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Abstract: Parrots stand out among birds because of their poor conservation status and the lack
of available information on their population sizes and trends. Estimating parrot abundance is
complicated by the high mobility, gregariousness, patchy distributions, and rarity of many species.
Roadside car surveys can be useful to cover large areas and increase the probability of detecting
spatially aggregated species or those occurring at very low densities. However, such surveys may
be biased due to their inability to handle differences in detectability among species and habitats.
We conducted 98 roadside surveys, covering > 57,000 km across 20 countries and the main world
biomes, recording ca. 120,000 parrots from 137 species. We found that larger and more gregarious
species are more easily visually detected and at greater distances, with variations among biomes.
However, raw estimates of relative parrot abundances (individuals/km) were strongly correlated
(r = 0.86-0.93) with parrot densities (individuals/ km?) estimated through distance sampling (DS)
models, showing that variability in abundances among species (>40 orders of magnitude) overcomes
any potential detectability bias. While both methods provide similar results, DS cannot be used
to study parrot communities or monitor the population trends of all parrot species as it requires a
minimum of encounters that are not reached for most species (64% in our case), mainly the rarest and
more threatened. However, DS may be the most suitable choice for some species-specific studies of
common species. We summarize the strengths and weaknesses of both methods to guide researchers
in choosing the best-fitting option for their particular research hypotheses, characteristics of the
species studied, and logistical constraints.
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1. Introduction

Parrots (Order Psittaciformes) stand out among birds because of their poor conserva-
tion status [1,2] and the lack of knowledge on their population sizes and trends. According
to the most recent IUCN evaluation, almost 30% of the 402 extant parrot species are threat-
ened with extinction, while accurate information on their population numbers and changes
in abundances is lacking for most species [3]. The paucity of information on population
sizes, densities, and changes in the abundance of parrots across the world was highlighted
six years ago [4], calling for further development and application of monitoring methods
to better understand how parrot populations are responding to the variety of threats they
face [1]. In fact, a recent review relating conservation threats to population trends in the
Neotropics, the realm with the highest richness of parrot species [1], revealed the scarcity
of data on actual abundances and population trends [5]. The situation is similar for the
other realms, even for the Afrotropics [6] where parrot species richness is the lowest [1].

Estimating parrot abundance is challenging because many species naturally occur at
very low densities [4], while others have heavily patched distributions or very restricted
ranges [3]. Moreover, widespread threats such as habitat loss, illegal trade, and persecu-
tion [7-9] may be drastically reducing parrot population sizes and ranges, making the
design of monitoring programs even more difficult. Moreover, some parrot species are
highly gregarious and aggregate in large communal roots, and thus estimates of overall pop-
ulation size can be obtained when all roosts are located and can be properly surveyed [10].
However, this is not feasible for most parrots species, as roost sites may often change [11],
they can not be located in large, inaccessible areas, or simply because not all species gather
in large communal roosts. Then, researchers are forced to use alternative methodologies
such as point counts and line transects, traditionally used for many avian taxa, to obtain
estimates of relative abundances and densities [10]. A recent review has compiled different
sampling and analytical methods for estimating parrot abundances [10]. Although the
efficiency of walk line transects and point counts to estimate parrot abundances may differ
among studies [11-13], both methods are constrained by the small geographic scale at
which they can be done. Therefore, they may not be logistically affordable for surveying
parrot species that are patchily distributed and with very low densities, as a very large num-
ber of sampling sites (e.g., up to 2000) are required for surveying uncommon species [12].
Conversely, roadside car surveys allow the coverage of very large areas, thus accounting
for the large home ranges and mobility of many common parrot species and increasing the
probability of detecting individuals of species occurring at very low densities and/or those
that are spatially aggregated [10].

Roadside car surveys have been largely used to survey conspicuous species (mostly
raptors, e.g., [14-16]), providing an easy-to-obtain measure of relative abundance (number
of individuals recorded /km surveyed). Recently, roadside car surveys have also been used
to relate the relative abundances of parrot species to habitat changes [17,18], the role of
parrots as seed dispersers [19,20] or their roles in other ecological functions [21], or to assess
how parrots are selectively poached for their use as pets [22]. Their gregariousness and
especially their loud vocalization behavior [10] makes this method even more appropriate
for parrots because vocalizations facilitate their detection compared to other taxa such as
raptors, which are mostly only visually detected and thus more difficult to record when
perched hidden by the vegetation. The easier aural than visual detection of parrots was
revealed by Lee & Marsden [23], showing that only 4% out of 2,681 parrot detections
obtained through walk line transects were of silent, seen-only groups. However, as for
point counts [24] and walk line transects [23], several parrot encounters correspond to
aural-only detections, and thus the number of unobserved individuals cannot be recorded
for estimating abundances [22-24]. A proposed solution for this problem, both for point
counts, walking and car transects, is to substitute missing count data (i.e., aural-only en-
counters) with the average flock size obtained for the species during the survey [22-24].
However, there is no evaluation of how this methodological approach may affect the esti-
mates of abundance. Another obvious problem for all three methods is that the probability
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of detection decreases with the distance of encountered birds from the observer and that
this distance-dependent probability of detection may vary among species and habitats [10].
This problem is easily solved through distance sampling (DS) modeling, currently imple-
mented in accessible statistical packages, which allows the calculation of probabilities of
detection to estimate densities (individuals/km?) of the studied species [10]. However,
this much more desirable approximation comes with the caveat that robust DS modeling
requires a minimum of visual encounters [10], from which distance measurements can be
taken to inform models, which in some cases could reach 40-50 contacts [13]. Unfortunately,
this analytical constraint makes it impossible to estimate the abundances for rare parrot
species occurring at very low densities [20,25] or those relatively abundant but highly
gregarious species recorded in high numbers of individuals in a few very large flocks [26],
with numbers of encounters that are insufficient for DS modeling. Nonetheless, recent
work showed a strong correlation between distance-uncorrected relative parrot abundances
obtained through roadside car surveys and distance-corrected densities for a sample of
species with enough visual encounters needed for DS modeling [22] (see also unpublished
results offered by [10]). These results support the idea that distance-uncorrected relative
abundances of parrots obtained through roadside car surveys are good proxies of their
actual abundances, especially when the high variability in abundance among species over-
comes the main sources of sampling error, i.e., differences in detectability [22]. Nonetheless,
further research embracing different parrot communities and biomes is needed before
generalizing these conclusions.

