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RESUMEN

La “hipdtesis del centro abundante” predice que las especies tienden a ser mas abundantes en el
centro de su distribucion y mas escasas hacia los bordes, reflejando la distribucion de condiciones
y recursos optimos. Usamos datos de muestreo con redes de neblina y puntos de conteo para
estudiar la forma y los factores que controlan la abundancia de 25 especies de aves paserinas en
un gradiente de 3000 metros en la vertiente noroccidental de los Andes ecuatorianos, en la zona
donde convergen los hotspots de biodiversidad de los Andes Tropicales y el Choc6. Modelamos
la forma de la distribucion de la abundancia a lo largo del gradiente de elevacion y utilizamos
modelos N-mixture para hacer preguntas sobre los parametros bidticos y abidticos que determinan
la abundancia. Mostramos que la distribucion de la abundancia de aves en la elevacion en estos
bosques tropicales de montafia varia entre las especies, y que ningiin parametro predice por si solo
los patrones espaciales locales de abundancia a lo largo del gradiente. Nuestros resultados apuntan
hacia el complejo y polifacético sistema de factores ecoldgicos que configuran la distribucion de
las especies en los Andes, y refuerzan la necesidad de desarrollar estrategias de conservacion mas
eficaces, imprescindibles para preservar los héabitats de montafia frente al cambio climatico y la

persistente presion antropogénica.

Palabras clave:
Hipotesis del centro abundante, distribucion de abundancia, Chocd Andino, modelos HOF, aves

montanas, modelos N-mixture, Neotropicos, Andes Tropicales



ABSTRACT

The “abundant-centre hypothesis” predicts that species tend to be most abundant at the center of
their distribution, and scarcer towards the edges, reflecting the distribution of optimal conditions
and resources. We used data from mist-net and point count surveys to study the shape and the
drivers of abundance of 25 passerine bird species along a 3000-m elevational gradient on the
northwestern slope of the Ecuadorian Andes, where the Tropical Andes and Choc6 biodiversity
hotspots converge. We modeled the shape of the abundance distributions of species across the
elevational gradient, and used N-mixture models to ask questions about the biotic and abiotic
parameters that shape abundance. We show that the elevational distribution of bird abundance in
these tropical mountain forests varies among species, and that no single parameter predicts local
spatial patterns throughout the gradient. Our results point towards the complex and multifaceted
system of ecological factors that shape species’ distributions in the Andes, and they reinforce the
need to develop more effective conservation strategies that are imperative to preserve mountain

habitats in the face of climate change and persistent anthropogenic pressure.

Keywords:
Abundant-centre hypothesis, abundance distribution, Andean Chocd, HOF models, montane

birds, N-mixture models, Neotropics, Tropical Andes
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1. INTRODUCTION

A common focus of biogeography and macroecology has been to describe and understand
species’ distributions and abundance patterns, and to study the ecological and evolutionary
drivers of these patterns (Cox, Moore, & Ladle, 2016). Species are distributed within the
geographical ranges that best suit the conditions for their ecological needs (Grinnell, 1917), but
their abundances are not uniform across their distribution. Numerous macroecological rules have
been posited as depictions that hold true in natural systems at large scales (Gaston, Chown, &
Evans, 2008). These rules summarize trends across latitudinal, elevational, and environmental
gradients, yet some still lack empirical evidence for their causal mechanisms despite their
persistence as common generalities (e.g. the species-energy relationship (Evans, Warren, &
Gaston, 2005) and Rapoport's rule (Gaston, Blackburn, & Spicer, 1998)). One such rule
describes the distribution of abundance, stating that species tend to be most abundant at the
center of their geographic distribution and less so at the edges (Brown, 1984), with the
underlying assumption that environmental conditions are most optimal at the center and decline
towards the limits (Hutchinson, 1957). This hypothesis, commonly known as the “abundant-
centre” hypothesis, predicts that species distributions will be described by symmetric bell-shaped
curves with abundance peaking at the geographic center of their range (Brown, 1984). Reviews
of studies testing the abundant-centre hypothesis show that most research has focused on
temperate taxa in the northern hemisphere (Sagarin & Gaines, 2002) and that empirical tests
have found mixed support for the abundant-centre pattern (Dallas, Decker, & Hastings, 2017;
Osorio-Olvera, Yanez-Arenas, Martinez-Meyer, & Peterson, 2020; Santini, Pironon, Maiorano,
& Thuiller, 2018) which could suggest that the generality of the pattern may not apply to all

systems.
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The difficulties for methodically testing this hypothesis in natural systems arise from
several factors. First, abundance data varies by taxa and sampling methodology, so that
accurately comparing large data sets across spatial scales is problematic (e.g., transect sampling,
trap capture rates, counts), especially when sampling is carried out in only a portion of a species’
known distribution. Second, the delimitation of a species range, whether in geographical or
environmental space, is not consistent across studies. Finally, the ways in which distances from
range edges to centrality are measured vary substantially. Furthermore, other factors that shape
the distribution of abundance are often not considered, such as stochasticity, dispersal ability,
species traits, competition, anthropogenic effects, and phylogenetic history (Dallas et al., 2020;
Santini et al., 2018). To add to these factors, sampling at a given location does not always allow
the detection of a given species, which is why sampling across multiple points in time and
accounting for detection processes is important to obtain more accurate estimates of abundance

(Royle, 2004).

Despite these disputations, the scientific interest in the abundant-centre has prevailed
through time, locations, and taxa (Sagarin, Gaines, & Gaylord, 2006). Recently, Martinez-Meyer
et al. (2013) and Osorio-Olvera et al. (2020) found support for the abundant-centre hypothesis by
calculating the distance to the niche-centroids in various vertebrate taxa including North
American birds, uncovering significant negative relationships between abundance and distance

from the niche center in environmental space.

In the Neotropics, mountain systems are characterized by a rapid elevational species
turnover (Rahbek, 1997; Terborgh, 1971), narrow elevational ranges (Freeman, Strimas-Mackey,
& Miller, 2022; Janzen, 1967), and hump-shaped distribution of species richness (Rahbek, 1997)

but see (Herzog, Kessler, & Bach, 2005; Kattan & Franco, 2004; Rahbek, 1995). Shifts in
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elevation represent steep changes in environmental conditions over small distances, making
tropical gradients excellent systems for testing how biotic and abiotic factors drive spatial

patterns of biodiversity and abundance (Mccain & Grytnes, 2010; Santillan et al., 2020).

In contrast to the assumptions of the abundant-centre hypothesis, which posits that
gradients of environmental suitability shape spatial variation of abundance (Fristoe, Vilela,
Brown, & Botero, 2023), accounting for other factors that drive ecological patterns of tropical
montane species may explain higher abundances at portions of the range other than the
geographic or niche center. For example, the interplay and varying intensity between abiotic and
biotic factors in different portions of species’ ranges (Jankowski, Londofio, Robinson, &
Chappell, 2013; Louthan, Doak, & Angert, 2015) that represent a stress gradient may help
explain abundance peaks at range edges. In particular, the distance to the lower elevational limit
or “warm” edge of a species distribution may be an indicator of skewed abundance distributions
that are shaped by the dynamics at the edges of species’ ranges, and which have been associated

with elevational patterns of bird richness (Diamond, 1973; Santillan et al., 2018).

Similarly, the influence of anthropogenic pressure is known to affect distribution patterns
in tropical mountain ecosystems (Bregman, Sekercioglu, & Tobias, 2014; Riegert et al., 2021).
The responses of birds to various types of human-induced disturbances are varied; for example,
forest-interior birds are more sensitive to disturbance (O’Dea & Whittaker, 2007). They also
exhibit threshold responses in occupancy and habitat use related to canopy cover gradients in the
Ecuadorian Choco (Mordecai, Cooper, & Justicia, 2009), as well as guild-specific responses to
habitat loss and disturbance (Duraes, Carrasco, Smith, & Karubian, 2013). Habitat specialist

birds decline in occurrence probability with increasing human population density (Newbold et
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al., 2014), and responses to land-use intensity are dependent on ecological traits (Newbold et al.,

2013).

A better understanding of abundance patterns can aid in assessing the portion of a
species’ range most susceptible to anthropogenic pressures, including climate change
(Sekercioglu, Schneider, Fay, & Loarie, 2008). Also, it may aid in identifying source-sink
population dynamics along elevational gradients, which may, in turn, inform efforts for the long-
term maintenance of “source areas” (Baillie, Sutherland, Freeman, Gregory, & Paradis, 2000;
Howe, Davis, & Mosca, 1991; Pulliam, 1988). In addition, abundance data may be useful to
assess questions about community assemblages, and serves as a baseline for community,
population, and ecosystem monitoring across sites and time (Balmer, 2002; Johnston et al., 2015;
Jones, 2011). Finally, the potential changes in the absolute and relative abundance of species
along the gradient and across sites may be indicators of the effects of climate change on
megadiverse tropical mountain habitats, including lowland biotic attrition and upslope shifts in

distribution (Freeman, Scholer, Ruiz-Gutierrez, & Fitzpatrick, 2018).

