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Abstract: Forestry management can shape the structure of habitat types and have important bio-
logical consequences on the composition of biodiversity. This study focused on Momotus lessonii
and Eumomota superciliosa, two potential bioindicators of local and wide scale tropical forest alter-
ations. The study took place in the Karen Mogensen Wildlife Refuge (Costa Rica), a protected area
characterized by two main forest habitats where the two species coexist, i.e., primary moist and
second-growth dry forest. A distance sampling method was used to obtain density estimates for
each species. A spot mapping approach showed an apparent partitioning of the two species at the
site. The Kilometric Abundance Index (KAI) and statistical analyses revealed significant differences
between the two habitats, i.e., E. superciliosa tended to be more abundant and preferred the dry forest,
whilst M. lessonii favored moist environments. The development of arid and semi-arid environments
characterized by open areas will probably lead to a numerical increase in E. superciliosa with a conse-
quent expansion, while the decline of moister and homogeneously forested environments will likely
affect negatively M. lessonii. We argue that these birds will act as bioindicators of local and global
environmental changes, and their monitoring will enable appropriate forest management decisions
for conservation purposes.

Keywords: Central America; Coraciiformes; environmental alterations; habitat modification;
Momotidae; neotropical avifauna; niche partitioning; secondary forests

1. Introduction

Being some of the most biodiverse ecosystems of the world and providing a wide
range of ecosystem services, tropical forests deserve special attention in terms of their
management and conservation [1]. This is particularly the case for the forests of Costa Rica,
which is known to be a highly biodiverse country with the highest species density (number
of species per unit of area) in the world [2]. Although severely affected by unsustainable
management practices and fragmentation in the past, Costa Rican tropical forests have
now almost doubled in just a few decades thanks to innovative forest conservation and
management policies [3]. Significantly, most of the tree canopy is now secondary rainforest,
characterized by different levels of vegetation structure and complexity, resulting in a
mosaic of diverse types of habitats [4]. Such differences are also reflected in the levels of
diversity and composition of bird species inhabiting these environments [5,6]. Moreover,
the potential of some target species to act as indicators of habitat structure and quality
can be used to monitor forest quality and health and, in turn, suggest how to improve the
effectiveness of their management, for long-lasting conservation purposes [7]. Within this
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context, tropical avian communities have been widely used to examine changes in species
diversity and composition of successional primary and secondary habitats and to inform
on a variety of factors contributing to shape species-distribution patterns [5].

Motmots (Coraciiformes: Momotidae) are typical birds of the Neotropics, occurring
from northern Mexico (Momotus mexicanus) to southernmost Brazil and northern Argentina
(Baryphtengus ruficapillus, M. momota), with fourteen recognized species [8,9]. Extant species
are generally small to medium sized, with morphometric traits and weight close to other
Coraciiformes, such as the old world bee-eaters (Meropidae) and rollers (Coraciidae). They
are conspicuous birds, sharing with other members of the order a strikingly colorful not
sexually dimorphic plumage. The majority of Momotidae have an insectivorous or om-
nivorous diet and inhabit the dense tropical forests typical of low latitudes [9]. Despite its
limited size, Costa Rica hosts six out of the fourteen recognized species, belonging to five
out of the six known genera [10]. This high diversity derives from several factors, such
as geographical location, climate, and variety of habitats. Notably, the north-western part
of the country, characterized by some of the most threatened ecosystems of Mesoamer-
ica [11–14], hosts two species of Momotidae, i.e., the turquoise-browed motmot (Eumomota
superciliosa, Figure 1A) and the Lesson’s motmot (Momotus lessonii, Figure 1B), the former
being the single representative of its genus. Both species live and widely overlap in Central
America. Several aspects of these birds have been investigated, for instance, taxonomy [15],
phylogeny and biogeography [16–22], morphometry [23], osteology [24], ethology [21,25],
with particular regard to the motmots’ racket tail and the tail wag-display [25–32], breeding
biology [33–37], and diet [38–43]. Conversely, information concerning numerous other
ecological aspects is far from exhaustive. Studies on habitat selection, niche relationships
or interspecific interactions are either scarce, dated e.g., [44] or totally absent. The limited
information on population density, in particular, is sparse and derives from general surveys
led on multiple species. Moreover, the few studies under discussion only surveyed the
Amazon Basin, where the two target species are absent. In other studies, Skutch [36,37]
reported some general observations addressing habitat selection, whereas the only detailed
investigation in this regard registered primarily qualitative data [44,45]. The latter study fo-
cused on the breeding biology and diet of turquoise-browed motmot and Lesson’s motmot
(formerly M. momota), and on the niche relationships between the two species. Density data
have been recorded for E. superciliosa only, and regarded merely its breeding concentrations
at colonial nesting sites [9,34].

Due to the lack of reliable and recent information concerning basic demographic
parameters and habitat relationships of the target species, our research aimed to assess the
population densities of Momotus lessonii and Eumomota superciliosa in a north-western Costa
Rican area and to determine if the abundance of the two taxa differs between two main habi-
tat types, moist and dry forests. We further evaluate their role as potential indicator species
of wide-scale alterations, such as climate change and resulting habitat modifications, simi-
larly to other bird species recently investigated in various Mesoamerican contexts [46–48].
This aspect is of particular relevance in a geographical region characterized by the most
endangered environments of Central America [4]. Finally, the two targeted species are
typical flagship animals, like other extremely colorful and conspicuous neotropical species.
For this reason, undertaking quantitative studies that lead to a deeper understanding of
the ecology of these birds, and their role as bioindicators of neotropical forests, is of great
importance in a country such as Costa Rica, which bases a considerable part of its income
on environmental tourism and particularly on ornithological tourism.
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Figure 1. The study’s two target species in the Karen Mogensen Wildlife Refuge, observed at different
sites: (A) Eumomota superciliosa; and (B) Momotus lessonii. (Ph: M. Dal Zotto).