Here, we take advantage of an unprecedented data set that compiles our roadside
car surveys conducted over 10 years, covering 20 countries and all continents and biomes
inhabited by parrots across the world. We first assessed sources of variability related to the
percentage of aural-only encounters and the distance at which parrots were detected. We
hypothesized that parrot detectability in roadside surveys is a function of species size and
gregariousness, and the openness of the surveyed habitat. We predicted that larger and
more gregarious species should be more easily detected visually and at greater distances,
and that detection should also vary among biomes since they range from very open (e.g.,
Deserts and Xeric Scrublands) to highly concealing forested habitats (e.g., Tropical and
Subtropical Broadleaf Moist Forests). We then correlated distance-uncorrected relative
densities (individuals/km) with density estimates (individuals/ km?) obtained through DS
modeling, using different thresholds for a minimum of visual contacts. We evaluated how
adding an estimation of the number of only heard (unseen) individuals [22-24] affects these
correlations. We found a strong correlation between these estimates of parrot abundances
and discuss the pros and cons of both methods, including the loss of whole surveys and
the traits of species that are excluded when using DS and not reaching the minimum
numbers of visual encounters needed for statistical modeling. We aim to guide researchers
in choosing the best-suited methodology given their research objectives and study species.

2. Materials and Methods
2.1. Study Areas and Field Work

We selected several countries from the main five parrot-inhabited realms (Neotropic,
Afrotropic, Indomalayan, and Australasia). These regions represent the richest to the
poorest parrot communities worldwide [1]. This work was embedded within differ-
ent research projects, having all in common our need to estimate the relative abun-
dance of each species within each parrot community. We used these estimates to an-
swer different questions, such as those related to their relative contribution to ecologi-
cal functions [19-21], assessing poaching pressure [22], or the effects of habitat transfor-
mations on parrot abundances [17,18]. Therefore, for each country, we designed road
itineraries to cover the main biomes and ecoregions occupied by parrots (obtained from
https:/ /ecoregions2017.appspot.com/; accessed 15 January 2021) and the distribution
of as many parrot species as possible (obtained from [3] and a variety of regional bird
field guides). Using satellite maps, we selected unpaved and low-transit paved roads
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that crossed from pristine to highly humanized habitats (e.g., agricultural and urbanized
areas), thus maximizing the chances of finding a variety of parrot species, from those
intolerant to habitat transformations to those benefitting from anthropogenic changes
(e.g., [17,18,27-29)).

Most of the fieldwork was done between 2011 and 2020 (Supplementary S1), through
expeditions that typically lasted 3-5 weeks. Some small countries were well surveyed
through a single expedition (e.g., Costa Rica), while some of the largest (e.g., Brazil)
required many expeditions to cover the greater variety of biomes, ecoregions, and parrot
communities. In such cases, results obtained from a single ecoregion/biome/country in
different expeditions (usually conducted in different years) were pooled to increase sample
sizes (number of km surveyed and number of parrots recorded) and thus better represent
the whole parrot community and increase the precision of estimates [12]. Only Australia,
Colombia, and India were partially surveyed due to logistical constraints (Supplementary
S1). Surveys were conducted in different seasons and across the annual cycles of parrots.
However, this should not be problematic for the objectives of this paper, since our analyses
compare results of two parrot abundance estimates simultaneously obtained within each
ecoregion/biome/country surveyed (see below). Rather, the large geographic and temporal
scales of our surveys reinforced and allowed the generalization our results.

2.2. Roadside Surveys

Typically, and similarly to other roadside parrot surveys [17-22], the driver and
two experienced observers drove a 4 x 4 vehicle at low speed (10-40 km/h) following
previously designed itineraries from dawn to dusk, avoiding rainy and hot middays when
parrot activity declines [30,31]. All parrots detected were recorded, briefly stopping when
needed to identify species and/or count the number of individuals in flocks. Observers
were familiar with the parrot species surveyed, as surveys were combined with behavioral
and foraging studies across all study areas (see e.g., [32-35]), so they were able to visually
and aurally identify them. Moreover, several authors participated in different surveys,
and the first author participated in 91% of all surveys, so each survey included researchers
with accumulated experience in identifying parrots. For a subsample of surveys (those
conducted since 2018), we also recorded the mode of detection (i.e., whether parrots were
first detected aurally, visually, or both) and their behavior at first detection (i.e., resting,
feeding, or flying). Following previous recommendations [13] and studies [17-22], we
considered both perched and flying individuals for estimating parrot abundances (see
Discussion for pros and cons of including flying birds), thus also making distance-corrected
and uncorrected estimates (see below) comparable. We paid special attention to the flying
direction and group size of parrots in flight to avoid double counting of flocks [13].

Distances of detection (i.e., the perpendicular distance from parrots to the road when
they were first detected) were recorded to compare two estimates of parrot abundance
(see below). Detection distance was estimated visually for short distances or using a laser
rangefinder incorporated into binoculars for large distances (Leica Geovid 10 x 42, range:
8-1500 m), measuring the distance to the closest tree for flying flocks. In the case of loose
flocks, we measured the distance to the closest individual in the flock. In many instances,
parrots were only heard and the species identified through their vocalizations because they
were concealed by vegetation. Therefore, we could not record the distance of detection nor
the number of individuals. Thus, we classified detections as aural (only heard) or visual
(seen or both seen and heard).

Since 2018, all roadside surveys and parrot counts were recorded using the ObsMapp
application for smartphones, which uploads the observations to the citizen science platform
Observation (www.observation.org; accessed 15 January 2021). Therefore, all records,
exact location, and associated information can be viewed and downloaded from this web
platform (searching for the observers Pedro Romero-Vidal, Dailos Herndndez-Brito, and
José Luis Tella) by any researcher in the future.
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2.3. Distance Sampling Modeling