Despite extensive scientific interest in the biodiversity hotspot where the Choco6 and
Tropical Andes bioregions converge, no study has systematically analyzed avian abundance
patterns in the elevational gradient of this convergence zone. Most studies examining the
abundance distributions of species across the globe have done so by testing the abundance
patterns across a species’ geographic range distribution. In contrast, we take an approach that
explores the distribution of species’ abundances throughout a local tropical elevational gradient,
considering the elevational ranges of species rather than their range-wide distribution, as

Freeman & Beehler (2018) did.
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Here, we use abundance data from mist-net and point-count sampling throughout a broad
elevational gradient on the northwestern slope of the Ecuadorian Andes to test hypotheses about
the shape of the abundance distribution of understory passerine species, and the factors that may
be driving those patterns. We assess the following hypotheses: (a) that abundance is best
predicted by an elevational distance, whether that is the distance to the mid-elevation point of a
species’ elevational range (as in the abundant-centre hypothesis), or the distance to the lower
elevational edge limit (as a response to biotic factors). Regarding the factors that predict the
abundance function, we hypothesize (b) that abundance is best predicted by the dynamics of
interspecific competition; (c) that abundance is best explained by a measure of anthropogenic

pressure; and (d) that abundance is shaped by a combination of some or all these factors.

2. METHODS

2.1. Study area and data collection

Our study was conducted along a 3000-m elevational gradient in the northwest of Pichincha
province, in the northern Andes of Ecuador (Figure 1), an area where the biodiversity hotspots of
the Tropical Andes and Choco6 overlap (CEPF, 2001, 2021; Myers, Mittermeier, Mittermeier, da
Fonseca, & Kent, 2000). This region is characterized by the humid tropical montane climate of
the Western Cordillera of the Andes. At low elevations, in premontane evergreen forest (300—
1400 m a.s.l.), mean annual temperature is 21.6°C and annual precipitation varies between 2075—
2704 mm. This forest has canopy height between 25-30 m and abundant lowland arboreal plant
species. At the mid elevations of the gradient, in lower (1400-2000 m a.s.l) and montane
evergreen forest (2000-3100 m a.s.l), mean annual precipitation varies between 1251-2347 mm,
and mean annual temperature between 9.8—16.3°C. The lower montane forest is characterized by

closed canopy heights between 20-30 m, palm species and dense herbaceous vegetation
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including tree ferns, whereas in the montane forest, canopy height ranges between 20-25 m, and
vascular epiphytes such as bromeliads and orchids are predominant, along with regimes of
horizontal rain. The high elevations, in upper montane evergreen and Polylepis forest (3100—
3800 m a.s.l), experience typical high Andean climates, with strong variation in daily
temperatures, a mean annual temperature of 7.2°C, and annual precipitation of 1377 mm. The
canopy height is slightly lower (15-20 m), but the understory is dense, with abundant epiphytes
and higher bryophyte richness (Ministerio del Ambiente del Ecuador, 2013; Rios-Touma et al.,
2022; Teunissen van Manen, Jansen, Cuesta, Leon-Yanez, & Gosling, 2019). This region of the
Andean-Choc6 has a history of severe human disturbance driven by the expansion of agriculture,

cattle grazing, deforestation, and mining (Sierra, Calva, & Guevara, 2021).

We obtained abundance data from two sampling methods: mist-nets surveys and point
counts. For mist-nets, we sampled high-quality forest habitat exclusively within six nature
reserves (Table 1). Point counts were carried out on secondary roads and trails at four different
locations along the gradient (Table 2). We defined each geographic sampling location as an
“area” and each specific point where we deployed nets or carried out point counts as a “site”. At
each site, we recorded coordinates and elevation with a GPS. Each dataset was analyzed

separately.

2.1.1. Mist-net data

We deployed mist-nets (2.5 m x 12 m) at 32 sites along the elevational gradient (786—-3827 m
a.s.l.) at six main locations on the northwestern slope of Pichincha during the months of May,
June, and July of 2021 and 2022 (Table 1; Figure 1A). Nets were operated between sunrise and

early afternoon, for a total of 7487.5 net-hours. At each site, we deployed 10—15 mist-nets for
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three consecutive days, although 22% of sites (n = 7) were sampled for less than three days and
25% (n = 8) for more than three days. Birds were captured in the field and released immediately
after they were processed, measured, and banded with colored plastic rings. Birds were identified
using the field guide and taxonomy by Freile & Restall (2018) and measured following
methodology described in Pyle (1997). Only first-capture (not recapture) data were included in

the analysis.

2.1.2. Point count data

Two different observers familiar with Andean birds carried out fixed radius point-count surveys
every 50 m in elevation at 47 sites along the elevational gradient (1350-3800 m a.s.l.), following
guidelines detailed in Gilroy et al. (2014) and Mills et al. (2022). Surveys were carried out along
the secondary roads Ecoruta El Quinde, in the Tandayapa Valley, along the Mindo road, along
trails in Yanacocha Biological Reserve, and along the road descending to Pululahua

Geobotanical Reserve (Table 2; Figure 1B).

Observers recorded time, species observed, abundance, and method of detection (visual or
aural) and estimated the distance to each individual within a 50-m radius, calibrating distance
with the use of a rangefinder. Weather variables such as temperature, relative humidity, fog,
wind, and cloud cover were recorded for each survey. No surveys were conducted during heavy
precipitation or in foggy conditions. Surveys lasted for 10 minutes each and data was recorded at
I-min intervals. Four replicates were completed at each elevation between 600 and 1200 h
during June, July and August of 2022. In a minority of cases (11%, n =5), sites were visited only
three or two times, and two visits at two different sites (4%) occurred during the late afternoon

(between 1600 and 1720 h). Observers changed the order in which they surveyed each point to
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control for time of day, and each survey was recorded to corroborate unfamiliar bird calls after

the survey.

2.2. Data analysis

Because of their higher natural abundances (Callaghan, Nakagawa, & Cornwell, 2021), we only
analyzed passerine species with an elevational range breadth that was encompassed by the extent
of our surveys, and which had been detected in at least eight sites along the gradient. We
sampled up to the tree line at the upper elevational edge of our forest gradient at around 3800 m
a.s.l., after which the upper montane evergreen forest becomes predominantly paramo (highland
grassland) vegetation (Calderon-Loor, Cuesta, Pinto, & Gosling, 2020). We were thus
constrained by the lower edge of the elevational gradient we covered, at 786 m a.s.l., for our
selection of species with elevational ranges that were entirely within the extent of our sampling.
In addition to this constrain, bird species’ local elevational ranges often differ from those in the
scientific literature and new geographic and elevational range extensions are continuously
updated (Bonaccorso et al., 2011; Freile et al., 2013, 2016). To overcome these challenges, we
compared the most recent published elevational ranges for Ecuador (Freile et al., 2022) with our
own field data, and kept species whose lowest detection elevation and published lower
elevational limit differed by an extent that represented less than 10% of their elevational range
breadth. Additionally, we inspected species’ local ranges in ArcGIS (ESRI, 2020) using eBird
datapoints (2022) from the last 10 years and filtered the occurrence locations to points falling
within the Esmeraldas River Basin (CLIRSEN, 2012) which encompasses our elevational
gradient of interest. We visually assessed the maximum and minimum occurrence locations of
each species using global elevation data (Danielson & Gesch, 2010), considering that noticeably

extra-limit observations are records of vagrant individuals.
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For each dataset (mist-nets and point counts), we separately calculated species’
elevational ranges using our own field data. We calculated the mid-point of their elevational
range based on the upper and lower sites where they were detected and calculated the elevational
difference between each occurrence elevation and the mid-elevation of their range (hereafter
called distance to mid-elevation). Likewise, we calculated the difference between each
occurrence elevation and the lower edge of their distribution (hereafter called distance to lower

limit).