For this purpose, we carried out an investigation in the Karen Mogensen Wildlife
Refuge, a protected area of north-western Costa Rica, which is part of the Biological Corri-
dor of the Nicoya Peninsula. This study was supported by the presence within the Wildlife
Refuge of the Research Station “Italia Costa Rica”, a facility managed by Italian and Costa
Rica associations, in cooperation with the University of Modena and Reggio Emilia. The lo-
cal avifauna is fairly well known in terms of species richness (around 209 species reported),
thanks to numerous bird surveys conducted in recent years [49]. These studies provided
baseline information which enabled us to perform further investigations on the avian com-
munity of the area. In particular, for the two target species, we were interested in evaluating
two aspects: (i) density estimates over the greatest part of the area; (ii) distribution within
the Wildlife Refuge, in relation to the occupancy and abundance in its main environments
(primary moist and second growth dry forests). Answering these questions could help in
evaluating how the change in the structure and vegetation composition of forest micro-
habitats affects the presence of the two species at different levels, and more generally, the
importance of connectivity between forest portions separated by open patches.

2. Materials and Methods
2.1. Study Area

The Karen Mogensen Wildlife Refuge is a foothill area (altitudinal range: 130–600 m
a.s.l.), which covers approximately 1000 hectares of forested land (Figure 2). Its centroid
is located at geographical coordinates 09.86◦ N, 85.05◦ W. The climate conditions of the
zone are markedly seasonal, with a rainy season running from the end of April to the
end of November and a dry season occurring between December and April. There is an
average annual rainfall of 1900 mm; temperatures are high throughout the year, with a
mean of 25.3 ◦C, and with maximum values of around 35 ◦C in the dry season [49,50].
Based on precipitations and temperatures, the Wildlife Refuge is located in a transitional
zone between neotropical moist and dry forests [51,52] similarly to other north-western
Costa Rican contexts [13], resulting in a mosaic of two main types of habitat: (i) The
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transitional moist forest, mostly primary, is usually found close to the streams that cross the
Wildlife Refuge, which are tributaries of the Rio Blanco River flowing in the south-western
part of the protected area. This habitat is dominated by evergreen and semi-deciduous
tree species. The vegetation is dense and includes several large individuals of some
species, often exceeding 40 m in height (e.g., Anacardium excelsium, Brosimum alicastrum,
Manilkara chicle), that form a complex canopy and, in some cases, give rise to gallery forests.
(ii) The transitional dry forest, secondary in prevalence, characterizes the areas at higher
altitudes and the most exposed sides of the foothills. This habitat is distinguished by a
lower arboreal height and a relatively dense ground cover. The upper vegetation strata
are characterized by numerous open patches, where lianas typically dominate. Generally,
second growth patches are of various ages (from 20 to more than 50 years), partially
resulting from conservation measures implemented from the 1990s. These actions fostered
the natural regeneration of the land, which was formerly used for subsistence farming and
cattle pastures. Primary forest patches, on the other hand, survived deforestation thanks to
topography, or because trees represented valuable shade for cattle when close to streams;
they were included too in the protected area when conservation measures were taken.
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Figure 2. Map of the Karen Mogensen Wildlife Refuge (Costa Rica) with highlighted transects (T1 to
T10), watercourses and points of interest. Transects are colored according to the habitat. “Primary
transitional moist forest” corresponds to Stratum A (in green), while “Secondary transitional dry
forest” corresponds to Stratum B (in orange). “Altered moist forest” transects, which were not
considered in the habitat analysis, are shown and correspond to Stratum C (in blue). Map created
with software QGIS v. 2.18.

Within this diversified environmental context, nearly 210 bird species were reported.
The two species targeted by the present study are known to be resident and, providing
that investigations are carried out with the appropriate timing (see Section 2.2.), are easily
detectable in the investigation area [49].

