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Determining how environmental factors and threats influence species occupancy patterns is
essential to establish more efficient management strategies and policies for conserving natural
populations and habitats. The Yellow-green Grosbeak (Caryothraustes canadensis) is a canopy
specialist bird that occurs in the Atlantic Forest and represents a good model for evaluating how
changes in regional scale characteristics can affect occupancy patterns of forest specialist species.
Increasingly, occupancy models are being used to maximize these predictions because they are
statistical methods that take imperfect detection into account, which strengthens inferences
compared to other approaches. We evaluated how multiple environmental factors affected the large-
scale occupancy of the C. canadensis over the last 30 years in the far north of the Brazilian Atlantic
Forest, a recognized center of endemism and biodiversity. In this study, we collected secondary data

from C. canadensis between 1991 and 2020. The occupancy of C. canadensis and several
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environmental factors that explain the historical occupancy dynamics of the species in the northern
Atlantic Forest region was determined, and analyses were conducted with single-season occupancy
models. The daytime temperature range had the most significant impact on occupancy. The climate
stability and the forest area were determining factors in the large-scale occupancy of C. canadensis.
Other impacts on occupancy were noted as altitude and secondary effects due to the precipitation.
Records of C. canadensis in the region are probably associated with multiple interaction factors.
The preservation of forested and climatically stable habitats of the region should favor the
establishment of forest specialist species such as C. canadensis along the studied stretch. Along the
final portion of the Sao Francisco River, the more significant climatic instability, probably a
consequence of the loss of forest cover, can be considered an area that requires more urgent action
for the conservation of this forest specialist species. Thus, our data validate the importance of forest
remnants and reinforce the adverse effects of habitat fragmentation and degradation on the

requirements of endemic bird populations of the Atlantic Forest.
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BACKGROUND

Changes in species’ current distribution patterns and regional extinctions in the Atlantic
Forest are often attributed to habitat degradation (Joly et al. 2014; Diniz et al. 2022). Yet, there is
evidence that other interacting factors, such as climate, topography, and forest cover, may also
influence species distributions (Loiselle et al. 2010; Morante-Filho et al. 2021; Ribon et al. 2021).
To establish more efficient conservation strategies and policies, it is paramount to investigate how
multiple factors and threats influence the observed distributional patterns of natural populations,
especially those considered endemic or threatened. These strategies tend to be quite expensive and
require great effort in the field, which limits their results (Crouzeilles et al. 2020; Strassburg et al.
2020). To avoid wasting resources and efforts, therefore, conservation strategies must be based on
the best available evidence and sound scientific analyses. Nonetheless, much of the information
generated so far is not very robust when it comes to assessing environmental impacts (Bolton et al.

2019), discovering new populations (Allen and McMullin 2019), or describing poorly known ones
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(Roberts et al. 2016) due to the inclusion of sampling biases, which can also limit the efficiency and
success of many conservation strategies.

As a step forward, site-occupancy modeling approaches can reduce detection biases while
estimating the values of species’ habitat use (MacKenzie et al. 2002). These models are known as
occupancy models and have become more and more used and popular over time (Del-Rio et al.
2015; Morante-Filho et al. 2021; Ribon et al. 2021). There are currently several occupancy
modeling approaches, both in the context of populations and communities (MacKenzie et al. 2018).
Whereas most distribution models do not consider the imperfect detection of species among their
particularities, models that estimate occupancy based on population parameters that incorporate
imperfect detection (MacKenzie et al. 2002, 2003) can reduce sampling biases due to errors in
species detection (Bailey and Adams 2005). Two parameters are needed to generate more robust
models and results: the occupancy probability and the detection probability (MacKenzie et al.
2002). Here, occupancy is conceptualized as the probability of species or taxonomic groups
occupying a site (e.g., forest, lake, geographic point, etc.) in each period (MacKenzie et al. 2002).
Detection probability is the chance of registering the presence of the target species at a given time
and location. In addition to occupancy and detection estimates, it is possible to include site
covariates in the occupancy modeling (MacKenzie et al. 2002), which provides more adjusted
models with high explanatory power and allows one to better understand what factors influence
species distributions.

Efforts to generate these accurate occupancy models have been growing concomitantly with
applications on different methods and taxa, which are linked to their ability to make more realistic
predictions about the species occupancy (e.g., Peterman et al. 2013; Vasudev et al. 2021; Vitekere
et al. 2021). Recently, studies have explored occupancy with this predictive power for 68 birds in
the southern portion of the Brazilian Atlantic rainforest and have shown that a reduced proportion
of forest cover is negatively associated with the occupancy of the studied populations (Morante-
Filho et al. 2021). Ribon et al. (2021) have shown how topography can also interfere with bird
occupancy in the Atlantic Forest due to its interaction with the availability of microhabitats and
local climate. Analyzed separately, these results can be controversial, but together they suggest that
the inclusion or exclusion of certain information helps to explain the processes that act
concomitantly on species occupancy. These types of results can provide important paths for
management and conservation strategies.

In Brazil, we have seen an increase in studies that use occupancy models to address issues
related to bird ecology and conservation. For instance, studies that have considered biogeographic
factors have primarily emphasized vegetation (Del-Rio et al. 2015; Bhakti et al. 2018; Morante-
Filho et al. 2021) and topography (Ribon et al. 2021) as predictors of bird occupancy in the Atlantic
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Forest. Thus, considering the most relevant factors that are commonly related to the distribution
patterns of forest birds at local scales, we tested their potential to also predict the occupancy of the
Yellow-green Grosbeak (Caryothraustes canadensis) at relatively larger scales and over the last 30
years in the highly threatened northernmost portion of the Atlantic Forest. Based on the species’
habitat requirements and the climate properties of the current taxon’s distributional records, we
expected higher occupancy rates in moderate to highly forested and rainy areas. Additionally, we
also evaluated the contribution of other environmental factors that might help explain the historical

occupancy dynamics of the species in the northern Atlantic Forest region.