2.2.1. Shape of the abundance curve

We fit a set of five Huisman-Olff-Fresco (HOF) models to the species’ data to
nonlinearly assess the shape of the abundance distribution (Huisman, Olff, & Fresco, 1993).
Each set of models contains five models of increasing complexity, which describe flat,
monotonic, plateau, symmetric, and skewed distributions of abundance across species’
elevational ranges (Freeman & Beehler, 2018). We used the Bayesian Information Criterion
(BIC) to select the best-fitting model for each species and plotted the best and second-best
models within A BIC < 2 of the best model against the abundance data to visually assess model
fit. We corrected abundance by sampling effort to account for varying net-hours (Table S3) at
different elevations and sites with differing number of point-counts; abundance data for mist-nets
was corrected to 100 net-hours and point-counts were standardized to 1 visit (10 minutes). We
also used the measure of relative abundance suggested by Freeman (2018). This measure is
useful given that mist-net captures rates may not be direct translations of the relative abundance
of birds sampled (Remsen & Good, 1996). Thus, since our interest is studying the elevational
distribution of abundance of each species, rather than comparing among species, we calculated

relative abundance as the capture rate of species at any point in the gradient relative to its own
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highest capture rate. We calculated relative abundance in the same way for point count data,

using each species’ highest observation rate. Finally, we calculated the position of the modeled
peak of abundance relative to a scaled elevational range between 0 and 1 divided into thirds (0—
0.33, 0.33-0.66, 0.66—1) which we used to aid in the assessment of model fit. This analysis was
conducted in R (R Core Team, 2021) using the “nlsLM” function in the “minpack.lm” package

(Elzhov, Mullen, Spiess, & Bolker, 2023).

2.2.2. Predictors of the abundance function

To understand the parameters that influence the distribution of abundance along the elevational
gradient, we fit N-mixture models (Royle, 2004) to the abundance data using the pcount function
in the “unmarked” R package (Fiske & Chandler, 2011). N-mixture models are a class of models
that allow for the processes of both detection and abundance to be modeled as functions of
covariates, where detection is always modeled using the binomial distribution and abundance
may be modeled under various distributions (Kéry, Royle, & Schmid, 2005). For spatially
replicated count data, such as those obtained through mist-net and point count surveys, one can
record variables that differ with each independent visit (i.e., visit-level) and those that vary by
site (i.e., site-level), and select combinations of those covariates to model the detection and
abundance functions, respectively. We took an approach where we first tested visit-level
covariates for the detection function of each species’ data without abundance covariates, and
then selected the best-fitting combination of visit-level (i.e., detection) covariates to model the

abundance with site-level covariates.

For mist-net data, we included net-hours as a visit-level covariate in all models, including

the null model, to account for differences in sampling effort throughout the netting sites in the
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study area. Date, recorded as the number of days since the first day of the year, and day of
netting at a given site (i.e., first day, second day, etc.) were also included as visit-level
covariates. Date accounts for seasonality and day of netting accounts for differences caused by
decreased capture rates due to net-avoidance (MacArthur & MacArthur, 1974; Marques et al.,
2013). We tested four visit-level covariate combinations to model the detection process for each
species with null site-level covariates and selected the best-fitting combination to subsequently
fit abundance models. Visit-level covariates for point-count data models were date, temperature,
cloud cover, observer identity, and time of day. For survey data, time of each survey was
converted into minutes after sunrise, as bird detections tend to decrease in the hours after the sun
rises (Esquivel Mattos & Peris, 2008). We tested 32 detection covariate combinations and used

the best supported combination to fit abundance models.

Our most complex model structure included 3 of 5 site-level covariates: one of two
elevational distances (distance to mid-elevation or distance to lower elevational limit),
Population Gravity Index (PGI) (Hoover & Giarratani, 1971; Polyakov, Majumdar, & Teeter,
2008) as a measure of anthropogenic disturbance in the study area, and presence/absence data for
one of two competitors (in terms of phylogenetic or morphological distance). The two
elevational distances were not tested in the same model (as they are entirely confounded), and
neither were the two potential competitors (in cases where the identity of the closest

phylogenetic competitor did not coincide with the morphological competitor).

PGI is intended to capture the additive effects of all populated places around a particular

site,

Py
Z PGl = —
Dki
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where PGI; is the PGI for site i, Py, is the population of each populated place k within a
determined radius of site i, and DZ; is the squared distance between site i and populated place k.
All the PGI values for site i are then added for the resulting gravity index. However, we found
little variability in the }.PGI values for our field sites, so we used only the closest populated
place as a proxy for the effects of anthropogenic pressure on abundance. PGI was thus calculated
as follows:

Py

PGI; = —
© D

Distances to nearest populated places within a 25-km radius of each study site were
calculated using the Near analysis tool in ArcGIS Pro 3.0.0 (ESRI, 2020), and then scaled with
the base R package (v 4.1.2.). Population data was obtained from INEC (2010), and populated
places were defined as census blocks representing parish or canton seats, or concentrations of

few houses.

Studies often assume that closely related bird species compete and drive patterns of
elevational distributions (Jankowski, Robinson, & Levey, 2010). Nonetheless, species that are
more similar morphologically rather than genetically may also impose competition (Stevens &
Willig, 2000). Therefore, we considered the closest morphological or phylogenetic competitor to
each of our focal species, with the caveat that the phylogenetic competitor may correspond with
the identity of the morphological competitor, given that morphology is often phylogenetically
conserved (Webb, Ackerly, & McPeek, 2002). To choose the morphological competitors, we
first obtained an estimation of the composition of the community based on our field data. We

filtered the list of species by passerine species with at least five total occurrences throughout the
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gradient. We then calculated the average nearest neighbor distances among species, using six
morphological measurements (beak length, beak width, beak depth, wing chord, tail length, and
tarsus length) that were obtained from our measured individuals. Morphological data was
supplemented with measurements available from the AVONET database (Tobias et al., 2022) for
species that were recorded in point-count surveys but were either not captured or not measured in
mist-net surveys. A species’ position in multidimensional morphological space may be used as a
measure of their ecological function and niche (James, 1982; Ricklefs & Travis, 1980), so
species that are closest together in morphospace are more likely to occupy similar niche spaces
and be considered potential competitors. The results of the nearest neighbor analysis were then
validated to account for elevational range overlap, habitat use, foraging behavior, and guild
specification, based on information available from Pigot et al. (2020), Freile et al. (2022) and
detailed foraging observations (Drucker, J.R., unpublished data). Analyses were carried out using

the “nndist” function in the R package “spatstat.geom” (Baddeley & Turner, 2005).

To choose the phylogenetic competitor, we identified the closest relative present in the
community. Information from published phylogenies was corroborated by inspecting a
phylogeny based on the BirdTree project (Jetz, Thomas, Joy, Hartmann, & Mooers, 2012), a
major phylogenetic dataset that includes 9993 of the ~10,000 extant bird species. We randomly
sampled 10 of the 10,000 available trees based on the Hackett et al. (2008) phylogeny and
obtained a 50% majority rule consensus tree in R using the “ape” package (Paradis & Schliep,
2019). When there were two or more very close relatives, we determined the genetic distance
between the focal species and candidate competitor species. Genetic distances were obtained
based on an uncorrected pairwise distance matrix of ND2 (NADH dehydrogenase subunit 2)

gene sequences downloaded from GenBank (https://www.ncbi.nlm.nih.gov) and aligned on
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Clustal X (Larkin et al., 2007). The distance matrix was obtained with PAUP 4.0 b10 (Swofford,
2001). To choose the closest competitor, we picked the candidate species that showed the

smallest uncorrected pairwise distance to the focal species.

Both for mist-net and point count data we fitted a set of 18 covariate combinations to
estimate the abundance function. Final N-mixture models were selected based on the Akaike
Information Criterion (AIC). Model fit and overdispersion (¢) were assessed through Pearson’s
chi-square Goodness-of-fit testing, using 1000 parametric bootstrap simulations with the
function “Nmix.gof.test” available in the “AICcmodavg” R package (Mazerolle, 2023). When ¢
> 1, which suggested data overdispersion, we adjusted model selection using quasi-AIC (QAIC)
and adjusted the SEs of model parameter estimates accordingly. Predicted abundance response
curves were obtained from models that converged. Hereafter, we use the term “best model” as
that model with A AIC > 2 relative to the next model (Burnham & Anderson, 2004); “best set of
models” as those falling within A AIC <2 and “top-ranked model” as the single model with the
smallest AIC value in the entire model set (even when it showed a A AIC < 2 from other
models).

3. RESULTS

We sampled the montane forests of the Choc6 slope of the Northern Ecuadorian Andes along an
extensive elevational gradient using mist-nets and point count surveys. We documented 135
species via mist-netting and 241 species through point counts. We filtered our dataset to include
only passerine species detected in at least eight sites throughout the gradient and whose
elevational ranges were contained within the extent of our sampling. We selected and analyzed a

set of 14 species from each dataset, of which three (Myiothlypis coronata, Diglossa cyanea, and

23



Henicorhina leucophrys) were analyzed using data from both datasets, for a resulting analysis

comprising 25 species of forest birds.