2.2. Data Collection

The study was led in the innermost part of the protected area in order to avoid large-
scale edge effects and for logistical reasons, in agreement with several other investigations
e.g., [53]. We adopted a sample count by placing counting units systematically over a
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representative part of the territory (i.e., crossing different habitats and elevations) and
assuming that data obtained from the investigated zones can be extrapolated also for non-
surveyed ones [53–56]. We based our approach on the Distance Sampling method, thus
adjusting the data collected according to the detectability of the species in order to obtain
population density estimates [57–62]. This method considers the probability of detection,
which varies depending on the distance from the observer [55]. Data were collected by
walking transects, a prerequisite of Distance Sampling. Additional reasons for the use
of transects stem from the fact that, according to various studies, this method results in
more accurate estimates than others in tropical forested environments, such as fixed points
and territory mapping [63,64]. Furthermore, the use of transects reduces biases due to the
observer and diminishes the influence of the vagility of birds [61]. Finally, line transects are
extremely effective with conspicuous species rather than with dull and secretive ones [52].
The two target species are in fact medium-sized and brightly colored, make unmistakable
and insistent calls, and perform characteristic tail waggling when a predator/observer is
approaching [26]. Finally, they favor the middle level of vegetation see e.g., [49], and not the
canopy or the understory, where the detection is typically more difficult. Line transects had
repeatedly been used for avian studies in the Wildlife Refuge [49], therefore we based our
work on a pre-existing transect network. In total, we selected ten transects, each on average
570 m long (Figure 2), following similar studies [60,65]. Four transects were positioned
within the secondary transitional dry forest, while the primary transitional moist forest
was crossed by six transects, two of which showed features that were intermediate between
the two forest types due to recent unforeseen environmental changes (see further in the
text and Figure 2). Transects were placed along six existing paths that widely run through
the area. These were mostly narrow trails creating neither gaps into the canopy nor large
spaces in the understory. The only exception was transect T4, where the trail was slightly
wider (see the discussion in Section 4). Given also the impossibility of moving off the
path into the dense vegetation without cutting it, the use of the Transects was essential to
maximize the data collection in closed habitats and avoid habitat alteration, in agreement
with bird study guidelines [66–69].

Some standardizations were applied to obtain the most reliable density estimates.
Firstly, the counts were carried out between February and March 2019, both because
this period falls in the middle of the dry season (absence of heavy rain, low wind) and
also because it is the time of year when the target species become more territorial and
vocal [36,37], therefore more detectable [58,59]. A pilot survey recorded the peak of activity
in the first daylight hours, thus every count was restricted to 5.45 and 8.00 a.m. All transects
were surveyed three times during the research. The total sampling effort resulted in
over 17 km walked along 30 transects (10 transects per three replicates each; Figure 2).
The transects were walked by two operators [55] at an average speed of 1–2 km/h as
recommended by most studies [53,56]. All birds seen or heard were recorded, while birds
flying over transects were excluded [53,56,65]. For every record, we registered the following
data: day, hour, type of record (visual or acoustic), estimated distance of the individual
from the operator (or transect), direction (deviation angle from the north), and the exact
position of the observer through a GPS map (Garmin Gpsmap 64s, precision: 3 m).

2.3. Analyses

Data were analyzed with the software Distance Sampling v. 7.3 [59,62]. We applied
truncation to make the resulting estimates more reliable and to minimize the gaps in the
histograms. We tried an array of truncation distances (w) and, in particular, spanning be-
tween 150 m and 300 m, we simulated a different w every 10 m. We excluded the attempts
with the worst goodness of fit (GoF) parameters, thus narrowing down the number of
models (e.g., see Supplementary Materials, Figures S1 and S2, and Table S1) and, finally,
the detections’ limits were set at 210 m for both Momotus lessonii and Eumomota superciliosa
(see Supplementary Materials, Figure S3). In this way, outliers were not taken into account
and ratios of truncated contacts (9% for E. superciliosa and 6% for M. lessonii) were in line
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with the suggested amount of approximately 5% [62]. In order to obtain overall density
estimates for the Wildlife Refuge, detection functions [60] were computed separately for
each species. These were based on the curve’s goodness of fit plotted on the histogram.
Differentiated models with different series expansions were fitted to each histogram. The
selection among these models was based on the graphical fitness of the curve; hence the
Chi-squared test and the Q-Q Plots with related Kolmogorov–Smirnov (KSt) and Cramer–
von Mises (CvMt) tests were taken into account [54,60]. Akaike’s Information Criterion
(AIC), which incorporates likelihood (L) and the number of parameters (k), was applied
for selection among models with the same n (number of observations) and w (width of
truncation). We used both Conventional Distance Sampling (CDS) and Multiple-Covariate
Distance Sampling MCDS; [70]. The latter approach helps in reducing the biases in case
the true detection function differs by stratum, but the sample size is not large enough to
apply stratification properly [70]. This proved to be useful in our case, given that in the less
occupied habitat, each species was represented by a number of individuals insufficient and
too small (i.e., 11 and 13 contacts for M. lessonii and E. superciliosa, respectively) to produce
reliable estimates and to highlight any significant results. Hence, in MCDS analyses, the
stratum or covariate is represented by the main habitat type: transitional dry forest on
one side and transitional moist on the other. Subsequently, for the specific purpose of
analyzing differences in species distribution between the two main habitats, we used a
different approach (see below). Among the best CDS analyses for E. superciliosa were
“Uniform + Cosine”, “Hazard Rate + Cosine” and “Half Normal + Cosine”, even though all of
them were excluded based on the above-mentioned criteria. The model chosen for this
species was MCDS “Half Normal + Cosine” (AIC = 602.54, χ2 = 7.59, df = 7.00, p(χ2) = 0.37;
see also Supplementary Materials, Figures S3 and S4, and Table 1), which, on comparison
to its corresponding CDS analysis, had similar GoF values but also a significantly lower
AIC (∆AIC = 3.49); this parameter in particular provides an objective, quantitative method
for model selection [60]. Thus, comparing it with MCDS “Hazard Rate + Cosine”, AIC and
all GoF measures were better. For M. lessonii, MCDS “Hazard Rate” without adjustments
(AIC = 649.59, χ2 = 10.59, df = 8.00, p(χ2) = 0.23) was chosen above MCDS model “Half
Normal” due to lower AIC and much better GoF; it was also selected above CDS “Hazard
Rate”, despite a negligibly higher AIC (∆AIC = 0.09), because of a more reliable GoF accord-
ing to the CvMt and higher precision in the estimates (see also Supplementary Materials,
Figures S3 and S5, and Table 1).