MATERIALS AND METHODS

Study area and spatial design

We carried out the study in the far north of the Atlantic Forest, Northeastern Brazil, in the
states of Alagoas, Pernambuco, Paraiba, and Rio Grande do Norte (Fig. 1). Historically, the region
is considered the most degraded portion of the Atlantic Forest, due to the conversion of native forest
into agricultural land (e.g., sugarcane matrix) since the 16th century when European peoples
colonized Brazil (Joly et al. 2014). It is estimated that more than 85% of the original cover of this
forest has already been removed and that most of the small remnants are highly isolated from each
other and remain under constant anthropogenic pressures (see Ribeiro et al. 2009). This area
contains the largest number of threatened and endemic birds in the Atlantic Forest (ICMBio 2018)
and is where the first extinctions of bird taxa in the Atlantic Forest occurred (Lees and Pimm 2015).

As the limits of this ecosystem vary according to the literature and adopted criteria, we
considered the Atlantic Forest integrative limit provided by Muylaert et al. (2018) to delimit our
study area. Then, we established a continuous grid with 204 cells (~ 17 x 17 km) within this
established boundary to study species occupancy in the region (Fig. 1). Our sampling unit is

represented by each grid cell.
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Fig. 1. Study area and spatial design in the far north of the Atlantic Forest, Brazil. The 204 grid
cells, designed around the Atlantic Forest integrative limit (Muylaert et al. 2018), were used to
collect occurrence data of Caryothraustes canadensis between 1991-2020.

Target species

We studied the occupancy of Yellow-green Grosbeak (Caryothraustes canadensis frontalis)
(Hellmayr, 1830), an endemic Cardinalidae taxon from the Brazilian Atlantic Forest (Silveira et al.
2022). This subspecies exhibits a strong dependence on forested environments and is characterized
by a geographically restricted distribution in the far north of the Atlantic Forest domain (Brewer
2020; Silveira et al. 2022). Notably, it and C. c. brasiliensis have been proposed as distinct species,
separate from other populations based on genetic, vocal, and morphological attributes (Tonetti et al.
2017). This taxonomic proposal was accepted by the Brazilian Committee of Ornithological
Records (CBRO), which officially designates both lineages within the Atlantic Forest as a single
species, denoted as C. brasiliensis (Pacheco et al. 2021). Nevertheless, recently, C. c. frontalis was
recognized as a valid terminal taxon by Lima (2022). Besides, this population is recognized by its
geographically disjunct distribution, primarily inhabiting the region north of the Sao Francisco
River, in the states of Pernambuco and Alagoas (Silveira et al. 2022). Therefore, in the following
sections of the text, when we use the nomenclature Caryothraustes canadensis we are referring to
the population C. c. frontalis. Until recently, this population had been classified as Endangered on
the Brazilian National Red List (MMA 2014), but it has now been downlisted and classified as
Least Concern (MMA 2022). However, if further studies confirm the species status of this
population, it likely faces greater conservation challenges, given its notably limited and highly

fragmented distribution range (Lima 2022; Franga et al. 2023). The main threats that influence the
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persistence of the Atlantic Forest populations of this species are deforestation and the illegal capture

of wild individuals (Roda 2008).

Data collection

We collected occurrence data for C. canadensis in the studied region from 1991 to 2020.
This period encompasses the highest number of occurrence records of the species, thereby
mitigating potential issues arising from an excess of genuine absences that could impact detection
estimates (Boyd et al. 2023). Detection probability is influenced by sampling effort, meaning that
including additional years may increase the likelihood of sampling error. Therefore, we deemed
years before 1991 irrelevant for records and recognized their potential to introduce bias into the
analysis.

The records information was obtained from several sources, such as online citizen science
platforms (ebird.org, gbif.org, specieslink.net, wikiaves.com.br, and xeno-canto.org), ornithological
collections (UFPA, UFRN, UFPB, UFPE, UFAL, UEFS, and UFRJ), specialized researchers, and
literature (scholar.google.com and ara.cemave.gov.br). On the Scholar Google website, we used the
following keywords to obtain occurrence records, considering the study area and the species
nomenclature: “Caryothraustes canadensis” AND (“Atlantic Forest” OR “Mata Atlantica”). After
compiling all occurrence data, we conducted a thorough review and corrected the geographical
coordinates that seemed to be incorrect (n = 10), such as those located in urban centers or other
areas not consistent with the species’ habitat. These points were relocated to within the largest
forest area corresponding to the same grid cell. The same procedure was applied when we only had
information from the municipality of occurrence, adjusting the geographic points to the cell that
represented the largest proportion of forest area available in the municipality or considering some
other coordinate where the species has already been recorded. This careful process ensured an
accurate analysis of the data. Thus, we considered the detection of the species in the grid cells for
each year sampled, which allowed us to move forward with the data analysis.

We selected and collected information from five environmental covariates mentioned in the
literature (altitude, forest area, annual precipitation, and diurnal temperature range), which may be
potential influencers in the occupancy of C. canadensis (Table 1). We extracted the values of the
covariates in each cell of the grid, from georeferenced files from different databases (see Table 1).
No environmental covariate exhibited correlation values > |0.7| (Pearson’s r) (Table S1).

Consequently, we decided to retain all covariates for the subsequent analyses.
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Table 1. Description of the four environmental covariates used to estimate the occupancy

probability of Caryothraustes canadensis in the far north of the Atlantic Forest, Brazil

Covariate Description Category Source

Altitude (m) Five random elevation Topography AMBDATA platform
values collected on a (www.dpi.inpe.br/Ambdata/dow
raster nload.php)

Forest area (ha) Forest cover in the Atlantic Vegetation cover SOS Mata Atlantica platform
Forest (forest, (mapas.sosma.org.br) (SOS Mata
mangrove, and Atlantica & INPE 2020)

restinga), estimated

between 2018 and 2019

Annual precipitation (mm) The sum of all total monthly ~ Climate WorldClim platform (worldclim.org)
precipitation values (Fick & Hijmans, 2017)
estimated between 1970
and 2000

Diurnal temperature range (°C) ~ Mean of the monthly Climate WorldClim platform (worldclim.org)
temperature ranges (Fick & Hijmans, 2017)

(monthly maximum
minus monthly
minimum), estimated

between 1970 and 2000

Data Analysis

We used single-season occupancy modeling to estimate occupancy rates and how they are
influenced by environmental factors (MacKenzie et al. 2002). A special feature of these models is
their ability to predict the occupancy probability of species between 0 and 1 (i.e., <I). This model
assumes that the occupancy of the species is static (closed) along the time (i.e., occupancy does not
change in a cell within the sampling season) and the detection of the target species in a cell is
independent of other cells (Bailey and Adams 2005). Our models do not consider occupancy at the
individual level, which assumes the occurrence of births, deaths, immigration, and emigration.
Within this context, we considered that the species' occupancy in the grid cells would be influenced
by detection at the population level at the spatial scale defined (MacKenzie et al. 2002).