3.1. Shape of the abundance curve

We tested the shape of the abundance distributions of 25 understory passerine species. We were
able to fit the full set of five HOF models for eight species detected on point-counts (hereafter
“point count species”) and three species detected with mist-nets (hereafter “mist-net species”)
(Table 3; Figure 2). Among these species, we found a diversity of shapes in the abundance
distributions. From the eight-point count species, two had the symmetric model as the best fit for
the shape of their abundance distribution: Grallaria saturata (Figure 2d) and Myiothlypis
coronata (Figure 2g). In both cases, the skewed model was within A BIC < 2 of the symmetric
model. The modeled abundance peak for Grallaria saturata with the symmetric model was
skewed towards the upper third of the range (0.73) (Table 3). For Myiothlypis coronata, the
position of the peak of modeled abundance (0.35) corresponded with the central portion of the
range (0.33—0.66). For one point count species, Arremon assimilis (Figure 2a), the best model
was skewed, with the modeled peak of abundance at position 0.68, in the threshold between the
central and upper sections of the scaled elevational range. Three species had the flat model as the
best fit: Atlapetes latinuchus (Figure 2b), Myioborus melanocephalus (Figure 2f), and Ochthoeca

diadema (Figure 2h).

The shapes of the abundance distributions of two species, Diglossa cyanea and Henicorhina
leucophrys, were analyzed in both mist-net and point count data. For Diglossa cyanea, the best
model for mist-net data was skewed (Figure 3a), with a modeled peak of abundance at 0.27 in

the lower section of the range, while the monotonic model was a better fit for the point count
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data (Figure 3b), with abundance that peaked at the upper elevational limit of the range. In both
cases, the best models had A BIC > 2 relative to the next model. The shapes of the abundance
distribution of Henicorhina leucophrys were best described by a monotonic model for mist-net
data (Figure 3c¢), with the flat model within A BIC < 2, and the flat model for point count data
(Figure 3d). The remaining mist-net species, Syndactyla subalaris, was best fit by the flat model

(Figure 2k).

3.2. Predictors of the abundance function

We also modeled abudance by testing various combinations of parameters using N-mixture
models. Our global models passed the GOF test in 93% of all model-fitting tests, where P =
0.051-0.948 in 26 of 28 models that included 25 species, three of which had data from mist-nets
and point counts (Myiothlypis coronata, Diglossa cyanea, and Henicorhina leucophrys). Two out
of these 25 species showed a significant effect of the studied parameters on the abundance
function, as follows. For Masius chrysopterus (mist-nets), the most complex model received
substantial support (A AIC > 2) relative to the next model in the entire model candidate set, and
the two predictors were statistically significant: “Distance to mid-elevation (P = 0.00002) +
Population Gravity Index (P = 0.000003)”, with an AIC weight of 0.59. After adjusted QAIC
selection (¢ = 1.76), the model remained as the top-ranked (QAIC weight = 0.38). Model
parameter estimates, Standard Errors (SEs), P values, and QAIC statistics are summarized in
Table 4. With this top-ranked model, we obtained predicted abundance responses to each of the
two parameters and plotted the predicted abundance estimates over the range of values observed
for each predictor (Figure 4). The trends for “Distance to mid-elevation” and “PGI” were
consistent in model-averaged predictions (calculated from the models in the best-set of models),

with a negative effect of both parameters on the estimates of abundance (not shown).
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For Diglossa cyanea (mist-nets), the top-ranked model (AIC weight = 0.28) included the
single significant parameter of “Distance to mid-elevation” (P = 0.003), which was also
significant in all models including this parameter (Table 5). Three of the four models including
“Distance to mid-elevation” as a covariate were ranked in the best set of models (A AIC < 2).
The model remained as the top-ranked model when adjusted for moderate overdispersion (¢ =
1.39) using QAIC and tested in the second order QAICc model selection. Predicted abundance in
response to “Distance to mid-elevation” is shown in Figure 5a; the negative effect of this

predictor on estimated abundance was consistent in model-averaged predictions (Figure 5b).

In the models for the remaining 22 species, we found large SEs in the predicted responses
of abundance. We thus investigated parameter importance in the best set of models (A AIC <2)
of species in each dataset. Overall, we found that 41% (n = 9) of species had the null model
among their best set of models, while 59% (n = 13) had models with other predictors of

abundance in their best set of models.

For mist-net species (n = 11), the null model was ranked among the best set of models for
two species (Table 6). In the remaining nine species with predictors of abundance, the candidate
set of models of five species included the parameter “Presence of competitor”; for the other four
species, selected competitors were absent at all sites in the gradient and thus this covariate was
not included in their model set. Of these five mist-net species, which had model sets including all
combinations of non-mutually exclusive covariates (i.e., elevational distances, presence of
competitor, and PGI), we found the following: “Distance to mid-elevation” was included in the
best set of models of four out of five species, “Distance to lower limit” in two out of five, “PGI”
in five out of five, and “Presence of competitor” in five out of the five species. Of the four mist-

net species without “Presence of competitor” as an abundance covariate in their model set,
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“Distance to mid-elevation” appeared in the best set of models of three out of four, “Distance to

lower limit” in two out of four, and “PGI” in four out of the four species (Table 6).

For point count species (n = 11), the null model was among the best set of models of
seven species. For the remaining four species with other predictors of abundance among their
best set of models, two had “Presence of competitor” as a covariate included in their candidate
model set. The best set of models of all four point count species included “Distance to mid-
elevation”, three had “Distance to lower limit”, and four had “PGI” as parameters of abundance
(Table 6). Overall, combining the species from both datasets whose null models were not among
the best set of models (n = 13), we found that “Distance to mid-elevation” appeared in 11 out 13

(85%), “Distance to lower limit” in seven out of 13 (54%) and “PGI” in all 13 species (Table 6).

The effect of “Distance to mid-elevation” was negative in six out of seven (86%) mist-net
species, and in two of out four (50%) point-count species (Table 6). “Distance to lower limit”
had a negative effect in all the species which included this parameter among their best set of
models (four mist-net species and three point count species). For mist-net species, “Presence of
competitor” had a positive effect for two out of five (40%) species, negative for two out of five
(40%), and variable for one out of the five species (20%). For point count species, the effect of
“Presence of competitor” was negative in one out of two and variable in one out of two species
(50%). A variable direction of the effect of a parameter indicates that the sign of the coefficient
was not consistent in all models appearing among the best set of models (A AIC <2), (i.e.,

positive in some models, negative in others).

The effect of “Population Gravity Index” was negative in four out of nine mist-nets species

(45%), positive in three out of nine (33%), and variable in two out of nine (22%); whereas for
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point count species, two out of four had a positive effect (50%) and two had a negative effect
(50%). Given that three species were analyzed in both datasets (Myiothlypis coronata, Diglossa
cyanea, and Henicorhina leucophrys) and because their responses were not consistent across the
mist-net and point count analyses, they are not included in the calculations of parameter

importance above.

4. DISCUSSION

We used mist-net and point count data for 25 passerine species to ask questions about the shape
of their abundance distribution along a tropical elevational gradient in northern Ecuador, and the
potential drivers of those patterns using Huisman-Olff-Fresco (HOF) and N-mixture models,
respectively. We found that the shape of the abundance distributions varied by species.
Distributions of abundance peaked in varying areas of the elevational range, and in some cases
had no discernible peak. Out of the 25 species, all five HOF models converged for only 11
species, of which two, Diglossa cyanea and Henicorhina leucophrys, had differing responses
across both datasets. Hence, considering only point count species (n = 8), we found that only two
(25 %) were best fitted to symmetric models, of which only one (Myiothlypis coronata) had a
modeled peak of abundance that corresponded to the central portion of its range, as predicted by
the abundant-centre hypothesis. One species (12.5%) was best described by a skewed
distribution towards the upper edge of the elevational distribution, one by an increasing
monotonic shape (12.5%) and four species’ elevational abundance (50 %) were best described by
flat shapes (no change on abundance along the gradient). We did not find support for the
abundant-centre hypothesis based on our analysis of the shapes of the abundance distributions of

bird species along the elevational gradient.
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Freeman & Beehler (2018) also found limited support for the abundant-centre hypothesis
in a tropical elevational gradient in Papua New Guinea, where the abundance distributions of
only 40% of species investigated were accurately described by symmetric models. The authors
concluded that New Guinean birds have various distributions of abundance along that elevational
gradient. The share of species with symmetric distributions of abundance in their study (40%) is
considerably higher than in ours (12.5%, if we are conservative given the position of the
modeled peaks of abundance). It is worth noting that the Freeman study had more than three
times the sampling effort as ours (27517.74 vs 7487.5 net-hours) with more than a 1000 net-
hours per site, and that their gradient consists of mainly primary forest in a remote mountain
range contained within a single conservation area (Freeman, 2013). Although we sampled within
nature reserves, we also sampled along some secondary but frequented roads, so that overall our
study area represents a much more fragmented matrix of forest habitat (Noh et al., 2020) in

which other factors may be influencing the abundance distributions of birds.