By using the software QGIS (QGIS v. 2.18), each geographically referenced record
was pinpointed on the map of the study area, allowing the position of each detection to
be estimated. The creation of maps, together with the knowledge of the exact time of each
record, enabled the detection of any double counts which were then omitted from the
analyses, in agreement with other studies [71]. Furthermore, the use of this method for
extremely territorial individuals of both motmot species, or for individuals of other easily
detectable species inhabiting the area, e.g., the crested guan (Penelope purpurascens), enabled
us to check the accuracy of several distance estimates, on the basis of those individuals
contacted on numerous occasions at the same location but from different positions, showing
precise distances each time.

The Kilometric Abundance Index KAI; [66], i.e., the number of detections per transect
length, was calculated along each transect to assess the relative abundances of both species
in the two habitats considered, i.e., transitional dry forest and transitional moist forest.
With this approach, we aimed to quantify discrepancies in the distribution of the two taxa
among two habitat types coexisting in the Wildlife Refuge. In order to obtain the most
reliable results, we did not include in this analysis the most distant aural contacts. We also
excluded the data collected along transects T7 and T8, as some violent storms preceding
our study (which occurred in 2018) partially modified the targeted environment, creating a
combination of denser moist forest alternated by some open patches, which simulated a dry
forest habitat. The nested analysis of variance (ANOVA) was used to test for differences in
KAIs, in order to assess if the relative abundance varied both for each species in the two
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investigated habitats (transitional dry forest and transitional moist forest), and for each
habitat between the two species.

To better show whether the relative abundance of the two target species varied in
the two habitats, a Similarity Percentages analysis (SIMPER) was performed, along with
Cluster Analysis and Analysis of Similarities (ANOSIM), using the Bray–Curtis similarity
measure on the detections of the two species in the different strata sampled.

All statistical analyses were performed in the R environment (R Core Team 2022, v.4.2.0).

3. Results

Overall, after the exclusion of double counts, a total of 66 and 69 records were obtained
for Eumomota superciliosa and Momotus lessonii, respectively; the majority of the contacts
was aural, namely 76% and 91%, and a proportion of the records was truncated, at 9% and
6% for the two species. The remaining 60 and 65 records, respectively, were modeled using
Distance. Therefore, both truncation percentages were close to the 5% threshold suggested
by other authors [58].

Density Estimates and Relative Abundance

The overall resulting density estimate for E. superciliosa was 22.78 ± 5.70 individuals/km2

(CV = 25.01%, 95% CI = 13.43–38.64), with a detection probability of 0.36 (CV = 11.22%, 95%
CI = 0.29-0.45), while M. lessonii showed a density estimate of 21.32 ± 5.65 individuals/km2

(CV = 26.49, 95% CI = 12.09-37.57), with a detection probability of 0.43 (CV = 9.85%,
95% CI = 0.35–0.51) (Table 1 and Supplementary Materials, Figure S3).

Maps of records for each sampling day were created to manage the double counts
and assess the precision of the distance estimates. The maps were merged to obtain a map
inclusive of all the records, which could show the distribution of the contacted individuals
over the whole investigation period (Figure 3) and, therefore, provide information on the
distribution of the two species in the investigated area. As for E. superciliosa, the majority of
records were achieved along the transects crossing the transitional dry forest, i.e., T4 and
T5, followed by transects T2 and T6. Conversely, the minimum number of records were
obtained along transects T3, T9 and T10 (Figures 3 and 4). These latter three transects and,
to a minor extent, transect T1, all crossing the transitional moist forest, were characterized
by the highest occurrence of individuals of M. lessonii. As previously reported, transects
T7 and T8 crossed an altered habitat, characterized by a non-homogeneous moist forest
(unlike prior to our study), with canopy openings and portions of soil devoid of arboreal
vegetation (Figure 4). The modification was more obvious along T8, where the ground close
to the track was steep and favored landslides. To avoid biases due to this heterogeneity,
these transects were not included in the habitat analysis with KAI. The Cluster Analysis
highlighted a similarity between T8 and T4 (Figure 5); further information is needed to
clarify the origin of this similarity. This same analysis, performed after the exclusion of
T7 and T8, clearly separated the transects into two clusters: one including the transects
that crossed the dry forest (T2, T4, T5, T6; similarity: ca. 40%); the other, those transects
comprised in the moist environment (T1, T3, T9, T10; similarity: ca. 40%; Figure 5). The
analysis of similarities (ANOSIM) showed a significant dissimilarity among the transects
from dry, moist and altered forests (Global R = 0.346; p < 0.05). Pairwise tests highlighted
that this dissimilarity, based on motmot relative abundances, was driven by a significant
difference between transects from dry forest and moist forest (R = 0.635; p < 0.05). SIMPER
analysis showed a comparable level of similarity among the transects from dry forest and
those from moist forest (49.57% and 49.90%, respectively). The two transects crossing the
altered habitat exhibited a higher similarity (60%). Pairwise comparisons based on the
three environmental contexts (dry, moist and altered forests) revealed that the highest
dissimilarity was between dry and moist forests (64.97%), thus corroborating the results
of ANOSIM.
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Table 1. Summary of the results of some of the models performed for Eumomota superciliosa and Momotus lessonii. Analyses number (no.) 1 and 5 were used for
E. superciliosa and M. lessonii, respectively.

