earth. arxiv
https://doi.org/10.48550/arXiv.2204.08322 [Preprint].

Lindenmayer, D.B., Cunningham, R.B., Pope, M.L.,
Gibbons, P. & Donnelly, C.F. 2000. Cavity sizes and types
in Australian eucalypts from wet and dry forest types-a
simple of rule of thumb for estimating size and number of
cavities. For. Ecol. Manage. 137: 139-150.

Lohmus, A. & Remm, J. 2005. Nest quality limits the number
of hole-nesting passerines in their natural cavity-rich habitat.
Acta Oecol. 27: 125-128.

Marsden, S.J. & Jones, M.J. 1997. The nesting requirements
of the parrots and hornbill of Sumba, Indonesia. Biol.
Conserv. 82: 279-287.

Mauck, R.A., Huntington, C.E. & Grubb, T.C. Jr. 2004. Age-
specific reproductive success: Evidence for the selection
hypothesis. Evolution 58: 880-885.

McDonald, P.G., Olsen, P.D. & Cockburn, A. 2004. Weather
dictates reproductive success and survival in the Australian
brown falcon Falco berigora. J. Anim. Ecol. 73: 683-692.

McGillivray, W.B. 1981. Climatic influences on productivity in
the house sparrow. Wilson Bull. 93: 196-206.

Mejias, M.A., Wingate, D.B., Madeiros, J.L., Wiersma, Y.F.
& Robertson, G.J. 2017. Nest-cavity selection and nesting
success of Bermudian White-Tailed Tropicbirds (Phaethon
lepturus catesbyi). Wilson J. Omithol 129: 586-599.

Monge, G.A., Chassot, O., Powell, G.V.N., Palminteri, S.,
Aleman-Zelaya, U. & Wright, P. 2003. Ecologia de la lapa
verde (Ara ambiguus) en Costa Rica. Zeledonia 7: 4-12.

Monge, G.A., Chassot, O., Ramirez, 6., Zelaya, lL.A.,
Figueroa, A. & Brenes, D. 2012. Temporada de nidificacién
2009 de Ara ambiguus y Ara Macao en el Sureste de
Nicaragua y Norte de Costa Rica. Zeledonia 16: 3-14.

Newton, I. 1998. Population Limitation in Birds. New York:
Academic Press.

Nilsson, S.G. 1984. The evolution of nest-site selection
among hole-nesting birds: The importance of nest predation
and competition. Ornis Scand. 15: 167-175.

Olah, G., Vigo, G., Heinsohn, R. & Brightsmith, D.J. 2014.
Nest site selection and efficacy of artificial nests for
breeding success of scarlet macaws Ara Macao Macao in
lowland Peru. J. Nat. Conserv. 22: 176-185.

Parr, M. & Juniper, T. 2010. Parrots: A Guide to Parrots of
the World. London: Bloomsbury Publishing.

de la Parra-Martinez, S.M., Renton, K., Salinas-Melgoza, A.
& Munoz-Lacy, L.G. 2015. Tree-cavity availability and

Nest-site selection and productivity of the Great Green Macaw 15

selection by a large-bodied secondary cavity-nester: The
military macaw. J. Omithol. 156: 489-498.

de la Pena-Domene, M., Martinez-Garza, C. & Howe, H.F.
2013. Early recruitment dynamics in tropical restoration.
Ecol. Appl. 23: 1124-1134.

Penone, C., Davidson, A.D., Shoemaker, K.T., Di Marco,
M., Rondinini, C., Brooks, T.M., Young, B.E., Graham,
C.H. & Costa, G.C. 2014. Imputation of missing data in life-
history trait datasets: Which approach performs the best?
Methods Ecol. Evol. 5: 961-970.

Pizo, M.A., Donatti, C.l., Guedes, N.M.R. & Galetti, M. 2008.
Conservation puzzle: Endangered hyacinth macaw depends
on its nest predator for reproduction. Biol. Conserv. 141:
792-796.

Powell, G.V.N., Wright, P., Aleman-Zelaya, U., Guindon, C.,
Palminteri, S. & Bjork, R. 1999. Research findings and
conservation recommendations for the great green macaw
(Ara ambigua) in Costa Rica. San Jose, Costa Rica: Centro
Cientifico Tropical.