One explanation for the variation in the shapes of the abundance distributions we found
has been recently reviewed by Fristoe, Vilela, Brown, & Botero (2023), who propose that “core-
abundant thinking” may be a more accurate portrayal of the relationship between species’
abundances and range position. At its most fundamental, the abundant-centre hypothesis assumes
that environmental gradients of suitability shape spatial variation of species abundance (Brown,
Mehlman, & Stevens, 1995). Despite that intuitive simplicity, given the ecological complexities
embedded in many biogeographic regions, deviations from the abundant-centre pattern are more
likely to occur in systems with high environmental heterogeneity, as is the case in tropical
mountainous areas. Fristoe et al. (2023) propose an abundant core distribution as an explanation

for these deviations, where abundance may peak at a core region somewhere within a species’
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range, but that does not necessarily correspond to the geographic center. This flexibility may
provide a more realistic understanding of how the abundance of species varies across space, and
in particular supports our findings for distributions with abundance peaks skewed towards the

edges of elevational ranges (Figure 2).

There may be other factors, not considered in this study, that may help explain the
diversity in abundance distributions along elevational gradients. Parameters such as vegetation
structure, habitat heterogeneity, and resource availability (Jankowski, Merkord, et al., 2013)
may play different roles on the elevational distribution patterns of birds at different portions of
their range. Also, at lower elevations where climatic conditions are less harsh and where
resources may be more abundant, biotic factors such as competition, predation, and host-parasite
interactions may influence spatial patterns more strongly (Jankowski, Londofio, et al., 2013). At
higher-stress portions of the range that correspond to higher elevations, abiotic drivers may have
a more pronounced effect in community and abundance patterns (MacArthur, 1972). This idea,
that climatic conditions constrain the upper sections of species’ distributions and biotic
interactions constrain the lower portions (Louthan et al., 2015) may be one explanation for the
variation in abundance patterns that we have found in this study, that may also result from

variations in the intensity of these pressures along the gradient and among species.

A previous study in an elevational gradient in the southern Andes of Ecuador found that
climatic conditions (high precipitation at low and mid elevations, and low temperatures at high
elevations) rather than overall resource (flower, fruit, and invertebrate) availability were the main
predictors of spatio-temporal patterns of bird species richness, evenness, and abundance
(Santillan et al., 2018). While they did not find significant changes in overall bird abundance

along the gradient, they found temporal fluctuations related to seasonal variation, where bird
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abundances increased consistently at all elevations in the driest season. This pattern was
attributed to the corresponding decrease in bird evenness during the driest season, along with a
strong association between species richness and abundance. Additionally, seasonal movements

of birds across portions of the gradient may contribute to these variations (Terborgh, 1985).

Finally, the guild-specific responses in bird communities along elevational gradients may
be another reason for the variation in the shapes of the abundance distributions we encountered.
The differential effects of elevation (Santillan et al., 2020) and vegetation structure and tree
composition (Jankowski, Merkord, et al., 2013) on insectivore and frugivore richness in Andean
bird communities are indicators of the complex and idiosyncratic responses that are mediated by

the specialized needs of different guilds and even among species within the same guild.

We recognize that our sample size may be limited, and that fitting complex models for
species captured or detected at fewer sites along the gradient may not provide an accurate
depiction of their underlying abundance patterns. Similarly, species with lower overall relative
abundances may be more difficult to detect, and so uncovering consistent elevational patterns
becomes more challenging. While we took measures to ensure species’ elevational breadths were
contained within the extent of our sampling, it is likely that more information is needed about the
true elevational limits of the species analyzed in this study. For instance, when we analyzed the
shapes of abundance distributions for two species with both mist-net and point count data
(Henicorhina leucophrys and Diglossa cyanea), we found differing responses in the best model
that described their distributions for each dataset (Table 3, Figure 3). In the case of Henicorhina
leucophrys, we found a plausible explanation for this difference. According to the most recently
published list of birds for Ecuador (Freile et al., 2022), the lower elevational limit for this species
is 1500 m a.s.l., with occurrences of extra-limital records (at 100, 400—-500, 500—750, and 3200
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m a.s.l.). A comparison with our mist-net data showed that this species was also captured at 960
m a.s.l. and, thus, our survey for point counts (1350-3800 m a.s.1.) does not cover the full extent
of this species’ elevational breadth. It is probable that expanding this dataset with more extensive
field sampling to increase both the sample size and the elevations covered in the gradient will
yield more precise results about the elevational patterns of abundance and the factors driving

them.

We also found that all four predictors of abundance appeared in the best set of models of
most of the species we analyzed. The prevalence of all these parameters among the best set of
models are gauges of the complexity of the mechanisms that underlie richness and abundance
patterns in Andean mountains, including the effects of biotic interactions, anthropogenic

pressure, and the indirect and direct effects of elevation.

We expected “Presence of competitor” to have a negative effect on the abundance of our
focal species (Elsen, Tingley, Kalyanaraman, Ramesh, & Wilcove, 2017), but we found this
trend in only three out of the seven species which included that parameter among their best set of
models. The remaining species either had positive (n = 2) or variable effects (n = 2) for
“Presence of competitor”. We purposefully defined potential competitors as those that may
coexist in sympatry with our focal species, but these varying responses among species require a
more thorough assessment of competition among bird species. The dynamics of interspecific
competition in shaping distributions of bird species across elevational gradients have been
rigorously studied (Burner et al., 2020; Freeman et al., 2022; Terborgh & Weske, 1975). These
efforts have provided a more nuanced understanding of how interactions among closely related
species may drive elevational replacements and “abundant edge” patterns (Diamond, 1973).
Because competition is difficult to quantify, these studies often consist of field experiments that
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assess the responses to song playback as proxies for interspecific aggression (Freeman, Class
Freeman, & Hochachka, 2016) or use congener species richness to assess how competition may
shape bird distributions (Laube, Graham, & Bohning-Gaese, 2013). Our measure of interspecific
competition, which considers only the presence or absence of one (or two) competitors for each
of our focal species, may be an over-simplification of the subtleties of antagonistic biotic

interactions among bird species (Jankowski et al., 2012).

Furthermore, in this study we have included the presence or absence of the closest
morphological or phylogenetic competitor for each species analyzed as a predictor of abundance,
but testing how the abundance and not merely the occurrence of competitors affects overall
abundance distributions may reveal underlying community patterns in this slope of the
Ecuadorian Andes. To do this we would need to model the abundance of competitors accounting
only for detectability without any abundance covariates, and then include the modeled
abundance estimate of the competitors at each site as a predictor of abundance for our focal
species (Elsen et al., 2017). Another approach to assess the abundance distributions of the bird
assemblages in this gradient may be community modelling, as recently studied by Céspedes
Arias, Wilson, & Bayly (2022), who found evidence for a mid-elevation abundance peak in the
community response of migratory bird species in the Colombian Andes. Interestingly, this study
also factored in the relative influence of elevation, land, and forest cover types at the local and
landscape scales, and abiotic conditions such as precipitation seasonality for an exhaustive

assessment of parameters shaping abundance distributions along a neotropical elevation gradient.

Our results regarding the effects of anthropogenic pressure may be explained through the
differences in sensitivity to disturbance of various bird species. We generally expected human

disturbance, included in our models as Population Gravity Index, to negatively affect abundance,
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especially for forest-interior birds. Nevertheless, we also expected a positive effect for species
that may be successful in more disturbed sites, such as forest edges, pastures, gardens, or
orchards, as is the case for some species in the Thraupidae family (O’Dea & Whittaker, 2007).
For instance, we found a positive effect of PGI for Diglossa cyanea (Tables 2 and 3), a
flowerpiercer that we captured inside forests but that is also found in forest edges and open
landscapes (Rodewald & Rodewald, 2003). This result is consistent with a study in a mosaic of
the mid-montane cloud forests of our gradient (Becker, Loughin, & Santander, 2008) where the
authors sampled the bird community at various habitats including forest interior, edge, pasture,
and forest fragments to identify forest-obligate birds. They found that Diglossa cyanea had
higher capture rates in pastures and forest fragments compared to forest interior sites. The study
points out other species that are instead sensitive to forest loss, including Myadestes ralloides,
for which we correspondingly found a negative effect of PGI (Table 6). Two other species from
that study that also showed high sensitivity to forest loss were Mionectes striaticollis and
Myiophobus flavicans. Contrastingly, we found a positive effect of PGI on abundance for both
species (Table 6). However, another result that was consistent with our predictions on forest
interior birds was the negative effect of PGI on the abundance of Masius chrysopterus (Table 6).
This response concurs with previous studies on the resilience and habitat preferences of Andean
montane forest birds (O’Dea & Whittaker, 2007), showing that Masius chrysopterus prefers

forest interiors and may be limited in its ability to use other habitats.