Nr. Species Analysis Model k w n ∆AIC KSt GoF CvMt GoF p(χ2) p ESW D ± SE %CV 95% CI

1 E. superciliosa MCDS Half Normal + Cosine 3 210 60 0.00 0.59 0.60 < p ≤ 0.70 0.37 0.36 76.35 22.78 ± 5.70 25.01 13.43–38.64
2 E. superciliosa MCDS Hazard Rate + Cosine 5 210 60 1.09 0.51 0.40 < p ≤ 0.50 0.14 0.40 84.07 20.69 ± 5.09 24.60 12.26–34.91
3 E. superciliosa CDS Half Normal + Cosine 3 210 60 3.49 0.45 0.60 < p ≤ 0.70 0.43 0.41 86.27 20.16 ± 5.59 27.72 11.44–35.54
4 M. lessonii CDS Hazard Rate 2 210 65 0.00 0.64 0.50 < p ≤ 0.60 0.31 0.40 83.73 22.50 ± 6.50 28.88 12.38–40.91
5 M. lessonii MCDS Hazard Rate 3 210 65 0.09 0.60 0.70 < p ≤ 0.80 0.23 0.42 88.39 21.32 ± 5.65 26.49 12.09–37.57
6 M. lessonii MCDS Half Normal 2 210 65 1.13 0.41 0.40 < p ≤ 0.50 0.16 0.43 89.29 21.10 ± 5.57 26.41 11.98–37.17

Abbreviations: 95% CI = confidence interval of 95%; % CV = percentage coefficient of variation; ∆AIC = Akaike’s Information Criterion variation; CvMt = Cramer–von Mises test;
D = density estimate; ESW = Effective Strip Width; GoF = goodness of fit; k = number of parameters; KSt = Kolmogorov–Smirnov test; n = number of observations used for the analysis;
p = probability of detection; p(χ2) = probability of a greater chi-square value; SE = Standard Error; w = width of truncation.
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on the right) obtained through the Distance Sampling method between February and March 2019.
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dry forest. Altered transects (T7 and 78) are reported (stratum C; in grey) although not included in
the habitat analysis. For each transect (X-axis), values of the three replicates are shown (black dots).

ANOVA revealed significant differences in the relative abundance for each species in
the two habitats and in each habitat between the two species (p < 0.05). The mean KAIs of
E. superciliosa were 1.88 and 6.63 in the transitional moist forest and transitional dry forest,
respectively, while the mean KAIs of M. lessonii were 6.32 in the transitional moist forest
and 1.79 in the transitional dry forest (Table 2).
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Figure 5. Cluster Analysis using the Bray–Curtis similarity measure on the detection of the two target
species (E. superciliosa and M. lessonii) in the different strata sampled within the Karen Mogensen
Wildlife Refuge. Top: dendrogram including all transects (T1–T10); bottom: dendrogram excluding
T7 and T8. Stratum A (in green): primary transitional moist forest; stratum B (in orange): secondary
transitional dry forest; stratum C (in grey): altered transects.

4. Discussion

The total amount of approximately 70 records for both species is in line with the
criteria for obtaining reliable estimates with the software Distance [60]. This value is
comparable with other studies of even longer duration e.g., [57] and higher if compared to
investigations on rare species e.g., [68], and is therefore considered reliable. The presence
of a high percentage (76% and 91%) of aural contacts agrees with the information from
other studies led in tropical forest environments, which reported values ranging from 70%
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to 90% e.g., [63], and reflects the typical complexities related to this kind of survey [69].
The truncations of records used for the general estimate corresponded to 6–9% of the total
amount; these values are close enough to 5% suggested by [60,62].

Overall density estimates for E. superciliosa and M. lessonii deriving from our anal-
ysis are similar to each other (E. superciliosa: 22.78 ± 5.70 individuals/km2; M. lessonii:
21.32 ± 5.65 individuals/km2). The consistency of our density data is strengthened by the
breeding features of the target species. Our study took place in February–March, owing to
the fact that E. superciliosa and M. lessonii lay their clutch in March–April and then are more
territorial and vocal, thus well detectable in the field [36,37]. In addition, these species
are known to be monogamous throughout the year, with partners living in pairs and both
calling [33,36,37]; moreover, both partner and site fidelity have been documented over the
years [33]. Literature regarding M. lessonii’s densities are lacking and a single investigation
on a colony of E. superciliosa reported breeding concentrations of 30 pairs (10 to 20 in most
cases), nesting in adjacent holes [9,34]. We highlight that the focus on a colony is unlikely
to give an accurate density value, especially for Costa Rican areas, where the latter species
does not show a colonial behavior [9].

Generally, our values appear higher than those reported by the few other studies led
on the closest taxon to M. lessonii, i.e., M. momota. Research undertaken in different parts of
the Amazon Basin reported a population density of 5 pairs per 100 ha, i.e., 10 ind./km2, in
a primary lowland forest [72], 6 pairs per 100 ha (12 ind./km2) in a floodplain forest [73],
and 5.5 pairs per 100 ha (at least 11 ind./km2) in a lowland rainforest [74]. A further
investigation, also led in Amazonia, recorded a similar number of individuals (6 pairs in
territories of 100 ha, i.e., 12 ind./km2) within a “mature forest” habitat, even though the
authors identified and distinguished two additional forest habitats: a “mixed canopy” and
a “transitional forest” [75]. In these environments, the densities reported were much higher,
i.e., 22 and 21 pairs in territories of 100 ha, respectively (44 and 42 ind./km2), almost twice
the density estimates found in our study and substantially higher than those registered in
the aforementioned studies.