Distance sampling (DS) models were fit for each combination of country, ecoregion,
and species (henceforth study case). The maximum detection distance was fixed at 500 m
for all species. While this value may not be optimal for some species and/or habitat types,
it encompasses most of the detections (see Results Section 3.3.2). More importantly, having
a single maximum distance allows straightforward comparisons among study cases. We
restricted DS modeling to those study cases with at least 10 visual contacts within 500 m of
distance. We conservatively used this encounter threshold as it was the minimum required
for DS modeling in a previous whole-parrot community study [22], thus allowing us to
include as many species and study cases as possible. In fact, a minimum of 10 contacts of
the target species was suggested to obtain useful, if imprecise, parrot density estimates [4].
Nonetheless, we also tested how results could change by gradually increasing the threshold
up to 50 visual contacts per species (see below). Because the number of individuals in
a group can influence detection, we evaluated the potential correlation between group
size and detection distance using Spearman correlation tests. We binned distance data for
each study case to facilitate the fitting of detection functions, using breaks every 25 (a),
50 (b), and 100 (c) m (i.e., a: 0-25, 25-50, ... , 475-500 m; b: 0-50, 50-100, ... , 450-500 m; c:
0-100, 100-200, ... , 400-500 m). For each binning setup (a, b, and c), we fitted DS models
with a half-normal key function as previously recommended after visual inspection of
the histograms of distances [36,37], but also using the hazard rate and the uniform key as
alternative functions. We compared models with no adjustment terms and with cosine,
Hermite polynomial, and simple polynomial adjustments, up to order 5. For models
where group size was correlated with detection distances, we also fitted a DS model with
group size as a covariate. Akaike’s Information Criterion (AIC) was used to compare
models within a distance break set [38], but it cannot be used to compare models fit to
data with different binning setups [36]. Thus, we performed chi-square goodness-of-fit
tests to compare the best models from each binning setup and identify the best fitting
model (highest chi-square test p-value) for each study case. To allow visual inspection
of our DS models and chi-square tests, we provide, for each study case, a histogram of
detection distances (with Sturges’s breaks), the plot of group size x detection distances
(with Spearman correlation test p-value), and the estimated detection functions from the
best DS models for each binning setup, overlaid on the histogram of detection distances
with the respective distance breaks (Supplementary S3).

Detection probability (P) was obtained from the best model for each study case.
Then, abundance (N) was calculated by dividing the number of observed individuals by
the estimated P within 500 m maximum distance (or a 1 km-wide strip centered on the
road). Density was calculated by dividing N by the length (in km) surveyed for each case,
providing an estimate of individuals/km? (the width surveyed was 1 km). Analyses were
done in R using the “Distance” package [39,40].

2.4. Traits of Parrot Species

We obtained two measures of parrot size, body length (in cm) and body mass (in g),
from [41]. As a proxy of the gregariousness of a species, we used our own data on flock
sizes. For analyses based on study cases, we used the average flock size of the species
recorded within each study case. For analyses at the species level, we used the overall
average flock size after pooling data when a species was surveyed in more than one
study case. Average flock sizes were unrelated to the body length (Spearman correlation,
rs = —0.02, p = 0.84) and body mass (rs = —0.09, p = 0.28) of the 131 species visually
recorded in our study. However, body length and body mass were strongly correlated
(rs = 0.88, p < 0.001), so both variables were alternatively fitted in models accounting for the
relationship between detectability and body size (see below). Results were nearly identical
but the effect of body mass was always slightly stronger than that of body length, so the
later results are not shown for simplicity. The global conservation status of each species
was obtained from the 2020 I[UCN Red List [3].
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2.5. Statistical Analyses

We used Generalized Linear Models (GLM) to assess how the number of parrot
encounters and the number of parrot species recorded (negative binomial error distribution,
log link function) varied among realms and with the lengths of surveys. Moreover, we
evaluated how the percentage of aural encounters, distances of detection, and probabilities
of detection (P) (log-transformed; normal error distribution, identity link function) were
affected by the body mass and flock size of the species and the biomes they occupied.
For the proportion of aural encounters, we restricted analyses to species with at least
15 encounters to reduce error biases in the estimation of proportions [42].

The relationship between relative abundances (individuals observed/km; response
variable) and densities of parrots (individuals estimated /km?) obtained through DS mod-
eling was assessed with non-parametric Spearman correlation and linear regressions on
raw and log-transformed data, respectively. As the robustness of DS models and thus
the precision of their estimated densities may increase with sample sizes (i.e., number of
contacts [12]), we performed five regressions by restricting data to cases with at least 10, 20,
30, 40, and 50 visual encounters at distances < 500 m. Following previous recommenda-
tions to avoid the underestimation of secretive species [22-24], we also estimated relative
abundances by summing to the number of observed individuals the estimation of those not
observed (number of aural-only contacts x average flock size obtained in each study case),
divided by the km surveyed, and repeated the same regression on densities obtained from
DS models. Finally, we assessed whether these relationships are influenced by body mass,
flock size, biome, and the number of visual encounters through a GLM (response variable:
log-transformed relative abundance; normal error distribution, identity link function).

The characteristics of case studies and species (body mass, flock size, relative abun-
dance, conservation status) not available for estimating their densities through DS modeling
due to the low number of visual contacts were identified using GLMs (response variable:
available/not available; binomial error distribution, logistic link function).

Our data set included species that were surveyed in different case studies (mean = 4.2,
median = 2 case studies per species), thus providing replicates that allow for the testing
of the relative contribution of species traits and biomes on detectability and abundance
estimates through the multivariate models described above. These models would require
controlling for species identity to account for pseudoreplication. However, models fitting
species identity as random or fixed effects together with species traits confounded their
individual effects as species had unique values of body size and almost-unique values of
flock size. As our research goal was not to simply assess whether species differ among them
but to know what species traits explain these differences, we show models including species
traits without controlling for their identity. Models did not show data overdispersion, and
the percentage of deviance explained by GLMs and adjusted R? for linear regressions are
provided to show the variability in the data captured by our models. Statistical analyses
were performed using SPSS v. 27.

3. Results
3.1. Distribution of Surveys and Species Recorded

We conducted 98 surveys, covering a total of 57,241.44 km across 81 ecoregions,
from 11 biomes and 20 countries belonging to the Neotropic (48,612.32 km), Afrotropic
(6499.65 km), Indomalayan (1405.72 km), and Australasia (723.75) realms (Figure 1, Sup-
plementary S1).

Surveys averaged 584.1 km in length (range: 35.88-6899.48 km, N = 98), and 75%
of them were longer than 150 km (Supplementary S1). The number of parrot encounters
varied between 0 and 1263 per survey (mean 162.1 + 199.4 SD, median 98, Supplementary
S1), and a GLM revealed it was unrelated to survey length (x? = 1.58, p = 0.21) but varied
among realms (x> = 64.44, p < 0.001), with no significant interaction between survey length
and realm (x> = 2.07, p = 0.56). The average number of parrot encounters per survey
decreased as follows: Neotropic > Indomalayan > Australasia > Afrotropic. The number
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of parrot species recorded per survey ranged from 0 to 25 (mean 5.87 + 5.27 SD, median
4 species, Supplementary S1). Similarly to the number of encounters, a GLM showed
that the number of species recorded was unrelated to survey length (x? = 0.36, p = 0.85)
and varied among realms (x> = 21.71, p < 0.001), with no significant interaction between
survey length and realm (x? = 0.63, p = 0.89). The average number of species recorded
per survey decreased as follows: Australasia > Neotropic > Indomalayan > Afrotropic
(Supplementary S1).