R Core Team 2021. R: A Language and Environment for
Statistical Computing. Vienna: R Foundation for Statistical
Computing.

Rendell, W.B. & Robertson, R.J. 1989. Nest-site
characteristics, reproductive success and cavity availability
for tree swallows breeding in natural cavities. Condor 91:
875-885.

Renton, K. & Brightsmith, D.J. 2009. Cavity use and
reproductive success of nesting macaws in lowland forest of
Southeast Peru. J. Field Omithol. 80: 1-8.

Renton, K. & Salinas-Melgoza, A. 2004. Climatic variability,
Nest predation, and reproductive output of lilac-crowned
parrots (Amazona finschi) in tropical dry Forest of Western
Mexico. Auk 121: 1214-1225.

Renton, K., Salinas-Melgoza, A., De Labra-Hernandez, M.A.
& de la Parra-Martinez, S.M. 2015. Resource requirements
of parrots: Nest site selectivity and dietary plasticity of
Psittaciformes. J. Ornithol. 156: 73-90.

Robertson, B.A. & Hutto, R.L. 2006. A framework for
understanding ecological traps and an evaluation of existing
evidence. Ecology 87: 1075-1085.

Rottenborn, S.C. 2000. Nest-site selection and reproductive
success of urban red-shouldered hawks in Central
California. J. Raptor Res. 34: 18-25.

Rowley, J.S. 1984. Breeding records of land birds in Oaxaca,
Mexico. West. Found. Vertebr. Zool.

Sader, S.A. & Joyce, A.T. 1988. Deforestation rates and
trends in Costa Rica, 1940 to 1983. Biotropica 20: 11-19.
Safran, R.J. 2006. Nest-site selection in the barn swallow,
Hirundo rustica: What predicts seasonal reproductive

success? Can. J. Zool. 84: 1533-1539.

Saunders, D.A., Smith, G.T. & Rowley, I. 1982. The
availability and dimensions of tree hollows that provide nest
sites for cockatoos (Psittaciformes) in Western Australia.
Wildl. Res. 9: 541-556.

Siikamaki, P. 1998. Limitation of reproductive success by
food availability and breeding time in pied flycatchers.
Ecology 79: 1789-1796.

Stojanovic, D., Webb, M.H., Alderman, R., Porfirio, L.L. &
Heinsohn, R. 2014. Discovery of a novel predator reveals
extreme but highly variable mortality for an endangered
migratory bird. Divers. Distrib. 20: 1200-1207.

© 2023 The Authors. Ibis published by John Wiley & Sons Ltd on behalf of British Ornithologists' Union.

9SUQDIT suowwo)) dAnear) dqesrfdde oy Aq pauroa0s are sa[onIe Y asn Jo SN 10J A1eIqI] ouI[uQ AS[IA\ UO (SUOTIPUOD-PUB-SULIA) W0 K[IM" ATRIqI[auT[uoy/:sd)Y) SUONIPUO)) puk SWIAL, oY) 39S “[£707/60/11] U0 Areiqi autjuQ A1 “I1S9L £q Z9ZE1 191/ 111°01/10p/wod" Kofim’ATeIqrjaurjuoy/:sdiy woiy papeo[umo( ‘0 ‘X616vLYy 1



16 T. C. Lewis et al.

Stojanovic, D., Webb Nee Voogdt, J., Webb, M., Cook, H. &
Heinsohn, R. 2016. Loss of habitat for a secondary cavity
nesting bird after wildfire. For. Ecol. Manage. 360: 235-241.

Stojanovic, D., Rayner, L., Webb, M. & Heinsohn, R. 2017.
Effect of nest cavity morphology on reproductive success of
a critically endangered bird. Emu - Austral Omithol. 117:
247-253.

Stojanovic, D., Rayner, L., Cobden, M., Davey, C., Harris,
S., Heinsohn, R., Owens, G. & Manning, A.D. 2021.
Suitable nesting sites for specialized cavity dependent
wildlife are rare in woodlands. For. Ecol. Manage. 483:
118718.

Stokes, D.L. & Boersma, P.D. 1998. Nest-site characteristics
and reproductive success in Magellanic penguins
(Spheniscus magellanicus). Auk 115: 34-49.