The effects of anthropogenic disturbance on bird distributions are complex (Fonturbel,
Orellana, Rodriguez-Gomez, Tabilo, & Castafio-Villa, 2021; Tien, Soh, Sodhi, Lian, & Lim,
2005). A study in the Colombian Andes (Mills et al., 2022) found an interspecific sensitivity

gradient in occupancy response to disturbance in the eastern cordillera, where species at lower
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elevations were more sensitive to habitat loss than those at higher elevations. The authors
suggest that these differences may be caused by more persistent selection pressures on high
altitude species, which may be more adapted to habitat configurations that naturally include
aspects associated with disturbance, such as reduced canopy cover, fragmentation, and loss of
structural complexity. Similarly, Newbold et al. (2014) found that human population density
negatively and significantly affected the probability of occupancy of forest-specialist and
narrow-ranged birds in a global model including more than 3000 taxa and more than 1000 bird
species in tropical and subtropical regions. While our measure of anthropogenic disturbance
accounts for both the effects of population size and the proximity of the closest populated place
to each of our study sites, it is likely that a finer scale in our variable is required to override the
spatial clustering of our field sites, given that the closest populated place to each site was the
same for many of the sites located in each geographic sampling area. This will also provide more

certainty around the estimates of abundance based on this predictor.

Conclusions

In this study we investigated the abundance distributions of forest passerine species and their
driving factors along an elevational gradient in the northwestern Ecuadorian Andes, one of the
most unique and biodiverse geographic regions (Myers et al., 2000). We show that the
elevational distribution of bird abundance in these tropical mountain forests varies among
species, and that no single parameter predicts local spatial patterns throughout the gradient. Our
results point towards the complex and multifaceted interplay of ecological factors that shape
species’ distributions in the Andes, and they reinforce the need to develop more effective
conservation strategies that are imperative to preserve mountain habitats in the face of climate

change and persistent anthropogenic pressure (Freeman et al., 2018; Roy et al., 2018). More data
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is required to detect nuanced elevational patterns of abundance and to obtain finer assessments of
the ways in which biotic and abiotic parameters are shaping abundance distributions in this local

tropical mountain system.
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Tables

Table 1. Names, geographical location, and elevational ranges of each study site where mist-net
sampling was carried out between 2021 and 2022.

Location Province Latitude Longitude Elevation (m a.s.l)
Yanacocha Pichincha -0.1117394 -78.5848561 3400-3800
Biological

Reserve (YNC)

El Pahuma Pichincha 0.0109003 -78.6389355 2550-2700
Orchid Reserve

(PM)

Bellavista Cloud Pichincha -0.0159828 -78.6808559 2000-2400
Forest Reserve

(BY)

Intillacta Pichincha 0.0496791 -78.7180884 1820-1860
Reserve (INT)

Un Poco del Pichincha 0.0529950 -78.8422320 1000-1200
Chocé (UPDC)

Mashpi Pichincha 0.1659010 -78.8776050 786950

Reserve/Pachijal
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Table 2. Transect coordinates and elevations where point count surveys were carried out in the
northwestern slope of the Ecuadorian Andes in July and August 2022 (47 points in total)

Transect Start point Elevation End point Elevation Number of
(latitude, (latitude, point
longitude) longitude) counts
Mindo Road -0.046417, 1350 -0.036381, 1500 4
-78.774912 -78.763184,
Tandayapa -0.032102, 1550 -0.020713, 2350 17
Valley -78.76027 -78.685011
Puluhua 0.03963, 2450 0.02128,- 3050 13
Geobotanical -78.505067 78.503247
Reserve
Yanacocha -0.136919, 3200 -0.12267,- 3800 13
Biological -78.595753 78.585154

Reserve
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Table 3. Summary of species used to analyze the shape of their abundance distribution in the elevational gradient. We specify the
sampling method (PC = point counts, MN = mist-nets), total number of individuals detected, the number of sites with detections, their
elevational limits and breadth, the elevation with highest abundance, the position of the modeled abundance peak using the best fit
model, and the HOF models with the best fit (as well as A BIC <2).

Species Method  Individuals Sites with Lower Upper Elevational Elevation of Scaled Position of Best HOF
detected detections limit limit breadth highest elevation of modeled model (and A
(m) (m) abundance highest abundance BIC <2)
abundance peak
Arremon PC 33 17 2500 3750 1250 3250 0.60 0.68 Skewed
assimilis (symmetric)
Atlapetes PC 41 16 2650 3800 1150 3600 0.83 Flat Flat
latinuchus
Diglossa cyanea MN 41 12 2105 3789 1684 2566 0.27 0.27 Skewed
Diglossa cyanea PC 59 24 1850 3600 1750 3500 0.94 1 Monotonic
Grallaria PC 22 11 3050 3800 750 3600 0.73 0.73 Symmetric
saturata (skewed)
Henicorhina MN 33 12 960 2620 1660 2364 0.85 1 Monotonic
leucophrys (flat)
Henicorhina PC 82 21 1350 3350 2000 2150 0.40 Flat Flat
leucophrys
Mpyioborus PC 39 15 2450 3800 1350 3500 0.78 Flat Flat
melanocephalus (symmetric)
Mpyiothlypis PC 93 24 1750 3050 1300 2000 0.19 0.35 Symmetric
coronata (skewed)
Ochthoeca PC 28 13 2100 3250 1150 2350 0.22 Flat Flat (skewed)
diadema
Syndactyla MN 15 8 1037 2376 1339 1866 0.62 Flat Flat
subalaris (symmetric)
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Table 4. Quasi AIC model selection results, estimated parameter coefficients, SEs, and P values
for all models fitted to the mist-net data of Masius chrysopterus. Significant P values are
italicized and in bold. GOF P value for most complex model (*) = 0.051, SEs adjusted for ¢

=1.76. Missing SEs were not estimated.

Models QAIC A QAIC QAIC Distance Distance PGI
weight to mid- to lower
elevation limit
Distance 57.40 0.00 0.38 -0.011 = -5.862 +
to mid- 0.003 1.663
elevation + (0.00002) (0.000003)
PGI*
PGI 58.05 0.65 0.27 -2.136
1.04
(0.006)
Distance 58.87 1.47 0.18 -0.002 -1.443
to lower
limit +
PGI
Distance 59.58 2.18 0.13 -0.002 +
to lower 0.002
limit (0.044)
Null 63.23 5.84 0.02
Distance 63.76 6.37 0.02 -0.0002 =
to mid- 0.002
elevation (0.862)
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Table 5. Quasi AIC model selection results, estimated parameter coefficients, SEs, and P values for all models fitted to the mist-net
data of Diglossa cyanea. Significant P values are italicized and in bold. GOF P value for global model (*) = 0.138, SEs adjusted for ¢

= 1.39.
Model QAIC A QAIC QAIC  Distance to mid- Distance to PGI Competitor
weight elevation lower limit
Distance to mid- 62.90 0.00 0.28 -0.003 + 0.001
elevation (0.003)
PGI 63.59 0.69 0.20 7.764 £ 4.676
(0.05)

Distance to mid- 64.21 1.31 0.14 -0.004 + 0.002 0.915+00911
elevation + Phylo 0.01) (0.236)
competitor
Distance to mid- 64.87 1.97 0.10 -0.003 +0.001 0.079 + 7.243
elevation + PGI 0.02) (0.99)
PGI + Phylo competitor ~ 65.52 2.62 0.08 0.147 + 0.557

(0.755)
Phylo competitor 65.70 2.80 0.07 -0.039 £0.516

(0.929)
Distance to mid- 66.30 3.40 0.05 0.08 +7.938 0.93 +£0.687
elevation + PGI + (0.99) (0.110)
Phylo competitor*
Distance to lower limit 66.53 3.63 0.05 -0.0002 £+ 0.0003

(0.326)

Distance to lower limit 68.11 5.21 0.02 -0.0002 £ 0.0003 0.887 +5.906
+ PGI (0.344) (0.859)
Distance to lower limit 69.20 6.30 0.01 -0.0006 = 0.001 0.786 +£2.144
+ Phylo competitor (0.530) (0.665)
Distance to lower limit 71.18 8.28 0.00 -0.0007 £0.001  0.582 + 6.634 0.967 £2.180
+ PGI + Phylo (0.429) (0.918) (0.601)
competitor
Null 74.23 11.33 0.00
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Table 6. Summary of the abundance predictors in N-mixture models appearing in the best set of models (A AIC < 2) of 25 bird
species. We specify the sampling method (PC = point counts, MN = mist-nets), whether the null model was among the best set of
models, and the direction (positive, negative, or variable) of the effect of each predictor of abundance, where applicable. “NA”
indicates the predictor was either not included in a species’ candidate model set or not appearing in the best set of models, “Null” that
the null model was among the best set of models, and * denotes the parameter was statistically significant (P < 0.05) in at least one
model in the best set of models. A variable response indicates that the sign of the coefficient was not consistent in all models

appearing among the best set of models.