(b)

40°N+

20°N+

20°S4

40°S 4

0* 50°E 100°E 150°E
. Deserts & Xeric Shrublands . Flooded Grasslands & Savannas Mangroves
. Mediterranean Forests, Woodlands & Scrub Montane Grasslands & Shrublands . Temperate Broadleal & Mixed Forests
. Temperate Conifer Forests Temperate Grasslands, Savannas & Shrublands . Tropical & Subtropical Coniferous Forests

Tropical & Subtrepical Grasslands, Savannas & Tropical & Subtropical Moist Broadleal
Forests

. Tropical & Subtropical Dry Broadleal Forests Shrublands

Figure 1. Roadside surveys allowed us to record from (a) the smallest (green-rumped parrotlet Forpus passerinus) to (b) the
largest parrot species (hyacinth macaws Anodorhynchus hyacinthinus) through 98 surveys conducted in 20 countries (c).
The surveyed areas are roughly depicted with red ellipses over the world biomes. Each area may include several surveys,
biomes, and ecoregions. The inserted pie chart shows the percentage of surveys conducted within each biome. Photographs:

José L. Tella.

As each of the 98 surveys covered different combinations of biomes, ecoregions, and
countries (Supplementary S1), and up to 25 species were recorded per survey, we obtained
a total of 575 estimates of species-specific parrot abundances (i.e., study cases).

3.2. Traits of the Species Recorded

Overall, we recorded 137 parrot species from 49 genera distributed among the Neotropic
(110 spp), Afrotropic (6 spp), Indomalayan (6 spp), and Australasia (16 spp) realms (Sup-
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plementary S2). Species ranged in size from the smallest parrotlets (Forpus passerinus,
body length 12.5 cm, body mass 23 g) to the largest macaws (Anodorhynchus hyacinthinus,
body length 95 cm, body mass 1565 g; Figure 1). Species also greatly varied in gregari-
ousness, as reflected by their average flock size that ranged from 1 to 106.4 individuals
(mean = 8.37 £ 12.35 SD, median = 5). Regarding their conservation status, most of the
species recorded were classified as Least Concern (66.4%), while 10.9% were Near Threat-
ened, 12.4% Vulnerable, 7.3% Endangered, and 2.9% Critically Endangered according to the
IUCN Red List. As we recorded from the rarest to the commonest species (Supplementary
52), the number of encounters per species ranged from 1 to 2127 (mean = 109.9 & 278.9 SD,
median = 14, N = 15,072).

3.3. Sources of Variation in the Detectability of Species
3.3.1. Aural and Visual Encounter Rates

Considering the smaller data set of parrot encounters in which we recorded the mode
of detection (N = 9617 encounters), 15.6% were detected visually, 46% were detected
aurally, and 38.4% were simultaneously seen and heard. Parrot detections summing those
exclusively heard plus those heard and seen accounted for 84.4% of the encounters.

Using the whole data set, we recorded a total of 15,072 parrot encounters of which
5325 (35.33%) were only aural, thus allowing records of 119,797 observed individuals and
an unknown number of unseen individuals identified to the species level through their
vocalizations. The proportion of aural encounters differed among species, ranging from
0% to 100% (mean = 23.9%, median = 16.5%; 6 species were only aurally registered, see
Supplementary S2). Considering those study cases with at least 15 encounters (N = 191), a
GLM showed that the proportion of aural encounters decreased with body mass (x> = 69.04,
p < 0.001, Figure 2a) and to a lesser extent with average flock size (x% = 6.09, p <0.014,
Figure 2b) of the species, meaning that the larger and more gregarious species were more
easily recorded visually, with no statistically significant variation among biomes (x? = 17.58,
p = 0.063, Figure 2c). This model explained 34.48% of the deviance.

As proposed in previous works, a method to avoid underestimating the number
of parrots due to aural-only encounters is to multiply them by the average flock size
recorded within each species-specific study case and summing this estimate of unseen
(but heard) individuals to the number of visually recorded individuals, thus obtaining
a more reliable estimate per species. By applying this factor of correction to our whole
data set (575 study cases), the total number of parrots recorded increased by 22.6% (i.e.,
from 119,797 observed individuals to 154,759 estimated individuals). Importantly, this
increment largely varied among species, ranging from 0 to 73.8% (mean = 20.4 + 19.8 SD,
median = 14.3, N = 131 species; the increment could be not calculated for the six species
that were only aurally encountered).

3.3.2. Distance-Dependent Detectability

The distance at which parrots were detected was influenced by several factors. When
analyzing the smaller data set in which both the type of detection and behavior of birds
were recorded, a GLM showed that distances (range 4-1400 m, mean = 89.8 £ 102.7 SD,
median = 60.0, N = 4,783) were lower for aural than for visual detections (x> = 82.83,
p < 0.001) and for perching than for flying birds (x*> = 349.68, p < 0.0001), while they
were larger for larger flocks (x> = 37.39, p < 0.001) and species with larger body mass
(x% = 449.75, p < 0.0001), with significant variations among biomes (x? =125.42, p < 0.0001)
(deviance explained by the model: 22.24%). These and probably other unmeasured sources
of variation suggest the need for modeling distance-dependent probabilities of detection
for unbiased estimation of parrot abundances.

Using the whole data set, we could calculate distance-dependent probabilities of
detection (P) through DS modeling for 208 study cases with at least 10 visual encounters
within 500 m of the transect line per species. Distances ranged between 0 and 1498 m
(mean = 76.1 + 95.8 SD, median = 50, N = 8491), while 99.3% of the distances were <500 m.
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The half-normal key function was the detection function best fitting the data in most of the
study cases (51.4%), followed by the hazard rate (42.8%) and the uniform (5.8%) functions.
The best-fitted models included different cosine adjustments in 24 (11.5%) of the cases, and
only in 10 cases (4.8%) included group size as a covariate. The resulting P ranged from

0.01 to 1 (mean: 0.22 £ 0.15 SD, median = 0.19). It is worth noting that the extremely low
values of P (ranging from 0.01 to 0.05, in 18 study cases obtained through the hazard rate
and in one case obtained through the half-normal functions) may be attributable to cases
where parrots were attracted by feeding/nesting resources available close to the roads,
thus violating a key assumption of DS modeling and making these values questionable

(see Discussion Section 4.1).
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Figure 2. Univariate relationships between the percentage of aural encounters (i.e., when parrots were only heard), and
(a) their body mass (in g), (b) their average flock size (number of individuals/number of visual encounters), and (c) the

biomes surveyed in 191 study cases with at least 15 encounters per parrot species. Red lines (in a,b) and bars (in ¢) show
95% confidence intervals. See Results for multivariate analyses.
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A GLM showed that P was positively related to the body mass (x? = 25.02, p < 0.001,
Figure 3a) and the average flock size (x? = 25.31, p < 0.001, Figure 3b) of the species, meaning
that the larger and more gregarious species were detected farther from the road than the
smaller and less gregarious species, with significant differences among biomes (x? = 30.38,
p < 0.001) despite the large overlap shown by biomes in univariate plots (Figure 3c). This
model explained 35.7% of the deviance. When excluding the 19 questionable P values
(black dots in Figure 3a,b) from the GLM, the results were similar (body mass: x? = 62.68,
p < 0.001; flock size: x% = 31.83, p < 0.001; biomes: x% =27.19, p < 0.001; deviance explained
by the model: 35.13%).