We organized the detection history as a binary matrix of detection (1) and non-detection (0),
considering species occurrence data for each of the 204 cells (Fig. 1; Table S2) and years (1991—
2020) (Table S2). Next, we performed the modeling in two stages. First, with the occupancy
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probability () fully parametrized (all environmental covariates), we tested the best structure for
detection probability (p). In this stage, we compared three models, the full temporal with different
detection over the years [p (¢), model 1], a linear trend in detection rates over the years [p (trend),
model 2], and constant detection [p (.), model 3]. In the second stage, we selected the best-ranked
model from the first stage and performed all possible combinations of the environmental covariates
on y.

v (alt + for + pre + tem) p (¢t) (model 1)

v (alt + for + pre + tem) p (trend) (model 2)
w (alt + for + pre + tem) p () (model 3)

where, (alt) is the altitude, (for) is the forest area, (pre) is the annual precipitation, (tem) is
the diurnal temperature range, (¢rend) is the linear trend in detection rates over the years, (7) is the
different detection over the years, and () is the constant detection.

To select the best-ranked models, we used the Akaike Information Criterion for small
samples (AIC.) and associated metrics (AAIC., difference in AIC. of model i about the best-ranked
model; wi, model weight). Models ranked with AAIC. <2 were considered to perform well
(Burnham and Anderson 2002). The importance of the final set of models was represented by those
best-ranked and with the lower number of associated parameters (Arnold 2010).

The occupancy modeling allowed us to obtain the estimated occupancy values per cell and
generate a map, from the mean of the occupancy probability rates for each model with AAIC. < 2.
In this map, we pointed out the cells with y > 0.50 that included protected areas, from information
provided by Ministério do Meio Ambiente (MMA 2021) and Instituto Socioambiental (ISA 2023).

We performed occupancy models using MARK software version 10.0 (White and Burnham
1999). To build the graphs, we used the ggplot2 package of the R software (R Core Team 2021),
crossing the occupancy information obtained about each covariate. We used QGIS software version

2.18.19 (QGIS Development Team 2018) to process all geographic information and produce maps.

RESULTS

We gathered 192 occurrence records of C. canadensis within 15 spatial grid cells (7% of the
total cells). Among these records, 142 were collected from citizen science platforms (74%) and 50
from scientific publications and provided by researchers and ornithological collections (26%) (Fig.
2). The highest concentration of data was associated with the cell that covers most of the protected

area Murici Ecological Station, in Alagoas (Fig. 2).
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Fig. 2. Occurrence records and historical occupancy estimates of Caryothraustes canadensis
(1991-2020) in the far north of the Atlantic Forest, Brazil. The lower inset highlights moderate to
high estimated occupancy (y = 0.50-0.75), including the protected areas.

Occupancy models
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We obtained one model with good performance (Model 2) in the first modeling stage from
the three models analyzed. The difference in AAIC. from this to the second-ranked model was 3.25
and the weight of the best-ranked model was 84% (w: = 0.84). Then, in the second modeling stage,
three of the 16 models generated were classified as good performance models and corresponded to
73% (wi = 0.73) of the total weight (Table 2). In general, we observed that the linear trend in
detection rates over the years (trend) was the most important temporal covariate in p (first and
second stage), and all environmental covariates included in the modeling were important in
(second stage). All three best-ranked models had the additive effect of forest area (for) and diurnal
temperature range (tem) on y (Table 2). However, there is uncertainty regarding the hypothesis that
best explains y. The importance of p (trend) shows that, for historic constructions that are based on

information present in different bases, the sampling effort directly affects p.

Table 2. Single-season occupancy models for 30 years (1991-2020) of Caryothraustes canadensis. Models
are in rank order, and those with good performance (AAIC. < 2) are shown: models 1, 2, and 3. Legend: v =
occupancy probability; p = detection probability; (alt) = altitude; (for) = forest area; (pre) = annual

precipitation; (tem) = diurnal temperature range; (¢rend) = linear trend in detection rates over the years; (?) =

different detection over the years; (.) = null effect

#e Models AIC.® AAIC, © w; 9 Ke®
1° w (alt + for + pre + tem) p (trend) 357.30 0 0.33 7
2° w (alt + for + tem) p (trend) 358.02 0.71 0.23 6
3° v (for + tem) p (trend) 359.23 1.92 0.13 5
5° v (alt + for + pre + tem) p () & 360.55 3.25 0.07 6
30° w (alt + for + pre + tem) p () " 387.79 30.49 0 35
33° w()p()! 398.69 41.39 0 2

®Model ranking order. ®Akaike Information Criterion adjusted for small samples. “Difference of AIC. of model i relative to the best-
ranked model. ‘Model weight. “Number of parameters. Model 2 (selected for the second stage). EModel 3 (not selected for the second
stage). "Model 1 (not selected for the second stage). ‘Null model.

Weight and effect of covariates

The individual weight of the four environmental covariates of occupancy probability in the
set of models was greater than 0.50 in all cases (Table 3). The occupancy of C. canadensis was
negatively influenced by diurnal temperature range (f =-1.7062; SE = 0.70988) and positively by
forest area (B = 0.0003; SE = 0.00009), altitude (B = 0.0061; SE = 0.00276), and annual
precipitation (= 0.0033; SE = 0.00199) (Fig. 3).