Tatayah, V., Malham, J., Haverson, P., Reuleaux, A. & Van
de Wetering, J. 2007. Design and provision of nest boxes
for echo parakeets Psittacula eques in Black River gorges
National Park, Mauritius. Conserv. Evid. 4: 16-19.

Taugourdeau, S., Villerd, J., Plantureux, S., Huguenin-Elie,
O. & Amiaud, B. 2014. Filing the gap in functional trait
databases: Use of ecological hypotheses to replace missing
data. Ecol. Evol. 4: 944-958.

Tollington, S., Jones, C.G., Greenwood, A., Tatayah, V.,
Raisin, C., Burke, T., Dawson, D.A. & Groombridge, J.J.
2013. Long-term, fine-scale temporal patterns of genetic
diversity in the restored Mauritius parakeet reveal genetic
impacts of management and associated demographic
effects on reintroduction programmes. Biol. Conserv. 161:
28-38.

Tomas, G., Ruiz-Castellano, C., Ruiz-Rodriguez, M. &
Soler, J.J. 2020. Smaller distance between nest contents
and cavity entrance increases risk of ectoparasitism in
cavity-nesting birds. J. Avian Biol. 51. https://doi.org/10.
1111/jav.02427

Tozer, D.C., Burke, D.M., Nol, E. & Elliott, K.A. 2012.
Managing ecological traps: Logging and sapsucker nest
predation by bears. J. Wildl. Manag. 76: 887-898.

Vergara-Tabares, D.L., Cordier, J.M., Landi, M.A., Olah, G.
& Nori, J. 2020. Global trends of habitat destruction and
consequences for parrot conservation. Glob. Change Biol.
26: 4251-4262.

Watanabe, S. 2010. Asymptotic equivalence of Bayes cross
validation and widely applicable information criterion in
singular learning theory. J. Mach. Learn. Res. 11: 24.

Webb, M.H., Holdsworth, M.C. & Webb, J. 2012. Nesting
requirements of the endangered swift parrot (Lathamus
discolor). Emu - Austral Ornithol. 112: 181-188.

Wesolowski, T. 2002. Anti-predator adaptations in nesting
marsh tits Parus palustris: The role of nest-site security. Ibis
144: 593-601.

Wesotowski, T. 2007. Lessons from long-term hole-nester
studies in a primeval temperate forest. J. Ornithol. 148:
395-405.

White, T.H., Brown, G. & Collazo, J. 2006. Artificial cavities
and nest site selection by Puerto Rican parrots: A multiscale
assessment. Avian Conserv. Ecol. 1.

Wright, T.F., Toft, C.A., Enkerlin-Hoeflich, E., Gonzalez-
Elizondo, J., Albornoz, M., Rodriguez-Ferraro, A., Rojas-
Suarez, F., Sanz, V., Truijillo, A., Beissinger, S.R., Vicente
Berovides, A., Xiomara Galvez, A., Brice, A.T., Joyner,
K., Eberhard, J., Gilardi, J., Koenig, S.E., Stoleson, S.,
Martuscelli, P., Meyers, J.M., Renton, K., Rodriguez,
A.M., Sosa-Asanza, A.C., Vilella, F.J. & Wiley, J.W. 2001.
Nest poaching in Neotropical parrots. Conserv. Biol. 15:
710-720.

Zhu, X., Srivastava, D.S., Smith, J.N.M. & Martin, K. 2012.
Habitat selection and reproductive success of Lewis’s
woodpecker (Melanerpes lewis) at its northern limit. PLoS
One 7: e44346.

Received 11 January 2023;
Revision 27 June 2023;
revision accepted 24 July 2023.
Associate Editor: Stuart Marsden.

SUPPORTING INFORMATION

Additional supporting information may be found
online in the Supporting Information section at
the end of the article.

Figure S1. Cavity entrance diagram.

Figure S2. Visualization of a correlation matrix
between all cavity features.

Figure S3. Species of trees that were occupied
and unoccupied showing that there is no strong
selection for any particular species.

Equation S1. Entrance area equation.

Table S1. Summary of all tree and cavity char-
acteristics of occupied (n = 37) and unoccupied
(n = 79) cavities.
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