3.4. Relationships between Densities and Relative Abundances

Parrot densities (individuals estimated /km?) were obtained by correcting the number
of individuals observed by their P obtained through DS modeling, for the 208 study cases
with at least 10 visual encounters at distances < 500 m per parrot species. Densities ranged
from 0.04 to 97.4 individuals/km? (mean = 5.1 + 11.2 SD, median = 1.8). We also calculated
the relative abundances (number of observed individuals/km) for the same dataset, which
ranged from 0.02 to 7.31 individuals/km (mean = 0.57 £ 0.86 SD, median = 0.30). The
relative abundances of the species were uncorrelated to their probabilities of detection
(Spearman correlation, s = —0.10, p = 0.15, N = 208).

Despite the large differences in P among case studies, the fact that both densities and
relative abundances of parrots varied within >40 orders of magnitude, leads to a strong
positive correlation between these two estimates of abundance (Spearman correlation of
raw data: s = 0.83, p < 0.001; linear regression of log-transformed values: r = 0.83, estimate:
0.659 £+ 0.031 SE, p < 0.001, acljusted-R2 =0.69, N = 208; Figure 4a). This correlation becomes
stronger when excluding the 19 densities obtained from the extremely low, questionable
P values (linear regression of log-transformed values: r = 0.92, estimate: 0.799 + 0.025 SE,
p < 0.001, adjusted-R? = 0.84, N = 189; Figure 4b).

Nearly identical results were obtained when restricting the dataset to study cases with
at least 20, 30, 40, and 50 visual encounters at distances < 500 m per species to increase the
robustness of DS modeling (r = 0.86-0.91, all p < 0.001), despite the fact that study cases
were reduced to 120, 74, 65, and 52, respectively. Therefore, estimates of parrot abundances
are equivalent whether or not controlling for differences in detectability.

As suggested in previous works, a way to avoid the underestimation of parrot species
with varying percentages of aural encounters is to estimate the number of unobserved
individuals by multiplying them by the average flock size of the species obtained in
the same survey. This estimated relative abundance index (i.e., (number of observed
individuals + number of estimated heard individuals)/km) correlates equally well with
densities obtained through DS modeling (linear regression of log-transformed values:
r=10.83, p < 0.001, estimate: 0.725 + 0.033 SE, adjusted—R2 =0.70, N = 208; Figure 4c); thus,
its use is recommended to avoid the underestimation of parrot numbers. As before, the
correlation results stronger when excluding the 19 questionable desnities (r = 0.93, p < 0.001,
estimate: 0.881 + 0.026 SE, adjus’ted—R2 =0.86, N = 189; Figure 4d). This relationship remains
similar in a GLM (estimate: 0.825 + 0.034 SE, x> = 565.89, p < 0.0001) when controlling
for a much smaller effect of flock size (estimate: 0.006, SE: 0.002, x% = 14.28, p < 0.001),
with no significant effects of body mass (x? = 0.05, p = 0.82), biomes (x> = 16.93, p = 0.06),
and number of visual encounters (x2 = 0.07, p = 0.79). This model explained 87.4% of
the deviance.

3.5. Characteristics of the Species and Surveys Lost When Using Distance Sampling

From the 575 study cases obtained, in 367 (63.8%) DS modeling was not possible
because the number of visual contacts was <10. The number of study cases lost when using
DS mostly corresponded to those showing lower relative abundances (individuals/km;
x? = 82.13, p < 0.0001, Figure 5a), with a smaller positive effect of average flock size
(x? = 20.80, p < 0.001). This may be explained by the fact that some common species are
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highly gregarious and thus can be recorded in high numbers (see large data dispersion in
Figure 5a) but with a low number of flocks encountered, thus not allowing DS modeling.
The loss of cases from DS modeling was unrelated to the body mass of the species (x> = 0.45,
p = 0.50) (deviance explained by model: 30.35%).
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Figure 3. Univariate relationships between the probability of detection (P) of parrots obtained through distance sampling
(DS) modeling and (a) parrot body mass (in g), (b) average flock size (number of individuals/number of visual encounters),
and (c) the biomes surveyed for 208 study cases with at least 10 visual encounters at distances < 500 m per parrot species.

Black dots (in a,b) correspond to extremely low, questionable P values (see text for more details). Red lines (in a,b) and bars
(in c) show 95% confidence intervals. See Results (Section 3.3.2) for multivariate analyses.
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cases with at least 10 visual encounters at distances < 500 m. Red lines represent the 95% CI for the regression lines.

o CR T

14/ (a) * o (b)

1.2
g 3 EN
c 1.0 *
5 5

* c

é 0.8 '§ VU
g 0.6 . &
5 ‘ :

0.2

0.0 LC

Excluded Included Excluded Included

Figure 5. Several study cases and species were excluded from DS modeling because they did not met the minimum
number of visual contacts to allow for estimating probabilities of detection and densities. (a) Study cases excluded (64% of
575) corresponded to species with lower relative abundances; (b) Species excluded (47% of 137) showed a poorer global
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DS modeling could not be applied to 64 (46.7%) of the 137 species surveyed even when
pooling all surveys across world ecoregions together, as they did not reach a minimum
of 10 visual encounters. The percentage of species excluded varied among realms, the
highest being in the Afrotropics (100%, N = 6 species), followed by the Indomalayan (16.7%,
N = 6 spp), Australasia (25%, N = 16 spp), and Neotropic (33.6%, N = 110 spp) realms. The
species excluded from DS modeling significantly showed a poorer global conservation
status (x2 =7.51, p <0.01; 72.32% of deviance explained, Figure 5b).