10
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The linear trend in detection rates over the years presented a weight equal to 0.84 in the set
of models and presented greater explanatory power on detection (Table 3). This temporal covariate
was present in all the best-ranked models and positively affected the detection probability (f = 0.04;
SE =0.02) (Fig. 4).
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Table 3. Individual weight and the number of models for each covariate in the model set. Legend:
w = occupancy probability; p = detection probability; (alt) = altitude; (for) = forest area; (pre) =
annual precipitation; (tem) = diurnal temperature range; (frend) = linear trend of sampling effort

over the years

Parameters (covariates) Weight  Number of models present
v (tem) 0.98 16
v (for) 0.97 16
y (alt) 0.75 16
v (pre) 0.54 16
p (se) 0.84 16

Occupancy in the cell grid

All the records found for the species in the period studied (1991-2020) are limited to the
states of Pernambuco and Alagoas (Fig. 2). The occupancy prediction map of C. canadensis
includes nine cells with moderate to high occupancy probabilities (v > 0.50) (Fig. 2). Six of these
cells overlap legally protected areas and are occupied according to our occurrence records. Three
new cells were identified with a considerable probability of occupancy (>50%) in which there are
no known C. canadensis occurrence records. Low to moderate occupancy grid cells (v = 0.25-0.50)
were also indicated in the northern and southern coasts of Pernambuco and northeastern Alagoas.
Furthermore, there are four cells with this occupancy rate where C. canadensis was recorded in
Alagoas. Finally, cells with low occupancy ( = 0.01-0.25) were located on the northern and
southern coasts of Rio Grande do Norte, on the intermediate coast of Paraiba, in the Agreste region
of Paraiba, Pernambuco, and Alagoas, and along much of the Forest Zone of Pernambuco and

Alagoas.

DISCUSSION

Population distribution

Here, we present the first distribution information and update the actual occupancy estimates

for C. canadensis on a large scale. The few studies on this species include restricted information

related to occurrence records and censuses carried out almost 20 years ago in forest fragments of the

12
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state of Alagoas (Silveira et al. 2003). Most of the biology information mentioned for C. canadensis
is based on the subspecies C. c¢. canadensis (Banks-Leite and Cintra 2008; Martinez-Ortega et al.
2014; Guallar et al. 2020). New research aimed at searching for other populations in the region
studied and gathering more information on the species occurrence should be included in future
analyses, which should improve the performance forecasts. To supply the information deficits for
the species, we also suggest that efforts of species population estimates be employed to evaluate the
persistence of this species in its localities in the extreme northern portion of the Atlantic Forest.
The species populations located north of the Sao Francisco River remain poorly known
(Silveira et al. 2003; Farias and Pereira 2009; Lobo-Araujo et al. 2013) and are more endangered
when compared to those located in the southern portion (Silveira et al. 2022). In general,
populations of C. canadensis in the Atlantic Forest are commonly associated with the few well-
preserved rainforests in the region (Silveira et al. 2003; Lobo-Araujo et al. 2013). In turn,
populations that occur in Bahia and other states in southeastern Brazil are more abundant and
distributed in the landscapes they occupy, including areas of secondary forest (Cavarzere et al.

2022).

Environmental factors operating on a large scale

In general, our study has revealed a strong correlation between environmental factors and
the large-scale occupancy patterns of C. canadensis. These findings support the hypothesis that
non-climatic factors should also be considered when evaluating areas that are important for species
that depend to some degree on forested landscapes (Oliveira-Silva et al. 2022). The addition of non-
climatic factors improves distribution models by breeding more realistic scenarios for forest-
dependent bird assessments. Species ecological requirements predicted suitable climatic areas
within native vegetation landscapes (Rajao et al. 2010; Giorgi et al. 2014; Oliveira-Silva et al. 2022)
and became part of these predictors for mitigation more efficient of anthropogenic impacts and
climate change.

Three environmental factors contributed the most to explaining the species occupancy
estimates we found. The most favorable conditions for occupancy of C. canadensis in the far north
of the Brazilian Atlantic Forest combine the stability in diurnal temperature ranges throughout the
years with species requirements that are mainly related to topography and landscape composition.
As expected for a species with restricted geographic distribution and dependent on preserved
forested landscapes (Silveira et al. 2022; Oliveira-Silva et al. 2022), we confirmed the strong and
positive relationship between forest area extension within the grid cells and C. canadensis

occupancy rates. Furthermore, we found that certain intervals at higher altitudes tend to be better

13
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occupied than those at lower altitudes. These results contrast bounded by broad and fine scales with
those observed by other authors in the same region, where C. canadensis occurrence was more
common in flat-top and low-altitude forest fragments (Lobo-Araujo et al. 2013). Ribon et al. (2021)
found that in other properties of the topography, such as relief type (e.g., lowlands, ravines,
hillsides, and hilltops), there is a partitioning in the occupancy of bird assemblages. However, these
topographic aspects were also pointed out as dependent on better clarification (Cavarzere et al.
2021). We lack further clarification on how these multiple factors interact with the observed
patterns of these populations and different scales.

Previous studies have already reported the importance of climate on bird distribution
predictions in tropical rainforests (Williams and Middleton 2008; Oliveira-Silva et al. 2022; Jirinec
et al. 2022). This is especially concerning due to the context of global climate change (Mantyka-
Pringle et al. 2015). Only recently have studies been including the role of multiple factors, including
topography and forest cover for conservation strategies on a broader scale (Ribon et al. 2021;
Oliveira-Silva et al. 2022). Therefore, it remains unclear how such factors will interact with a
changing climate. Although the role of climatic factors in predicting changes in biodiversity
patterns is well studied (Souza et al. 2011; Mota et al. 2022; Oliveira-Silva et al. 2022), changes in
environmental pressures that accelerate their intensity and speed are difficult to measure and are
very unstable. It is known that many species have other non-climatic specific habitat requirements
that may be determinants for their actual occupancy. In the same way that habitat structure is
important to determine bird occupancy at small scales (Morante-Filho et al. 2021; Ribon et al.
2021), we suggest that habitat structural factors, such as the proportion of forest cover, should be
considered at a landscape scale to more accurately predict the areas where the species could
potentially occupy, especially when evaluating species restricted to forested habitats.

Temperature affected occupancy estimates for C. canadensis. Our results show that the areas
with high climatic stability can act as important refuges for the species. This finding strongly
suggests that the populations of C. canadensis that occur in the studied area might be one of the
most susceptible to the effects of climate change, which agrees with a previous study in the same
region (Tonetti et al. 2022). How increasing temperature may affect patterns of local abundance as
well as the structure and distribution of endemic and forest populations are still unclear and may be
considered as the next frontier to mitigate these effects and the most important challenge for their
conservation in this decade (Souza et al. 2011; Mota et al. 2022).