The situation is noticeably heterogeneous for other momotid genera. Compared to our
results, some studies reported either higher or considerably lower densities. For instance,
density data recorded for Baryphthengus ruficapillus in Brasil corresponded to 30 ind./km2,
and reached 48 ind./km2 for the congeneric B. martii in Panama [76]. Electron platyrhyincus
reached the density of 30 ind./km2 in an Amazonian area [77], even though lower densities
were reported in other Amazonian sites, i.e., 2 pairs per 100 ha (4 ind./km2) [73,75]. The
congeneric keel-billed motmot, E. carinatum, revealed densities of 16–20 individuals in
a protected area spreading over 2000 hectares, i.e., 0.8–1 ind./km2 [9,78]. Finally, low
densities were reported also for Aspatha gularis, which reached 5 ind./100 hectares in a
Guatemalan cloud forest [79].

As for the study of the habitat, the two species showed a spatial partitioning and only
partially overlapped within the Reserve. Our investigation pointed out a difference in the
abundance of the two target species along the transects crossing the primary transitional
moist forest and the secondary transitional dry forest. The analyses performed indicate that
the two motmots tend to replace each other within the two investigated habitats, though
exhibiting substantially similar densities in relation to the whole surveyed area (Figures 3–5;
and Table 1; Table 2). The Cluster Analysis clearly separated the four transects crossing the
dry forest (T2, T4, T5 and T6) from those included into the moist forest (T1, T3, T9 and T10),
highlighting a similar number of detections of each species within each of the two habitats
(Figure 5). Additionally, when also taking into account altered transects T7 and T8, this
showed a more heterogeneous situation, with these mixing with the others and suggesting
a possible intermediate habitat type. This would be an interesting point of investigation
and should deserve more attention in future studies in the Wildlife Refuge. Following the
results of the Cluster Analysis, ANOSIM and SIMPER showed significant dissimilarities
between the composition of motmot communities from dry and from moist forest.
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The Kilometric Abundance Index (KAI) for the turquoise-browed motmot was signifi-
cantly higher along the four transects comprised in the transitional dry forest than in the
remaining paths (Figures 3 and 4; Tables 1 and 2). Similarly to other Costa Rican, and, more
generally, Central American contexts, this habitat is characterized by open upper vegetation
strata [80,81]. Furthermore, the investigated habitat is a relatively young second-growth
forest (on average 30 years old), thus the tree cover is particularly scarce and creates more
space available for the development of fast-growing plants and an overall open canopy [82].

Conversely, the Lesson’s motmot was rarely contacted along the four transitional dry
forest transects. Its KAIs results were significantly higher along transects T1, T3, T9 and T10
(Figures 3 and 4; Table 2), characterized by a transitional moist forest, typically evergreen,
densely vegetated, and often associated with the watercourses that cross the Wildlife Refuge
(Figure 2). This observation is in line with the only extant study on the habitat preference
of M. lessonii (addressed as M. momota instead of M. lessonii) which related the presence of
this species to humid and medium-to-high altitude woods, represented by up to 20–40% of
deciduous trees [44].

Table 2. Habitat and length of each transect, number of Eumomota superciliosa and Momotus lessonii
observations, and Kilometric Abundance Index (KAI) for the two species along each transect replicate.

Transect ID Habitat Length (km)
No. of

Detections
E. superciliosa

No. of
Detections
M. lessonii

KAI Mean
KAI/Transect KAI Mean

KAI/Transect

E. superciliosa E. superciliosa M. lessonii M. lessonii

T1 Moist
forest 0.55 0 6 0

3.64
10.91

9.70
T1 Moist

forest 0.55 4 7 7.27 12.73

T1 Moist
forest 0.55 2 3 3.64 5.45

T3 Moist
forest 0.73 1 3 1.37

1.37
4.11

6.85
T3 Moist

forest 0.73 0 4 0 5.48

T3 Moist
forest 0.73 2 8 2.74 10.96

T9 Moist
forest 0.5 0 0 0

2.00
0

6.67
T9 Moist

forest 0.5 1 2 2 4

T9 Moist
forest 0.5 2 8 4 16

T10 Moist
forest 0.64 0 1 0

0.52
1.56

2.08
T10 Moist

forest 0.64 1 1 1.56 1.56

T10 Moist
forest 0.64 0 2 0 3.12

Mean 1.88 6.32
T2 Dry forest 0.6 7 2 11.67

7.78
3.33

2.22T2 Dry forest 0.6 5 0 8.33 0
T2 Dry forest 0.6 2 2 3.33 3.33
T4 Dry forest 0.53 0 1 0

6.92
1.89

1.26T4 Dry forest 0.53 4 0 7.55 0
T4 Dry forest 0.53 7 1 13.21 1.89
T5 Dry forest 0.47 5 0 10.64

6.38
0

2.13T5 Dry forest 0.47 1 2 2.13 4.25
T5 Dry forest 0.47 3 1 6.38 2.13
T6 Dry forest 0.43 4 0 9.3