DS modeling could be not applied for 34 (34.7%) of the 98 surveys conducted, as
they did not include a single species reaching a minimum of 10 visual encounters. The
percentage of surveys excluded for modeling varied among realms, with the highest being
in the Afrotropics (100%, N = 16 surveys), followed by the Neotropic (23.3%, N = 73),
Indomalayan (16.7%, N = 6), and Australasia (0%, N = 3) realms.

4. Discussion

Roadside car surveys have been largely recommended to estimate the abundances of
large and conspicuous birds which occur at low densities, such as raptors [43]. Recently,
this methodology has been applied to parrots, although there is no proper evaluation of its
strengths and weaknesses [10]. After our experience conducting roadside raptor surveys in
a variety of tropical biomes [15,16], we considered this method to be even more adequate
for parrots given that their frequent and loudly vocal activity makes them more easily
detectable than the more silent raptors. In fact, 85% of our parrot encounters were aurally
detected. The loud behavior of parrots largely reduces the problems in detecting raptors
in forested biomes [15]. Supporting this, we found that the proportion of aural detections
was related to the body mass and gregariousness of the species but not to the biomes they
inhabit, which included habitats largely differing in openness, from steppes to rainforests.
Therefore, through our large-scale roadside surveys, we were able to record c. 35% of the
extant parrot species across the world biomes, including the commonest to the rarest and
even Critically Endangered species. The former species, as well as those common but highly
gregarious or patchily distributed, are difficult to survey through walked line transects and
point counts because of their low encounter rates [10]. Moreover, we have demonstrated
that distance-uncorrected estimates of parrot abundances are strongly correlated to those
obtained when using DS modeling, thus providing a good proxy of the actual relative
densities of the species. Nonetheless, roadside parrot surveys have several limitations
regarding the design and length of surveys and the detectability of the species, which can
be addressed as discussed below.

4.1. Roadside Parrot Surveys: Caveats, Solutions, and Prospects

As for raptors and other avian taxa [15,43], parrot abundances obtained through
roadside surveys can be biased by the spatial distribution of roads and the response of the
species to them. Recent studies have shown that coexisting bird species may differentially
respond to roads, some decreasing but others increasing their abundances close to them,
also differing in their responses between major and minor roads [44,45]. As some scav-
engers and birds of prey may be attracted by roadkills and the larger availability of prey
and perching sites (e.g., power lines, poles) close to roads [15,46], some parrots can also
be attracted by feeding resources, large trees and perching sites available close to roads.
In fact, we could confirm that most of the extremely low probabilities of detection we ob-
tained corresponded to study cases where parrots were attracted by feeding resources most
often available in the gutters of the roads, such as fruiting trees (e.g., Burrowing parrots
Cyanoliseus patagonus in Argentina, [35]) or herb seeds (e.g., Galahs Eolophus roseicapilla in
Australia, [47]), or by lines of eucalyptus trees and power lines running in parallel to roads
in deforested areas of Argentina, Paraguay, Uruguay and Brazil, substrates where Monk
parakeets Myiopsitta monachus build their large communal nests [48]. In these few cases,
extremely low probabilities of detection did not result from parrots being hard to detect
at large distances from roads but from the fact that they were aggregated around them.
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These particular circumstances violate a key assumption of DS modeling, i.e., that animal
locations are independent of the line transect position [38], thus questioning its use as they
may lead to the obtention of inflated densities (see Results Section 3.4 and Figure 4a,c).

On the other hand, some parrots may avoid roads because of human disturbance. This
so-called “disturbance effect” may even affect bird abundances obtained from point counts
because of the presence of observers [49], and thus traffic should also affect the behavior
of parrots. We tried to minimize this disturbance effect by selecting a priori, using recent
satellite images, minor paved roads and unpaved roads with little or no traffic, often only
accessible using 4 x 4 vehicles. The fact that the relative abundances (individuals/km)
of the species were uncorrelated to their distance-dependent probabilities of detection
suggests that the less encountered species are actually uncommon (as is also supported by
their IUCN Red List evaluations [3]), rather than their abundances being underestimated
because they avoid roads and thus remain undetected. Moreover, through this work we
found that parrots, from the smallest to the largest species, were largely undisturbed by the
vehicle, allowing us to approach them at short distances, even taking detailed photographs
(e.g., [34,35]). This agrees with the perception of high behavioral flexibility of parrots when
facing human disturbance (e.g., [18,27,50]). In fact, recent studies have shown that the
inter-individual variability of birds in their tolerance to sources of human disturbance such
as roads [51] and human presence [52] is related to the relative brain size of the species,
and parrots are among the birds with larger brains showing less fear of humans [52].
Nonetheless, further well-designed studies are needed to delve more deeply into these
aspects and to evaluate how parrots respond to roads with high traffic intensity.

Another problem of roadside surveys is that habitat composition and configura-
tion near roads may differ from the surrounding areas, thus leading to bird abundance
biases [10,53]. The occurrence of these potential biases can be assessed a posteriori by com-
paring habitat composition along the roads surveyed with surrounding areas [54] but,
ideally, can be largely avoided by carefully selecting the roads a priori using satellite images.
In our case, within each survey, we intentionally selected roads crossing both protected
and unprotected habitats with different degrees of transformation, as we were interested
in surveying whole parrot communities that included habitat-sensitive species but also
those that are favored by low-intensive agricultural and urban habitats [17,18,27-29]. In
other cases, however, researchers may be interested in surveying a particular species and
in such a case they should ensure the selected roads cover and represent the habitats used
by this species and not others. Alternatively, they may be interested in species responses to
habitat transformation. Road transects can be divided into small sections whose habitats
can be measured [43], and thus long surveys crossing fragments of habitats with different
degrees of transformation, from pristine to urban areas within the same study area, allow
for testing changes in parrot abundances based on changes in land use [17,18]. The length
of the section can be used as a proxy of the size of the habitat patch crossed when acquir-
ing large data sets, and thus testing the effects of habitat transformation together with
patchiness on single-species parrot abundances [18]. The same approach can be translated
to multi-species studies, obtaining estimates of total abundance, diversity, and species
richness (by simply recording presence/absence of each species) for each roadside habitat
section [15,55]. Another approach is to compare the habitat composition within a buffer
centered on each detected parrot with that around random points selected from the same
roadside survey, combining field data with remote sensing tools [55]. These approaches
have still been little explored and have the potential to increase our knowledge on the
responses of different parrot species and communities to very large-scale changes in land
use and habitat fragmentation, and are urged given the further habitat loss predicted for
parrots worldwide [7].