As expected, the representativeness of forest areas within the established squares showed a
positive relationship with the occupancy estimates of C. canadensis. This pattern is expected and
found in other studies with birds from humid tropical forests (Lees and Peres 2010; Benchimol and

Peres 2015; Morante-Filho et al. 2021). The conservation of forest fragments, even on a large scale,
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is essential for their presence due to the specificity of C. canadensis due to its specific habitat
requirements. The occupancy probability of the species is very low when associated with the forest
area for a rate of 0.50 when there are about 20000 ha of forest. Morante-Filho et al. (2021) found
similar results for C. canadensis in the southern portion of the S0 Francisco River, where 67.6%
forest cover is required for a 60% occupancy probability. In this way, we emphasize the warning
about the integrity and maintenance of forest landscapes, which must be a prerequisite for any
strategy aimed at directing the target species of this study. Protecting and restoring forest fragments
through the creation of conservation units represent the most promising measure for the persistence
of the species, mainly for populations in the far north of the Atlantic Forest.

Finally, the positive effect of the altitude on the occupancy probability of C. canadensis is
poorly understood. Anjos et al. (2022) found that the diversity of birds that occur in valley bottoms
tends to be greater than in plateaus. The patterns found for Caryothrautes sp. in a study in the
Amazon region agree with our findings. For canopy birds, evidence of occupancy of the genus more
frequently in the hills than in the valleys is expected (Banks-Leite and Cintra 2008). Differently, our
study can indicate an indirect effect of other environmental factors where topographic features are
likely to lead to relevant microclimate variations for the bird in the hill-tops than on lowlands
(Banks-Leite and Cintra 2008; Anderle et al. 2022). One of these may be related to differences
between habitats, where higher areas would be more connected and preserved compared to lower

elevations (Poulsen and Lambert 2000).

Temporal effects on detection

The linear trend of sampling effort over the years was the most important temporal covariate
for detection. This indicates that for species with low detectability, the increase in data sampling
enhances the chances of detection and, consequently, a better performance of the estimates. In
Brazil, birdwatchers began to become popular in the last decade, which resulted in the acquisition
of large amounts of data over large spatiotemporal scales (Klemann-Junior et al. 2017; Alexandrino
et al. 2019; Tubelis 2023). The use of citizen science data was essential to closing gaps in
knowledge about the occurrence and distribution of species studied and to improve the performance
of occupancy models. If validated with traditional scientific references, this data contributes to
biogeography knowledge and conservation policies by increasing the relevant number of records
about the geographic areas where species occur (Klemann-Junior et al. 2017; Alexandrino et al.
2019; Tubelis 2023).

For rare species, it is common that, despite great efforts, few records are obtained due to

their restricted distribution, low abundance, and low detection probability. The integration of
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Academic and birdwatchers’ efforts can be an important strategy to promote this biogeography
knowledge (Alexandrino et al. 2019), but this requires conscious and ethical practices that
guarantee the well-being of natural populations, especially about threatened species. For example,
bird detections in the breeding season increased slightly, although they did not find relevant
differences in estimates between sampling methods (Zamora-Marin et al. 2021). Targeting well-
planned campaigns and initiatives at these key periods can be crucial to reducing biases due to low
detection of threatened, endemic, and rare species. Although there is a growth in the use of
occupancy models for application to conclusions or large-scale management strategies, the use of
temporal factors and citizen science for birds is still quite restricted and deserves caveats. About the
use of different sources and methods applied in the detections, we suggest that future studies better
assess their influence, since the hypothesis lacks better clarification on the occupancy observed on

the use of historical data and different sources.

CONCLUSIONS

This is the first published study to assess the role of multiple environmental factors in the
historical large-scale occupancy of birds in the most threatened region of the Atlantic Forest, taking
imperfect detection into account. We established reliable benchmark data on the C. canadensis
distribution in the far north of the Atlantic Forest by modeling occupancy while accounting for
species imperfect detection. This study also identified factors that limit species distributions in the
northern portion of the Atlantic Forest, which environmental managers can then target to expand C.
canadensis distribution and guide recovery of population and landscape elsewhere in the Atlantic
Forest.

For canopy birds such as C. canadensis, strong differences between occupied and non-
occupied areas may be related to forest area, which should be a proxy for the availability of
microhabitat necessary for the species occurrence. We expected that the large-scale occupancy of C.
canadensis would increase with the increase of the forest area per cell, but we also found the
importance of the temperature for the canopy bird occupancy. Now, we need to understand to what
extent the fragments in the northern portion of the Atlantic Forest can maintain their viable
populations and sustain their abundance in these occupied sites. We emphasize that future strategies
for the conservation of the studied birds must strongly integrate the maintenance of large areas with
the recovery of microhabitats in the indicated places but consider whether they correspond to

climatically suitable areas.

16



Zoological Studies 63:32 (2024)

Acknowledgments: This study was financed by CNPq (Conselho Nacional de Desenvolvimento
Cientifico e Tecnoldgico) and CAPES (Coordenagao de Aperfeicoamento de Pessoal de Nivel
Superior) and is part of the project “Patterns of occupancy of endemic and threatened birds of the
Pernambuco Endemism Center” (CNPq process: #433363/2018-5)”. The findings and conclusions
of this article are the responsibility of the authors and do not necessarily represent the primary data
collector’s views. We thank all observers, platforms, and museums that, directly or indirectly,
provided information to the endemic and threatened birds monitoring project of the ornithology

laboratory of the Federal University of Rio Grande do Norte.

Authors’ contributions: Conceptualization: RMCP; methodology: RMCP and MP; software:
RMCP, CSG, and MP; validation: RMCP, CSG, and MP; formal analysis: RMCP, CSG, and MP;
investigation: RMCP, CSG, and MP; resources: RMCP and MP; data curation: RMCP, CSG, and
MP; writing original draft: RMCP and CSG; writing review and editing: RMCP, CSG, GSTL,
ATG, and MP; supervision: GSTL, ATG, and MP; funding acquisition: RMCP and MP.

Competing interests: The authors declare that they have no conflict of interest.

Availability of data and materials: Additional data are available upon request.

Consent for publication: Not applicable.

Ethics approval consent to participate: Not applicable.

REFERENCES

Alexandrino ER, Navarro AB, Paulete VF, Camolesi M, Lima VGR, Green A, Conto T, Ferraz
KMPMB, Sekercioglu CH, Couto HTZ. 2019. Challenges in engaging birdwatchers in bird
monitoring in a forest patch: lessons for future citizen science projects in agricultural
landscapes. Citiz Sci 4:1-14. doi:10.5334/cstp.247.

Allen JL, McMullin RT. 2019. Modeling algorithm influence on the success of predicting new
populations of rare species: ground-truthing models for the Pale-Belly Frost Lichen
(Physconia subpallida) in Ontario. Biodivers Conserv 28:1853-1862. doi:10.1007/s10531-
019-01766-z.

