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ABSTRACT 
The simplification of forest structural complexity, caused by anthropogenic land-use practices, is one of the main threats to understory specialist 
birds. We examined the association of both single structural attributes and structural complexity, with the density of 4 understory bird species 
in the Global Biodiversity Hotspot “Chilean Winter Rainfall-Valdivian Forests” of South America. Between 2011 and 2013, we surveyed habitat 
attributes and conducted bird point counts in 505 plots in Andean temperate ecosystems in Chile. In each habitat plot, we measured understory 
density, volume of coarse woody debris (CWD), number of snags, diameter at breast height (DBH) of trees, and leaf litter depth. With these 
attributes, we developed an index of stand structural complexity (ISC). On average, old-growth forests had higher values for understory density, 
CWD volume, DBH, and litter depth than secondary forests and open fields, and thus greater values of ISC. The density of understory birds was 
positively correlated with the ISC for the Rhinocryptidae Pteroptochos tarnii, Scelorchilus rubecula, and Scytalopus magellanicus. We also found 
a positive association between understory density and litter depth, with the density of the Furnariidae Sylviorthorhynchus desmursii. However, 
this latter species showed a negative association with the density of snags. Our results suggest the utility of using an index of structural com-
plexity, rather than single or even additive habitat attributes, for determining the density of understory specialist birds. We recommend that 
management plans should promote the retention of habitat attributes that contribute to the structural complexity of temperate forests of South 
America and beyond.
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LAY SUMMARY 
• We examined the association of forest structural attributes and structural complexity, with the density of four understory bird species from 

South American temperate forests.
• We surveyed 505 plots in Chile’s Andean temperate ecosystems between 2011 and 2013, measuring various structural attributes and bird 

densities.
• We found that old-growth forests had higher values of structural complexity compared to secondary forests and open fields.
• The density of understory birds, including Pteroptochos tarnii, Scelorchilus rubecula, and Scytalopus magellanicus, was positively correlated 

with the index of stand structural complexity (ISC). There was also a positive association between understory density and leaf litter depth for 
the Furnariidae Sylviorthorhynchus desmursii.

• We highlight the importance of considering overall structural complexity for effective conservation planning, recommending the retention of 
habitat attributes that promote the structural complexity of temperate forests in South America and beyond.

La complejidad estructural es un mejor predictor que los atributos individuales de hábitat para la 
densidad de aves del sotobosque en los bosques templados andinos
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RESUMEN
La simplificación de la complejidad estructural del bosque, causada por prácticas intensivas de uso de la tierra por los seres humanos, es una 
de las principales amenazas para las aves especialistas del sotobosque. Examinamos la asociación tanto de atributos estructurales individuales 
del hábitat como de la complejidad estructural integrada, con la densidad de cuatro especies de aves del sotobosque en el Punto Caliente de 
Biodiversidad Global llamado “Bosques Valdivianos Chilenos de América del Sur.” Entre 2011 y 2013, realizamos evaluaciones de atributos del 
hábitat en 505 parcelas y 505 puntos de conteo de aves en los ecosistemas templados andinos de Chile. En cada parcela de hábitat, medimos la 
densidad del sotobosque, el volumen de residuos leñosos gruesos (RLG), el número de árboles muertos en pie, el diámetro a la altura del pecho 
(DAP) de los árboles y la profundidad de la hojarasca. Con estos atributos, desarrollamos un índice de complejidad estructural del bosque (ICEB). 
En promedio, los bosques primarios tuvieron valores más altos para la densidad del sotobosque, el volumen de RLG, el DAP y la profundidad 
de la hojarasca que los bosques secundarios y los campos abiertos y, por lo tanto, valores mayores del ICEB. La densidad de las aves del 
sotobosque se correlacionó positivamente con el ICEB para las especies Rhinocryptidae Pteroptochos tarnii, Scelorchilus rubecula y Scytalopus 
magellanicus. También encontramos una asociación positiva entre la densidad del sotobosque y la profundidad de la hojarasca, con la densidad 
de la especie Furnariidae Sylviorthorhynchus desmursii. Sin embargo, esta última especie mostró una asociación negativa con la densidad de 
árboles muertos en pie. Nuestros resultados muestran la utilidad de utilizar un índice de complejidad estructural, en lugar de atributos de hábitat 
individuales o incluso aditivos, para determinar la densidad de las aves especialistas del sotobosque. Recomendamos que los planes de manejo 
forestal promuevan la retención de atributos del hábitat que contribuyen a la complejidad estructural de los bosques templados de América del 
Sur y más allá.
Palabras clave: Sitios calientes de biodiversidad, legados de hábitat, Chile, perturbación del bosque, árboles muertos en pie