4.2. Do We Need to Account for Parrot Detectability?

As for other avian taxa, it is widely assumed that detectability varies among parrot
species [10]. However, differences in distance-dependent detectability among parrot species
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have been little reported [13], and even less is known about which parrot traits explain
these differences. Observations of flying parrots recorded from Amazonian rainforest
canopy points showed that larger-bodied species were detected at greater distances, and
that average flock sizes were negatively related to their body mass [56]. Here, analyzing
a large data set that includes a variety of species and biomes, we show that not only the
distances of detection but also the probabilities of visual detections are positively related
to the body mass and gregariousness of a species. Moreover, there are other potential
sources of variation in parrot detectability that we could not assess through our large-scale
approach. For example, visual (but not aural) detectability may vary within species and
biomes due to habitat transformations (it could be higher in agriculture than in forest
habitats) and seasonal changes in vegetation structure (it could be higher during the dry
season in deciduous tropical dry forests when most trees lose their leaves).

Breeding phenology may also affect parrot detectability since the gregariousness of
some species decreases during the nesting period [10,11] and nesting pairs may be more
tied to their nesting sites and thus less mobile and detectable. Therefore, it is important
to consider potential seasonal changes in parrot behavior and to account for variation in
parrot detectability when performing censuses.

Accordingly, our distance-dependent probabilities of detection (P) were positively
related to the body mass and gregariousness of the species and varied among biomes. Even
though we relied on a minimum of 10 visual encounters, which can lead to useful but
imprecise density estimates [4], the densities obtained were within the ranges obtained
for the same parrot genera through DS modeling using walked line transects and point
counts [4]. As highlighted in the same review, parrot densities obtained through different
methods, even including roost counts, are quite similar when looking at differences among
species [4]. This is likely due to the fact that differences in natural (and/or human-induced)
abundances among parrot species [3] are so high (in our study within >40 orders of
magnitude) that any biases due to differential detectability or other methodological biases
are overcome in interspecific comparisons. Then, perhaps not surprisingly, our results
allow us to confirm and generalize previous findings [22], showing a strong correlation
between detectability-corrected and uncorrected estimates of parrot abundance at a global
scale. Notably, the same correlation holds when increasing the minimum threshold of
encounters to increase the robustness of DS modeling and when including estimates of the
number of unseen (only-heard) individuals, while it is not affected by the body mass of the
species, biomes, or the number of encounters per species. Therefore, simple estimates of
relative parrot abundance (individuals/km) can be used as good proxies of their estimated
detectability-corrected densities. This does not mean however that one method is better
than the other, nor that distance sampling is not needed for roadside parrot surveys. The
choice should be balanced attending to different methodological constraints and research
objectives, as further discussed below.

4.3. Pros and Cons of Distance Sampling

A major challenge for estimating parrot densities is obtaining enough encounters from
all species for DS modeling [4]. For example, density estimates could be obtained for only 9
of 17 parrot species after significant effort conducting walked line transects (accumulating
2,412 km surveyed over 3 years) in two small Amazonian study areas [23]. In our study,
64% of the case studies, 47% of the parrot species, and 35% of all surveys had to be excluded
from DS modeling. This occurred despite pooling data from the same ecoregions/countries
obtained in different seasons and years, when available, to increase sample sizes, to better
represent the whole parrot community, and increase the precision of estimates [12], and
even though we used the lowest number of visual encounters required for DS modeling [4].
Concerningly, most of the species excluded are threatened or uncommon in the wild,
but there are also some common but highly gregarious species, varying among realms.
The extreme case is exemplified by the Afrotropic realm, where all study cases, species,
and surveys were excluded despite the high survey effort invested (Supplementary S1).
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Obviously, the percentage of exclusions from DS modeling would be much higher if we
had separated surveys by years or seasons or split them into habitat-category sections [17],
or had increased the minimum number of encounters for obtaining more precise density
estimates [13], as many researchers may require for dealing with their research objectives.

Some procedures have been proposed to solve the problem of insufficient detections
for parrot DS modeling. One is to use the records of a coexisting common species to model
its probability of detection and use it for estimating the density of a congeneric, similar-
sized rare species from which insufficient encounters were obtained [20]. However, after
our experience, all species from the same genus (e.g., large macaws Ara, amazon parrots
Amazona) are often equally scarce within the same survey, and thus all are unavoidably
excluded from DS modeling. Another solution applied is pooling all records from rare
species (even from different genera) to estimate a common probability of detection and
derived species-specific density estimates [57]. However, these estimates must be taken
with caution as the assumption that the detectability of different species is equivalent may
be violated [53].

Rather than forcing the obtention of somewhat questionable density estimates when
species-specific data are lacking, we recommend relying on simple relative abundances
(individuals/km) when roadside surveys focus on whole parrot communities that include
uncommon species, as they offer abundance estimates equivalent to detectability-corrected
densities. Moreover, not recording distances has some advantages. On the one hand, the
calculus of relative abundances is very simple and does not require the statistical skills
needed for DS modeling. On the other hand, the field-work time saved by not recording
distances (i.e., in surveys of rich and abundant parrot communities, researchers often
must stop the car every few minutes to record them) can be invested in conducting longer
roadside surveys, thus better representing the areas and parrot communities surveyed.
This may be an important advantage, as parrot surveys are often logistically constrained
by climatic conditions, and the time and funds available. Contrarily, we recommend DS
modeling when researchers focus on one or a few common species, as they can then obtain
more precise estimates of abundance by increasing the number of encounters (not paying
attention to the rest of the species) and the best-fitting detection functions, as is done
with point counts and line transects [13]. Even more importantly, DS modeling allows
the calculation of densities that can be carefully extrapolated to the extent of suitable
habitat and thus estimate the size of parrot populations, as has been done using point
counts on islands [24,58]. A stratified design of large-scale roadside surveys could allow
the estimation of population sizes for common parrot species with country- and even
continental-level distributions, something that could be logistically unaffordable through
point counts and walked line transects.