Scientific name Method Null among best Distance to mid- Distance to PGI Competitor
set of models elevation lower limit
Arremon assimilis PC No = = — NA
Arremon brunneinucha MN Yes Null Null Null Null
Atlapetes latinuchus PC Yes Null Null Null Null
Basileuterus tristriatus MN No - NA Variable -
Chlorospingus flavigularis MN No — — Variable NA
Chlorospingus semifuscus MN No NA NA — NA
Cinnycerthia unirufa PC Yes Null Null Null Null
Diglossa cyanea MN No —* — + +
Diglossa cyanea PC No NA NA + —
Diglossa lafresnayii PC Yes Null Null Null Null
Grallaria saturata PC Yes Null Null Null Null
Hellmayrea gularis PC No + - + Variable
Henicorhina leucophrys MN Yes Null Null Null Null
Henicorhina leucophrys PC No NA NA — 4%
Lepidocolaptes lacrymiger PC Yes Null Null Null Null
Masius chrysopterus MN No —* NA —* NA
Mionectes striaticollis MN No + — + NA
Myadestes ralloides MN No NA NA — Variable
Myioborus melanocephalus PC No + —* = =
Myiophobus flavicans MN No — — + +
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Scientific name Method Null among best Distance to mid- Distance to PGI Competitor
set of models elevation lower limit

Mpyiothlypis coronata MN Yes Null Null Null Null
Mpyiothlypis coronata PC No —* NA + +*
Myiotriccus ornatus MN Yes Null Null Null Null
Ochthoeca diadema PC Yes Null Null Null Null
Premnoplex brunnescens MN No = NA +F —
Scytalopus latrans PC No — NA + NA
Syndactyla subalaris MN No — — — +
Vireo leucophrys PC Yes Null Null Null Null
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Figure legends

Figure 1. Map of study area in the northwest slope of the Ecuadorian Andes (c¢) showing

location of mist-nets (a) and point-count surveys (b).

Figure 2. Huisman-Olff-Fresco (HOF) models showing the shape of the abundance distributions
of 11 passerine species (eight point count species (a—h) and three mist-net species (i—k)). Best
models (blue, solid line) and second-best models (A BIC < 2) (red, dotted line) describing the

shape of relative abundance are plotted over the scaled elevation range of each species.

Figure 3. Comparison of the shapes of the abundance distributions of the two species analyzed

in both datasets (point counts and mist-nets): Diglossa cyanea (a-b) and Henicorhina leucophrys
(c-d).

Figure 4. Predicted abundance of Masius chrysopterus in response to each predictor of
abundance appearing in the top-ranked model: “Distance to mid-elevation” (a) and “Population
Gravity Index”’(b) with 95% confidence intervals shown in gray; predicted abundance is shown

over the range of values observed for each predictor.

Figure 5. Predicted abundance of Diglossa cyanea in response to the predictor of abundance
appearing in the top-ranked model: “Distance to mid-elevation” (a) with 95% confidence
intervals; predicted abundance is shown over the range of values observed for the predictor. (b)
Shows the model-averaged predicted response of “Distance to mid-elevation”, showing a

consistent negative effect on abundance.

44



Figures

Figure 1.

0 180 200km

Elevation (m a.s.l.)

Mist-Net Sites

500-1200

1200-1900

1900-2600

2600-3300

3300-4000

>4000
Quito

[ Bellavista Cloud Forest Reserve
[ 8 Pahuma Orchid Reserve

[ Intillacta Reserve

B Mashpi Reserve

[0 Mashpi/Pachijal

@ Un Poco del Choco

@ Yanacocha Biological Reserve
Point Count Sites

@ Mindo Road

O Puluhua Gecbotanical Reserve
) Tandayapa Valley

@ Yanacocha Biological Reserve

45




Figure 2.
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Figure 3.
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Figure 4.
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Figure 5.
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Supplementary Information

Table S1. Summary of model selection using Bayesian Information Criterion (BIC) for the
Huisman-Olff-Fresco (HOF) models fitted to abundance data of 14 point count species. Models
in bold indicate the best and second-best (A BIC < 2) models for species where all five models
converged (flat, monotonic, plateau, skewed, and symmetric)

Species Model df BIC

Arremon assimilis flat 2 13.0151565
Arremon assimilis monotonic 3 15.5200831
Arremon assimilis plateau 4  16.9638165
Arremon assimilis symmetric 4  7.06805907
Arremon assimilis skewed 5 6.6193131
Cinnycerthia unirufa flat 2 6.17253005
Cinnycerthia unirufa monotonic 3 7.07727672
Cinnycerthia unirufa plateau 4 6.60095408
Cinnycerthia unirufa skewed 5 6.06178149
Diglossa cyanea flat 2 4.7229132
Diglossa cyanea monotonic 3 0.74343637
Diglossa cyanea plateau 4 10.553384
Diglossa cyanea symmetric 4 3.92149038
Diglossa cyanea skewed 5 7.0995444
Diglossa lafresnayii flat 2 8.98550844
Diglossa lafresnayii monotonic 3 10.7124696
Diglossa lafresnayii symmetric 4  1.44951324
Diglossa lafresnayii skewed 5 -0.4583661
Grallaria saturata flat 2 7.82097917
Grallaria saturata monotonic 3 9.94679451
Grallaria saturata plateau 4 11.5452763
Grallaria saturata symmetric 4 4.69161965
Grallaria saturata skewed 5  6.12486602
Hellmayrea gularis flat 2 3.4550975
Hellmayrea gularis monotonic 3 5.82557541
Hellmayrea gularis symmetric 4 8.22347076
Henicorhina leucophrys flat 2 14.0424978
Henicorhina leucophrys monotonic 3 16.627837
Henicorhina leucophrys plateau 4 19.4871925
Henicorhina leucophrys symmetric 4  19.6044798
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Species Model df BIC

Henicorhina leucophrys skewed 5 22.5316677
Lepidocolaptes lacrymiger  flat 2 -0.0893941
Lepidocolaptes lacrymiger ~ monotonic 3 1.98633928
Lepidocolaptes lacrymiger  skewed 5 18.8152363
Myioborus melanocephalus  flat 2 8.01152414
Myioborus melanocephalus  monotonic 3 10.654805
Myioborus melanocephalus  plateau 4  12.7611925
Myioborus melanocephalus symmetric 4  9.75283123
Myioborus melanocephalus  skewed 5 16.0718289
Myiothlypis coronata flat 2 9.82932854
Myiothlypis coronata monotonic 3 10.7043538
Mpyiothlypis coronata plateau 4 11.09146
Myiothlypis coronata symmetric 4 5.0682211
Myiothlypis coronata skewed 5  6.28095122
Ochthoeca diadema flat 2 8.4278838
Ochthoeca diadema monotonic 3 10.7396498
Ochthoeca diadema plateau 4  12.2122741
Ochthoeca diadema symmetric 4  10.6638871
Ochthoeca diadema skewed 5  9.63151048
Scytalopus latrans flat 2 9.59823339
Scytalopus latrans monotonic 3 -0.7148494
Vireo leucophrys flat 2 8.24252512
Vireo leucophrys monotonic 3 10.9821468
Vireo leucophrys plateau 4 12.09827
Vireo leucophrys symmetric 4  13.6269073
Atlapetes latinuchus flat 2 0.36882529
Atlapetes latinuchus monotonic 3 2.94641718
Atlapetes latinuchus plateau 4  4.45605864
Atlapetes latinuchus symmetric 4  5.45840524
Atlapetes latinuchus skewed 5 5.92466818
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Table S2. Summary of model selection using Bayesian Information Criterion (BIC) for the
Huisman-Olff-Fresco (HOF) models fitted to abundance data of 14 mist-net species. Models in
bold indicate the best and second-best (A BIC < 2) models for species where all five models
converged (flat, monotonic, plateau, skewed, and symmetric)