17



Zoological Studies 63:32 (2024)

Anderle M, Paniccia C, Brambilla M, Hilpold A, Volani S, Tasser E, Seeber J, Tappeiner U. 2022.
The contribution of landscape features, climate and topography in shaping taxonomical and
functional diversity of avian communities in a heterogeneous Alpine region. Oecologia
199:499-512. doi:10.1007/s00442-022-05134-7.

Anjos L, Oliveira HS, Willrich G, Jardim M, Rosa GLM, Araujo CB. 2022. Atlantic Forest birds
are more functionally and taxonomically diverse in valley bottoms relative to uplands. Acta
Oecol 115:103829. doi:10.1016/j.actao.2022.103829.

Arnold TW. 2010. Uninformative parameters and model selection using Akaike’s Information
Criterion. J Wildl Manage 74:1175-1178. doi:10.1111/1.1937-2817.2010.tb01236.x.

Bailey L, Adams MJ. 2005. Occupancy models to study wildlife. U.S. Geological Survey.
doi:10.3133/£5s20053096.

Banks-Leite C, Cintra R. 2008. The heterogeneity of Amazonian treefall gaps and bird community
composition. Ecotropica 14:1-13.

Benchimol M, Peres CA. 2015. Predicting local extinctions of Amazonian vertebrates in forest
islands created by a mega dam. Biol Conserv 187:61-72. doi:10.1016/j.biocon.2015.04.005.

Bhakti T, Goulart F, Azevedo CS, Antonini Y. 2018. Does scale matter? The influence of three-
level spatial scales on forest bird occurrence in a tropical landscape. PLoS ONE
13:¢0198732. doi:10.1371/journal.pone.0198732.

Bolton M, Conolly G, Carroll M, Wakefield ED, Caldow R. 2019. A review of the occurrence of
inter-colony segregation of seabird foraging areas and the implications for marine
environmental impact assessment. Ibis 161:241-259. doi:10.1111/ibi.12677.

Boyd RJ, August TA, Cooke R, Logie M, Mancini F, Powney GD, Roy DB, Turvey K, Isaac NJ.
2023. An operational workflow for producing periodic estimates of species occupancy at
national scales. Biol Rev 98:1492—-1508. doi:10.1111/brv.12961.

Brewer D. 2020. Yellow-green Grosbeak (Caryothraustes canadensis), version 1.0. In: del Hoyo J,
Elliott A, Sargatal J, Christie DA, de Juana E. (eds.) Birds of the World. Cornell Lab of
Ornithology, Ithaca, NY, USA. doi:10.2173/bow.yeggrol.01.

Burnham KP, Anderson DR. 2002. Model selection and multimodel inference: a practical
information-theoretic approach, 2nd edn. Springer, New York, USA.

Cavarzere V, Roper JJ, Marchi V, Silveira LF. 2021. Geographical drivers of altitudinal diversity of
birds in the Atlantic Forest. Biologia 76:3275-3285. doi:10.1007/s11756-021-00798-7.

Cavarzere V, Roper JJ, Rego MA, de Luca AC, Costa TVV, Silveira LF. 2022. Avian assemblages
in forest fragments do not sum to the expected regional community in the Brazilian Atlantic

Forest. Zool Stud 61:1-14. doi:10.6620/7ZS.2022.61-74.

18



Zoological Studies 63:32 (2024)

Crouzeilles R, Beyer HL, Monteiro LM, Feltran-Barbieri R, Pessoa ACM, Barros FSM,
Lindenmayer DB, Lino EDSM, Grelle CEV, Chazdon RL, Matsumoto M, Rosa M,
Latawiec AE, Strassburg BBN. 2020. Achieving cost-effective landscape-scale forest
restoration through targeted natural regeneration. Conserv Lett 13:¢12709.
doi:10.1111/conl.12709.

Del-Rio G, Régo MA, Silveira LF. 2015. A multiscale approach indicates a severe reduction in
Atlantic Forest wetlands and highlights that Sdo Paulo marsh antwren is on the brink of
extinction. PLoS ONE 10:e0121315. doi:10.1371/journal.pone.0121315.

Diniz MF, Coelho MTP, Sanchez-Cuervo AM, Loyola R. 2022. How 30 years of land-use changes
have affected habitat suitability and connectivity for Atlantic Forest species. Biol Conserv
274:109737. doi:10.1016/j.biocon.2022.109737.

Farias GB, Pereira GA. 2009. Aves de Pernambuco: o estado atual do conhecimento ornitolégico.
Biotemas 22:1-10. doi:10.5007/2175-7925.2009v22n3p1.

Franga FGR, Vasconcellos A, Alves RRN, Filho GAP. 2023. An introduction to the knowledge of
animal diversity and conservation in the most threatened forests of Brazil. /n: Filho GAP,
Franca FGR, Alves RRN, Vasconcellos A (eds.) Animal biodiversity and conservation in
Brazil's Northern Atlantic Forest, 1st edn. Springer Cham, pp. 1-5.

Giorgi AP, Rovzar C, Davis KS, Fuller T, Buermann W, Saatchi S, Smith TB, Silveira LF,
Gillespie TW. 2014. Spatial conservation planning framework for assessing conservation
opportunities in the Atlantic Forest of Brazil. Appl Geogr 53:369-376.
doi:10.1016/j.apgeog.2014.06.013.

Guallar S, Rueda-Hernandez R, Pyle P. 2020. Preformative molt in Neotropical Cardinalidae.
Ornithol Res 28:250-257. doi:10.1007/s43388-020-00024-z.

ICMBio. 2018. Sumario executivo do Plano de Acdo Nacional para a conservagdo das aves da Mata
Atlantica. Instituto Chico Mendes de Conservacao da Biodiversidade. Available at:
https://www.gov.br/icmbio/pt-br/assuntos/biodiversidade/pan/pan-aves-da-mata-atlantica.
Accessed 13 Feb. 2023.

ISA. 2023. Unidades de Conservagao do Brasil. Instituto Socioambiental. Available at:
https://uc.socioambiental.org. Accessed 13 Feb. 2023.

Jirinec V, Rodrigues PF, Amaral BR, Stouffer PC. 2022. Light and thermal niches of ground-
foraging Amazonian insectivorous birds. Ecology 103:e3645. doi:10.1002/ecy.3645.