5.43
0

1.55T6 Dry forest 0.43 3 2 6.98 4.65
T6 Dry forest 0.43 0 0 0 0

Mean 6.63 1.79
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More generally, the two motmots are depicted worldwide as largely overlapping
both in terms of range and habitat preference, showing also a wide ecological tolerance
across their global distribution, including Costa Rica [37,83,84]. However, this information
tends to be sparse and partially ambiguous. In fact, there is a substantial lack of specific
studies on the supposed habitat segregation of the two birds, especially at a finer level of
spatial resolution. Nearly all the few available data are qualitative, based on bare direct
observations, and do not derive from more analytical studies see e.g., [36]. The only
systematic information gathered was during investigations led in Yucatán, Mexico, by
Orejuela [44,45], even though partially derived from the analysis of colonies. However, this
colonial breeding behavior for E. superciliosa is reported for the areas investigated in Mexico,
but this bird seems not to be colonial in Costa Rica, as reported above [6]. Literature data
report observations of E. superciliosa in both deciduous woodland and evergreen forests
in Costa Rica, and, more generally, tend to highlight a preference for drier habitats and
secondary woodland [9,36,44]. On the contrary, M. lessonii is assumed to prefer more humid
forests, closed and shady habitats, with few lianas [44]. In this context, our results, based
on quantitative data, give a significant support to the observations reported to date for
both species.

Differences in abundances between habitats reflected by our study may be supported
by other results, not least in terms of the difference in the aural/visual contact ratio between
the two species. The majority of contacts of both species was aural but the aural/visual
contact ratio was much higher for M. lessonii compared to E. superciliosa (M. lessonii: 91%;
E. superciliosa: 76%). In addition, M. lessonii was frequently recorded at shorter distances
than E. superciliosa. These results are likely due to the preference shown by the former
species for habitats characterized by a denser vegetation cover. Moreover, in a dry forest
environment, with less vegetation cover and a more open canopy, the chance of obtaining
visual records of E. superciliosa was higher. This peculiarity could have increased the
probability of also detecting individuals of this species located at a greater distance from
the transects, resulting in a more uniform distribution of contacts. For this reason, the
distance of truncation was fixed at a greater distance for E. superciliosa than M. lessonii (see
above) in the analyses performed with Distance.

As reported above, we opted not to include in the KAI analyses those records deriving
from transects T7 and T8, owing to recent upheavals that followed the storms of the 2018
rainy season. Various investigations led in Central American environments pointed out
how the creation of open patches within forests influences the bird community and species
occupancy, notably the most forest-dependent species, i.e., birds that require wide zones of
mature forest. Moreover, the decrease in connectivity between forest portions separated by
newly formed open patches and, more generally, the degradation of existing microhabitats,
negatively affect the presence of some species at different levels [85] (see literature therein).
Based on this information, even though the data deriving from transects T7 and T8 could
not be considered, to some extent they may support a result of our analyses, i.e., the
partial habitat segregation where the two species coexist in a restricted area. In fact, we
would have expected to register a higher number of individuals of M. lessonii and relatively
few E. superciliosa in the moist forest environment characterizing these transects prior
to our study, similarly to the situation detected along transects T1, T3, T9 and T10 (see
above). However, by observing on a map the georeferenced records along transects T7
and T8 (Figure 3), the total number of contacts for the two species was rather similar, even
though a few more individuals of E. superciliosa were recorded along transect T8, which
underwent major alterations, while a slightly higher number of M. lessonii was registered
along transect T7. The peculiar situation observed along transects T7 and T8, though not
statistically analyzed, could represent an additional, albeit merely qualitative, support to
the results of our analyses. The presence of open patches across a denser primary moist
forest environment may have created a balanced situation where the two species coexist
with rather comparable abundances, despite a minimum difference in the openness of the
forest environment that might influence, albeit slightly, the choice of the two species.
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A further field observation that may corroborate the results of our analysis derives
from the data collected along transect T4 (dry forest). The Cluster Analysis separated
T4 (dry forest) and T8 (most altered transect) from the other transects, pointing out a
similar number of detections of both species along each of these two transects (Figure 5).
The frequency of contacts of E. superciliosa along T4 appears somewhat higher than along
other transects of the same dry forest stratum. The dendrogram resulting from the Cluster
Analysis, performed after the exclusion of T7 and T8, shows T4 detached from the other
transects that cross the dry forest (Figure 5). T4 is the only path of our study lying on a
road (Figure 2). Although the route is unpaved, narrow and scarcely used, it somewhat
broadens the open space in the vegetation, in a context already characterized by sparse
vegetation cover. Various wide-ranging studies on dry forest environments report that the
abundance of forest gaps, the increasing openness of the canopy and the consequential
growth of thickets are related to a higher number of disturbance-adapted species [82].
Conversely, the only location close to dry forest/open areas where M. lessonii was regularly
recorded during our investigation was around the research station located within the
Wildlife Refuge, which lies in an area of convergence of the two forest types (Figure 2).
Based on these occasional observations, we may hypothesize that the openness typical
of dry and, especially, secondary dry forests [79,82] could be crucial for the presence of
Eumomota superciliosa.