Species Model df BIC

Mpyadestes ralloides flat 2 7.4220604
Myadestes ralloides monotonic 3 9.86916954
Myadestes ralloides symmetric 4 12.5082269
Myadestes ralloides skewed 5 15.1482939
Arremon_brunneinucha flat 2 3.28220458
Arremon_brunneinucha monotonic 3 3.58283051
Arremon_brunneinucha plateau 4 731064276
Arremon_brunneinucha skewed 5 18.712415
Chlorospingus semifuscus flat 2 9.06325651
Chlorospingus semifuscus monotonic 3 9.10842083
Chlorospingus semifuscus symmetric 4 -2.6012285
Chlorospingus semifuscus skewed 5 -0.4242119
Myiophobus flavicans flat 2 4.13296498
Myiophobus flavicans monotonic 3 6.12409857
Myiophobus flavicans symmetric 4 8.30280676
Myiophobus flavicans skewed 5 10.0001903
Henicorhina leucophrys flat 2 2.65940792
Henicorhina leucophrys monotonic 3 1.83141857
Henicorhina leucophrys plateau 4 7.61850415
Henicorhina leucophrys symmetric 4 4.28617195
Henicorhina leucophrys skewed 5 4.98609898
Masius chrysopterus flat 2 7.81034115
Masius chrysopterus monotonic 3 8.42939362
Masius chrysopterus plateau 4 9.31433296
Masius chrysopterus symmetric 4  -10.69292
Syndactyla subalaris flat 2 4.05190692
Syndactyla subalaris monotonic 3 6.09164735
Syndactyla subalaris plateau 4  7.7315854
Syndactyla subalaris symmetric 4 4.53334484
Syndactyla subalaris skewed 5 6.56249477
Diglossa_cyanea flat 2 5.35648504
Diglossa_cyanea monotonic 3 7.8239147
Diglossa _cyanea plateau 4 9.21459533
Diglossa_cyanea symmetric 4 3.75974827
Diglossa_cyanea skewed 5 1.72708782
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Myiotriccus ornatus flat 2 6.20683325
Myiotriccus ornatus monotonic 3 7.44221666
Myiotriccus ornatus symmetric 4 10.5985773
Mpyiothlypis coronata flat 2 6.97134996
Myiothlypis coronata monotonic 3 4.00528179
Myiothlypis coronata symmetric 4 5.09308254
Mionectes striaticollis flat 2 5.87394259
Mionectes striaticollis monotonic 3 8.18008945
Mionectes striaticollis symmetric 4 10.3531533
Mionectes striaticollis skewed 5 11.4720869
Premnoplex brunnescens flat 2 10.1229949
Premnoplex brunnescens monotonic 3 3.15713452
Premnoplex brunnescens symmetric 4 5.35435911
Basileuterus tristiatus flat 2 5.18726782
Basileuterus tristiatus monotonic 3 7.45448486
Basileuterus tristiatus plateau 4 7.2579145
Basileuterus tristiatus symmetric 4 5.4404037
Chlorospingus flavigularis flat 2 7.76989507
Chlorospingus flavigularis monotonic 3 8.54178744
Chlorospingus flavigularis symmetric 4 10.5161448
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Table S3. Locations and sampling effort of 32 sites sampled using mist-nets.

Location Site Latitude Longitude GPS elevation Net-hours

Mashpi Reserve MSL2 0.158737 -78.883879 786 282
Mashpi Reserve MSL1 0.163192 -78.886241 838 210
Mashpi Reserve MSL5 0.167993 -78.888668 871 66
Mashpi Reserve MSL3 0.165271 -78.885728 877 78
Mashpi Reserve MSH3 0.118778 -78.877323 938 143
Mashpi Reserve MSH?2 0.118294 -78.877883 960 210
Mashpi Reserve MSH1 0.117725 -78.878819 996 190
Un Poco del Choco UPDC3 0.050233 -78.843217 1002 112.5
Un Poco del Choco UPDC2 0.051005 -78.843056 1037 135
Un Poco del Choco UPDC4 0.05165 -78.841606 1131 240
Un Poco del Choco UPDC7 0.052439 -78.842666 1149 270
Un Poco del Choco UPDCI1 0.053777 -78.842894 1193 240
Un Poco del Choco UPDC6 0.052697 -78.839512 1205 240
Un Poco del Choco UPDCS5 0.053086 -78.842316 1210 315
Intillacta Reserve INT2 0.050692 -78.72094 1832 3335
Intillacta Reserve INTI 0.049893 -78.722191 1866 268.25
Bellavista Cloud Forest Reserve BV2 -0.011967 -78.680899 2049 525
Bellavista Cloud Forest Reserve BV1 -0.012276 -78.678166 2105 450
Bellavista Cloud Forest Reserve BV6 -0.02019 -78.682939 2356 270
Bellavista Cloud Forest Reserve BV3 -0.018348 -78.68396 2358 300
Bellavista Cloud Forest Reserve BV5 -0.020441 -78.686074 2364 330
Bellavista Cloud Forest Reserve BV4 -0.019159 -78.682813 2376 270
Bellavista Cloud Forest Reserve BV7 -0.021721 -78.686061 2386 180
El Pahuma Orchid Reserve PMI1 0.007644 -78.643765 2566 188
El Pahuma Orchid Reserve PM2 0.007646 -78.638745 2620 189
El Pahuma Orchid Reserve PM3 0.005814 -78.634716 2701 215.25
Yanacocha Biological Reserve ~ YNCI1 -0.118017 -78.590288 3500 433
Yanacocha Biological Reserve ~ YNC3 -0.11817 -78.586165 3573 99
Yanacocha Biological Reserve ~ YNC4 -0.118829 -78.586388 3639 117
Yanacocha Biological Reserve =~ YNC2 -0.121873 -78.586031 3789 448
Yanacocha Biological Reserve ~ YNC6 -0.127453 -78.585937 3792 70
Yanacocha Biological Reserve ~ YNC7 -0.133951 -78.586264 3827 70
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Table S4. Locations of 47 point-count survey sites.

Location Site Elevation Latitude Longitude
Mindo Road MD1350 1350 -0.046417 -78.774912
Mindo Road MD1400 1400 -0.043631 -78.774174
Mindo Road MD1450 1450 -0.039735 -78.768298
Mindo Road MD1500 1500 -0.036381 -78.763184
Tandayapa Valley TV1550 1550 -0.032102 -78.76027
Tandayapa Valley TV1600 1600 -0.032194 -78.756172
Tandayapa Valley TV1650 1650 0.008767 -78.675107
Tandayapa Valley TV1700 1700 0.001142 -78.677465
Tandayapa Valley TV1750 1750 -0.002424 -78.676523
Tandayapa Valley TV1800 1800 -0.004994 -78.67931
Tandayapa Valley TV1850 1850 -0.007302 -78.679387
Tandayapa Valley TV1900 1900 -0.009187 -78.677998
Tandayapa Valley TV1950 1950 -0.008935 -78.674577
Tandayapa Valley TV2000 2000 -0.01162 -78.676167
Tandayapa Valley TV2050 2050 -0.011607 -78.676781
Tandayapa Valley TV2100 2100 -0.014528 -78.678841
Tandayapa Valley TV2150 2150 -0.015446 -78.678564
Tandayapa Valley TV2200 2200 -0.016471 -78.680287
Tandayapa Valley TV2250 2250 -0.033772 -78.711801
Tandayapa Valley TV2300 2300 -0.020286 -78.680745
Tandayapa Valley TV2350 2350 -0.020713 -78.685011
Puluhua Geobotanical Reserve PLH2450 2450 0.03963 -78.505067
Puluhua Geobotanical Reserve PLH2500 2500 0.041178 -78.50699
Puluhua Geobotanical Reserve PLH2550 2550 0.041542 -78.508211
Puluhua Geobotanical Reserve PLH2600 2600 0.038624 -78.506736
Puluhua Geobotanical Reserve PLH2650 2650 0.038916 -78.508792
Puluhua Geobotanical Reserve PLH2700 2700 0.038145 -78.510321
Puluhua Geobotanical Reserve PLH2750 2750 0.035932 -78.508509
Puluhua Geobotanical Reserve PLH2800 2800 0.030719 -78.507268
Puluhua Geobotanical Reserve PLH2850 2850 0.032584 -78.509352
Puluhua Geobotanical Reserve PLH2900 2900 0.029954 -78.508985
Puluhua Geobotanical Reserve PLH2950 2950 0.026022 -78.509418
Puluhua Geobotanical Reserve PLH3000 3000 0.022693 -78.506682
Puluhua Geobotanical Reserve PLH3050 3050 0.02128 -78.503247
Yanacocha Biological Reserve YNC3200 3200 -0.136919 -78.595753
Yanacocha Biological Reserve YNC3200 3250 -0.135987 -78.595114
Yanacocha Biological Reserve YNC3300 3300 -0.135544 -78.594339
Yanacocha Biological Reserve YNC3350 3350 -0.13593 -78.593872
Yanacocha Biological Reserve YNC3400 3400 -0.135263 -78.593229
Yanacocha Biological Reserve YNC3450 3450 -0.135304 -78.592771
Yanacocha Biological Reserve YNC3500 3500 -0.116594 -78.589738
Yanacocha Biological Reserve YNC3550 3550 -0.11761 -78.585957
Yanacocha Biological Reserve YNC3600 3600 -0.118021 -78.586189
Yanacocha Biological Reserve YNC3650 3650 -0.118625 -78.586638
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Location Site Elevation Latitude Longitude
Yanacocha Biological Reserve YNC3700 3700 -0.119843 -78.586115
Yanacocha Biological Reserve YNC3750 3750 -0.121073 -78.585723
Yanacocha Biological Reserve YNC3800 3800 -0.12267 -78.585154
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