Joly CA, Metzger JP, Tabarelli M. 2014. Experiences from the Brazilian Atlantic Forest: ecological
findings and conservation initiatives. New Phytol 204:459-473. doi: 10.1111/nph.12989.

Klemann-Junior L, Villegas Vallejos MA, Scherer-Neto P, Vitule JRS. 2017. Traditional scientific

data vs. uncoordinated citizen science effort: a review of the current status and comparison

19



Zoological Studies 63:32 (2024)

of data on avifauna in Southern Brazil. PLoS ONE 12:e0188819.
doi:10.1371/journal.pone.0188819.

Lees AC, Peres CA. 2010. Habitat and life history determinants of antbird occurrence in variable-
sized Amazonian Forest fragments. Biotropica 42:614—621. doi:10.1111/j.1744-
7429.2010.00625 x.

Lees, AC, Pimm, SL. 2015. Species, extinct before we know them? Curr Biol 25:R177-R180.
doi:10.1016/j.cub.2014.12.017.

Lima RD. 2022. On the validity of Caryothraustes canadensis frontalis (Hellmayr, 1905) (Aves:
Cardinalidae). Zootaxa 5165:144—150. doi:10.11646/zootaxa.5165.1.9.

Lobo-Aratjo LW, Toledo MTF, Efe MA, Malhado ACM, Vital MVC, Toledo-Lima GS, Macario
P, Santos JG, Ladle RJ. 2013. Bird communities in three forest types in the Pernambuco
Centre of Endemism, Alagoas, Brazil. Iheringia Sér Zool 103:85-96. doi:10.1590/S0073-
47212013000200002.

Loiselle BA, Graham CH, Goerck JM, Ribeiro MC. 2010. Assessing the impact of deforestation
and climate change on the range size and environmental niche of bird species in the Atlantic
forests, Brazil. J Biogeogr 37:1288-1301. doi:10.1111/5.1365-2699.2010.02285.x.

MacKenzie DI, Nichols JD, Hines JE, Knutson MG, Franklin AB. 2003. Estimating site occupancy,
colonization, and local extinction when a species is detected imperfectly. Ecology 84:2200—
2207. doi:10.1890/02-3090.

MacKenzie DI, Nichols JD, Lachman GB, Droege S, Royle JA, Langtimm CA. 2002. Estimating
site occupancy rates when detection probabilities are less than one. Ecology 83:2248-2255.
doi:10.1890/0012-9658(2002)083[2248:ESORWD]2.0.CO;2.

MacKenzie DI, Nichols JD, Royle JA, Pollock KH, Bailey LL, Hines JE. 2018. Occupancy
applications. /n: MacKenzie DI, Nichols JD, Royle JA, Pollock KH, Bailey LL, Hines JE
(eds.) Occupancy estimation and modeling: inferring patterns and dynamics of species
occurrence, 2nd edn. Academic Press, San Diego, pp. 27-70.

Mantyka-Pringle CS, Visconti P, Di Marco M, Martin TG, Rondinini C, Rhodes JR. 2015. Climate
change modifies risk of global biodiversity loss due to land-cover change. Biol Conserv
187:103—111. doi:10.1016/j.biocon.2015.04.016.

Martinez-Ortega C, Santos ESA, Gil D. 2014. Species-specific differences in relative eye size are
related to patterns of edge avoidance in an Amazonian rainforest bird community. Ecol Evol
4:3736-3745. doi:10.1002/ece3.1194.

MMA. 2014. PORTARIA N° 444, DE 17 DE DEZEMBRO DE 2014-Reconhece como espécies da
fauna brasileira ameacadas de extingdo aquelas constantes da “Lista Nacional Oficial de

Espécies da Fauna Ameagadas de Extingao”. Available at: https://www.gov.br/icmbio/pt-

20



Zoological Studies 63:32 (2024)

br/assuntos/biodiversidade/fauna-brasileira/portarias-fauna-
ameacada/PORTARIA N 444 DE 17 DE DEZEMBRO DE 2014.pdf. Accessed 29 Jun.
2024.

MMA. 2021. Unidades de Conservagdo ambiental do Brasil. Ministério do Meio Ambiente.
Available at: https://centrodametropole.fflch.usp.br/pt-br/node/9991. Accessed 13 Feb.
2023.

MMA. 2022. PORTARIA N° 300, DE 13 DE DEZEMBRO DE 2022-Reconhece a Lista Nacional
de Espécies Ameagadas de Extin¢gdo, bem como a Lista de Espécies Extintas no Brasil.
Available at: https://www.in.gov.br/en/web/dou/-/portaria-gm/mma-n-300-de-13-de-
dezembro-de-2022-450425464. Accessed 02 Feb. 2023.

Morante-Filho JC, Benchimol M, Faria D. 2021. Landscape composition is the strongest
determinant of bird occupancy patterns in tropical forest patches. Landsc Ecol 36:105-117.
doi:10.1007/s10980-020-01121-6.

Mota FMM, Heming NM, Morante-Filho JC, Talora DC. 2022. Climate change is expected to
restructure forest frugivorous bird communities in a biodiversity hot-point within the
Atlantic Forest. Divers Distrib 28:2886—2897. doi:10.1111/ddi.13602.

Muylaert RL, Vancine MH, Bernardo R, Oshima JEF, Sobral-Souza T, Tonetti VR, Niebuhr BB,
Ribeiro MC. 2018. Uma nota sobre os limites territoriais da Mata Atlantica. Oecol Austral
22:302-311. doi:10.4257/0ec0.2018.2203.09.

Oliveira-Silva AE, Piratelli AJ, Zurell D, Silva FR. 2022. Vegetation cover restricts habitat
suitability predictions of endemic Brazilian Atlantic Forest birds. Perspect Ecol Conserv
20:1-8. doi:10.1016/j.pecon.2021.09.002.

Pacheco JF, Silveira LF, Aleixo A, Agne CE, Bencke GA, Bravo GA, Brito GRR, Cohn-Haft M,
Mauricio GN, Naka LN, Olmos F, Posso SR, Lees AC, Figueiredo LFA, Carrano E, Guedes
RC, Cesari E, Franz I, Schunck F, Piacentini V. 2021. Annotated checklist of the birds of
Brazil by the Brazilian Ornithological Records Committee—second edition. Ornithol Res
29:94-105. doi:10.1007/s43388-021-00058-x.