Finally, as a word of caution, researchers must keep in mind that distance sampling
modeling was developed to correct for the imperfect detection of species in census surveys,
but that the violation of some assumptions may also generate imperfect results. For the
case of parrots, some assumptions of DS modeling are often violated: that all individuals
encountered are accurately counted and their distances of detection exactly measured,
and that encountered birds do not move while conducting the survey [10,38,53]. We have
shown that the first assumption is not only violated in walked line transects and point
counts [23,34] but also in roadside car surveys (see also [22]). In our surveys, 24% of
the encounters corresponded to aural contacts of an unknown number of unseen indi-
viduals. Concerningly, the proportion of aural contacts was not randomly distributed
but varied from 0 to 100% among species, being related to their body mass and gregar-
iousness. As a solution following previous works [12,22-24], we estimated the number
of unseen birds by substituting aural contacts with the average flock size of the species
obtained from the same survey (this is important as average flock sizes may vary among
seasons and regions). We used average flock size for consistency with previous works that
adopted this solution [22-24] and because it is often reported as a measure of gregarious-
ness (e.g., [13,56]). Given the often right-skewed distribution of flock sizes, researchers
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could use the median instead of the mean, although results should not markedly differ. In
any case, we recommend incorporating this procedure to avoid the underestimation of
parrot numbers in roadside surveys (in our case reaching 23% on average), resulting in rel-
ative parrot abundances that strongly correlated to distance-corrected densities. However,
incorporating these estimates of an unseen number of individuals into DS modeling is
challenging given the difficulties of estimating their distances of detection. Some solutions
have been proposed when conducting parrot walked line transects and point counts, such
as measuring distances to other objects at a similar distance if the heard parrot/flock
was not visible [13,24] or categorizing these estimated distances to unseen parrots into
intervals [58]. These estimations require expert observer skills and thus, researchers must
be careful to do not introduce distance biases that would affect DS density estimates [38].
Regarding bird movements, DS modeling was conceptually developed as a ‘snapshot
method in which animals are ideally ‘frozen” while the survey is conducted, but in practice
animals often make non-responsive movements (i.e., not disturbed by the observer) [38].
Buckland et al. [53] suggested that this assumption must be relaxed to include flying
individuals in avian taxa that spend large proportions of their time in flight, such as
seabirds and raptors. This is also the case for parrots. Except for a few low-mobility forest
species (e.g., genus Pionites), most parrot species make long daily trips looking for food
and moving between foraging, breeding, and roosting sites [10]. In fact, 36% of our parrot
encounters corresponded to birds/flocks detected in non-responsive flights. Excluding
these records would underestimate parrot abundances, with non-random biases according
to the different flight propensities among species. Using walked line transects, Legault
et al. [13] found that excluding flying birds caused an underestimation of parrot densities
that varied between 7% and 67% among species. In their review on distance sampling
approaches and assumptions, Thomas et al. [38] indicated that, in practice, non-responsive
movement in walked line-transect surveys is not problematic provided it is slow relative
to the speed of the observer, and thus it should be even less problematic for the faster-
speed road car surveys. Therefore, we support the inclusion of flying parrots in roadside
car surveys, as for walked line transects [13], but also suggest that researchers record
the behavior of parrots (perching, foraging, flying) encountered. This may later allow
researchers to decide whether to include flying birds in DS estimates [13] and to assess for
example foraging habitat preferences by restricting records to foraging birds [17].
Researchers should be not discouraged by the limitations of DS modeling applied to
roadside car surveys. Rather, they should be aware of how and when its application is
feasible for their study species. On the other hand, some analytical advances for estimating
parrot abundances [10] such as the use of hierarchical (N-mixture) models [59] have been
recently applied to parrot roost counts [60], walked transects, and point counts [61], and
have the potential to be used in roadside parrot surveys as has been done for raptors [16].

7

5. Conclusions

While roost counts may allow estimating regional and even global populations sizes
of some parrot species [11,60,62,63], they are not affordable for most parrot populations
and species and thus estimates of densities are often obtained using point counts or walk
line transects [10]. However, these methodologies may fail to record rare and patchily
distributed species, a problem that could be solved using large-scale roadside car sur-
veys [10]. Here, compiling roadside car surveys conducted across the world biomes and
continents inhabited by parrots, we have assessed how the aural- and distance-dependent
probabilities of detection are affected by species traits and biomes as well as the pros and
cons of roadside car surveys using or not using DS modeling, providing potential solutions
for the problems encountered. We have demonstrated that distance-uncorrected estimates
of parrot abundances are strongly correlated to those obtained using DS modeling, thus
offering a good proxy for the actual relative densities of the species. This however does not
mean that one method is better than the other. While DS modeling generally can not be
used when dealing with whole parrot communities, because it results in the exclusion of a
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high percentage of surveys and species (mostly those uncommon and threatened ones), it
may be useful for species-specific studies of common species. As learned from compar-
isons of other survey methodologies [10,49,59], the choice of the most suitable method is
context-dependent. We summarize in Table 1 the strengths and weaknesses of using or not
using DS attending to sampling effectiveness, which is understood here as the ability of
either method to record birds that are present, to methodological constraints, and to the
output variables required to reach different research goals. We hope this comprehensive
summary will help guide researchers in choosing the best-fitting option for their particular
research hypotheses, characteristics of the species studied, and logistical constraints.

Table 1. Comparison of strengths (+) and weaknesses (-) when using distance sampling modeling (DS Yes) or not (DS
No) for estimating parrot abundances through roadside surveys, attending to the shortcomings of both methods and the

objectives of studies. Equal signs (=) denote similar performance.

DS DS

Yes No Justification

Sampling effectiveness
Attraction effect
Avoidance effect
Aural-only encounters
Flying individuals
Uncommon species
Gregarious species

Detectability

Methodological
constraints

Survey length

Time invested

Data analysis

Output variables
Single-species abundance
Multi-species abundances
Occupancy

Species richness

Species diversity

Density

Population size

+
]

+
1

+

DS may inflate densities of parrots attracted by roadside resources

DS may account for the potential avoidance of highly transited roads

Estimating distances for DS from non-visual encounters is challenging

Including flying individuals should not affect results from roadside surveys
Encounters of naturally scarce and threatened species are not sufficient for DS
Encounters of common but highly gregarious species may not be sufficient for DS
DS allows the correction of abundances for distance-dependent detectability and
associated covariates

+ o4+ o0+

+ DS requires longer surveys to obtain enough encounters for statistical modelling
Time saved by not recording distances allows for longer surveys
DS requires statistical modeling instead of simple divisions

+ +

More accurate estimates can be obtained through DS for common species

DS excludes a high percentage of species

Only presence/absence data are required

DS is not needed

DS excludes a high percentage of species

DS allows for calculating densities for species with enough encounters

DS allows extrapolating densities to the species distribution and thus estimating
population size

+ + + +

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/d13070300/s1, Supplementary S1: Details of the surveys conducted, Supplementary S2: Details
of the species surveyed, Supplementary S3: histogram of detection distances, the plot of group size x
detection distances (with Spearman correlation test p-value), and the estimated detection functions
from the best DS models for each binning setup (including X2 goodness-of-fit tests), overlaid on the
histogram of detection distances with the respective distance breaks, for each case study.
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