Further considerations deriving from our results are related to the diet of the two
motmots, so far investigated only by Orejuela [44]. E. superciliosa was reported to feed on
a higher proportion of actively flying insects (mostly lepidopterans and hymenopterans)
and a lower proportion of ground arthropods than M. lessonii [44]. Dry forests are usually
less dense [86] and characterized by a more open canopy [80]; therefore, they can be more
suitable for a species such as E. superciliosa, which predates actively flying insects. Moreover,
our data collection took place during the dry season in the Nicoya Peninsula, typically
characterized by a generalized decrease in prey availability and by a concentration of
trophic resources in the limited moister environments. An additional working hypothesis,
in line with Orejuela [44], is that M. lessonii tended to show more hostile interactions
with E. superciliosa in the prey-richest part of the Wildlife Refuge (moist forest), further
retaining the distribution of E. superciliosa to areas characterized by dry forest. These
observations can be corroborated by several studies reviewed by Visco et al. [84], who
pointed out that the degradation of preferred microhabitats jeopardizes specialized birds’
foraging opportunities. In addition, our observations are in line with the investigation by
Orejuela [44], who reported an apparent superiority of M. lessonii in the competition with
E. superciliosa in a stable forest environment. In support of this assumption, the habitat
modifications recently undergone along transects T7 and T8 (moist forest prior to our study)
might have been detrimental for M. lessonii, whilst positively affecting the presence of
E. superciliosa which showed a clear opportunistic and colonizer behavior. In this case, the
competitive superiority of M. lessonii might be reduced or even reversed by the demands for
tolerance derived from habitat modification. Therefore, in altered situations where the two
species coexist, E. superciliosa may restrict M. lessonii to a narrower range of microhabitats,
or even locally replace it.

A further remark arising from our findings is related to the forthcoming development
of the study area. According to the institution in charge of the Wildlife Refuge (i.e., The
Ecological Association of Paquera, Lepanto and Cóbano), its area will expand in the near
future, embedding the neighboring territories presently affected by the great exploitation
and widespread deforestation that affected the whole region during the second half of
twentieth century [87,88]. In line with the effects of the conservation measures implemented
from the 1990s, the expansion of the Refuge’s boundaries will undoubtedly result in a rapid
land reforestation, with a consequential reduction in the open dry forest environments.
Based on the results of our study, we can hypothesize that for E. superciliosa, this could
restrict the areas of its presence in the Refuge; the species might instead follow the shifting
edges of the expanding forests and move to the new forest borders and the newborn
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sparse woodlands. On the other hand, M. lessonii would keep the denser and moist forest
interior as its stronghold, remaining distant from the more open areas which border part of
the Wildlife Refuge. This process would be the other side of the coin of the observation
by Orejuela [44], who focused on the biological consequences of extensive deforestation
programs in Yucatán, pointing out that the removal of highly developed forests, and the
creation of roads, pastures and agricultural zones, fostered the spreading of colonizer and
opportunistic species. As a consequence, man-induced deforestation would have favored
E. superciliosa in the interspecific competition with M. lessonii.

A final remark is related to the global distribution of E. superciliosa. It is noteworthy that
the population examined in the present study is among those reaching the southernmost
range of this species [9]. Similarly to the populations of numerous other tropical species
at the edge of their global ranges, this situation increases the probability of their being
influenced by the effects of global modifications—most notably, climate change, and the
resulting habitat alterations [89]. Although most of the species are negatively affected by
these global alterations, which tend to cause a progressive worldwide expansion of arid
and semi-arid environments, the preference of this motmot for such habitats may result
in a numerical increase of densities with a consequent broadening of the areal to other
areas of Costa Rica located further south. In this hypothetical scenario, the presence of
M. lessonii may be restricted to the steadily declining moister environments. The ongoing
creation of isolated patches of this forest type, and the progressive decreased connectivity
between them, will probably foster the decline of local intraspecific breeding, the reduction
in population rescue opportunities, and the decrease in gene flow among breeding nuclei,
with detrimental effects from a genetic point of view, as reported in several studies see [80]
and literature therein. Based on these considerations, our focus on the ecological features of
the two momotids acquires a major importance in light of the potential use of these easily
monitored animals as bioindicators of the aforementioned global alterations. Finally, our
findings are of particular importance in a geographical zone characterized by some of the
most threatened environments of Central America [12,13], therefore needing specific and
constant biomonitoring programs.

Further investigations on the two target species, potentially to be conducted both on a
long-term basis and at a broader scale, will hopefully support and strengthen the results of
our research, thus allowing an increasingly extensive use of these birds in the monitoring
of neotropical forests.

The development of balanced conservation measures in suitable areas, such as the
Karen Mogensen Wildlife Refuge, will be of crucial importance for the preservation of
vital populations of both the two momotids under consideration. Besides the conservation
issues, these management actions will favor the presence in the same area of two flagship
animals, as well as of many other tropical bird species, contributing in this way to the
maintenance of and increase in the local income deriving from environmental tourism.
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150 m for the species Eumomota superciliosa; Figure S2: Detection function (above) and Q-Q plot
(below) relative to a CDS hazard rate analysis performed with a distance of truncation (w) of 150 m
for the species Momotus lessonii; Figure S3: Detection functions of the selected analyses (analyses
1 and 5 in Table 1), based on the curve’s goodness of fit (GoF) on the histogram; Figure S4: Q-Q plots
of models reported in Table 1 for Eumomota superciliosa; Figure S5: Q-Q plots of models reported in
Table 1 for Momotus lessonii; and Table S1: Summary of the results of two illustrative analyses run at a
distance of truncation (w) of 150 m for comparison with the selected models.
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