Peterman WE, Crawford JA, Kuhns AR. 2013. Using species distribution and occupancy modeling
to guide survey efforts and assess species status. J Nat Conserv 21:114-121.
doi:10.1016/j.jnc.2012.11.005.

Poulsen MK, Lambert FR. 2000. Altitudinal distribution and habitat preferences of forest birds on
Halmahera and Buru, Indonesia: implications for conservation of Moluccan avifaunas. Ibis
142:566-586. doi:10.1111/5.1474-919X.2000.tb04457 .x.

QGIS Development Team. 2018. QGIS Geographic Information System. Open-source geospatial
foundation project. Available at: http://qgis.org. Accessed 13 Feb 2023.

21



Zoological Studies 63:32 (2024)

Rajao H, Cerqueira R, Lorini ML. 2010. Determinants of geographical distribution in Atlantic
Forest species of Drymophila (Aves: Thamnophilidae). Zoologia (Curitiba) 27:19-29.
doi:10.1590/S1984-46702010000100004.

R Core Team. 2021. R: A language and environment for statistical computing. R Foundation for
Statistical Computing. Available at: https://www.R-project.org/. Accessed 13 Feb 2023.

Ribeiro MC, Metzger JP, Martensen AC, Ponzoni FJ, Hirota MM. 2009. The Brazilian Atlantic
Forest: how much is left, and how is the remaining forest distributed? Implications for
conservation. Biol Conserv 142:1141-1153. doi:10.1016/j.biocon.2009.02.021.

Ribon R, Santos LR, Marco P, Marini MA. 2021. Topography as a determinant of bird distribution
in secondary Atlantic Forest fragments. J Trop Ecol 37:228-234.
doi:10.1017/S0266467421000328.

Roberts JJ, Best BD, Mannocci L, Fujioka E, Halpin PN, Palka DL, Garrison LP, Mullin KD, Cole
TVN, Khan CB, McLellan WA, Pabst DA, Lockhart GG. 2016. Habitat-based cetacean
density models for the U.S. Atlantic and Gulf of Mexico. Sci Rep 6:22615.
doi:10.1038/srep22615.

Roda SA. 2008. Caryothraustes canadensis frontalis (Hellmayr, 1905). In: Machado ABM,
Drummond GM, Paglia AP (eds.) Livro Vermelho da Fauna Brasileira Ameacada de
Exting¢ao. Ministério do Meio Ambiente and Fundacao Biodiversitas, Brasilia, pp. 532-533.

Silveira LF, Lima DM, Dias FF, Ubaid FK, Bencke GA, Repenning M, Cerqueira PV, Dias RA,
Alquezar RD, Costa TVV. 2022. Caryothraustes brasiliensis Cabanis, 1851. Sistema de
Avaliacdo do Risco de Extingdo da Biodiversidade - SALVE. Available at:
https://salve.icmbio.gov.br. Accessed 02 Feb 2023.

Silveira LF, Olmos F, Long AJ. 2003. Birds in Atlantic Forest fragments in north-east Brazil.
Cotinga 20:32-46.

Souza TV, Lorini ML, Alves MAS, Cordeiro P, Vale MM. 2011. Redistribution of threatened and
endemic Atlantic Forest birds under climate change. Nat Conserv 9:214-218.
doi:10.4322/natcon.2011.028.

Strassburg BBN, Iribarrem A, Beyer HL, Cordeiro CL, Crouzeilles R, Jakovac CC, Braga Junqueira
A, Lacerda E, Latawiec AE, Balmford A, Brooks TM, Butchart SHM, Chazdon RL, Erb K-
H., Brancalion P, Buchanan G, Cooper D, Diaz S, Donald PF, Kapos V, Leclére D, Miles L,
Obersteiner M, Plutzar C, Scaramuzza CAM, Scarano FR, Visconti P. 2020. Global priority
areas for ecosystem restoration. Nature 586:724—729. doi:10.1038/s41586-020-2784-9.

Tonetti V, Niebuhr BB, Ribeiro M, Pizo MA. 2022. Forest regeneration may reduce the negative
impacts of climate change on the biodiversity of a tropical hotspot. Divers Distrib 28:2956—
2971. doi:10.1111/ddi.13523.

22



Zoological Studies 63:32 (2024)

Tonetti VR, Bocalini F, Silveira LF, Del-Rio G. 2017. Taxonomy and molecular systematics of the
Yellow-green Grosbeak Caryothraustes canadensis (Passeriformes: Cardinalidae). Rev Bras
Ornitol 25:176—189. doi:10.1007/BF03544396.

Tubelis DP. 2023. Spatiotemporal distribution of photographic records of Brazilian birds available
in the WikiAves citizen science database. Birds 4:28—45. doi:10.3390/birds4010003.
Vasudev D, Goswami VR, Oli MK. 2021. Detecting dispersal: a spatial dynamic occupancy model
to reliably quantify connectivity across heterogeneous conservation landscapes. Biol

Conserv 253:108874. doi:10.1016/j.biocon.2020.108874.

Vitekere K, Lango LM, Wang J, Zhu M, Jiang G, Hua Y. 2021. Threats to site occupation of
carnivores: a spatiotemporal encroachment of non-native species on the native carnivore
community in a human-dominated protected area. Zool Stud 60:1-16.
doi:10.6620/Z2S.2021.60-52.

White GC, Burnham KP. 1999. Program MARK: survival estimation from populations of marked
animals. Bird Study 46:S120-S139. doi:10.1080/00063659909477239.

Williams SE, Middleton J. 2008. Climatic seasonality, resource bottlenecks, and abundance of
rainforest birds: implications for global climate change. Divers Distrib 14:69-77.
doi:10.1111/5.1472-4642.2007.00418.x.

Zamora-Marin JM, Zamora-Lopez A, Calvo JF, Oliva-Paterna FJ. 2021. Comparing detectability
patterns of bird species using multi-method occupancy modelling. Sci Rep 11:2558.

doi:10.1038/s41598-021-81605-w.

23



Zoological Studies 63:32 (2024)

Supplementary materials
Table S1. Results of environmental covariate dependency. (download)
Table S2. History detection of Caryothraustes canadensis based on occurrence data compiled

between 1991-2020 across 204 grid cells delimited in the far north of the Atlantic Forest.
(download)

24