INTRODUCTION
In forest ecosystems, the structural complexity of the habi-
tat is essential for maintaining key ecological processes, such 
as pollination, seed dispersal, and the recruitment of woody 
plants (Luck et al. 2013, Lindenmayer 2019, Ibarra et al. 
2020a). In structurally complex forests, there is greater avail-
ability of reproductive and feeding habitats for numerous or-
ganisms whose natural history depends on the forest (Ibarra 
and Martin 2015a, Caviedes and Ibarra 2017, Martins et al. 
2017). At the local scale, structural complexity has been de-
fined as “a measure of the number of different attributes pre-
sent and the relative abundance of each of these attributes” 
(McElhinny et al. 2005). In addition, certain key structural 
habitat attributes have been identified as contributing to 
structural complexity. Referred to as “habitat legacies,” these 
attributes can include the understory, coarse woody deb-
ris (CWD), standing dead trees (snags), large live trees, and 
leaf litter (McElhinny et al. 2005, 2006, Sabatini et al. 2015, 
Caviedes and Ibarra 2017).

Structural complexity can vary depending on the type of 
forest, its successional stage, and disturbance regimes. For 
example, old-growth forests are generally characterized by 
their high structural complexity (Zenner 2004). However, 
the complexity of some secondary forests can also resemble 
that of old-growth forests due to a high presence of habi-
tat legacies (Caviedes and Ibarra 2017). The persistence of 
these attributes after a disturbance may allow a level of struc-
tural complexity that facilitates regeneration of the vege-
tation (McElhinny et al. 2005, Caviedes and Ibarra 2017, 
Ehbrecht et al. 2017, Lindenmayer 2019, Novoa et al. 2021). 
Natural disturbances such as insect outbreaks, wildfires, or 
strong-wind events can affect a forest’s structural complex-
ity (Seidl et al. 2017). However, anthropogenic disturbances 
associated with intensive land-use practices are now one of 
the main threats to forest biodiversity worldwide (e.g., log-
ging, livestock farming, and fires; Stephens and Wagner 2007, 
Gauthier et al. 2015). A direct consequence of these activities 
is the simplification of the forest’s structure and composition 
(Sefidi et al. 2022). In addition, they homogenize stands by 
creating restrictions on the size and age of trees in intensively 
managed forests (Mishra et al. 2004, Miller et al. 2009, Asefa 
et al. 2017, Demarais et al. 2017, Prowse et al. 2017, Sefidi 
et al. 2022).

Indices of structural complexity serve as an objective 
measure with potential application to forest management 

(McElhinny et al. 2005, Sabatini et al. 2015, Caviedes and 
Ibarra 2017). Higher values indicate greater complexity (e.g., 
a greater presence and relative abundance of key structural 
attributes; Persiani et al. 2016). By increasing the availabil-
ity of resources to a wide diversity of organisms (e.g., food 
items and reproductive sites), structural complexity may re-
duce negative relationships such as competition (Vergara and 
Simonetti 2003, Franklin and Van Pelt 2004, Vergara and 
Simonetti 2004, McElhinny et al. 2006, Ibarra et al. 2020a). 
However, it is not clear whether single structural attributes, 
or their combinations, are greater influences on the density of 
habitat specialist species.

Habitat specialist birds are particularly vulnerable to a re-
duction in forest structural complexity (Reid et al. 2004, Díaz 
et al. 2005). This guild has been reported to respond rapidly 
to anthropogenic disturbances (e.g., logging and burning of 
the forest) that affect its habitat, reflecting its sensitivity to 
the removal or simplification of structural attributes (Barlow 
et al. 2002, Carmona et al. 2002, Díaz et al. 2005, Flynn et al. 
2009, Riffell et al. 2011, Ibarra and Martin 2015a, Soler et 
al. 2016, Altamirano et al. 2017, McFadden and Dirzo 2018, 
Navedo and Biscarra 2018, Díaz et al. 2019). For example, 
the presence of coarse woody debris and snags were found 
to be an important structural attribute for habitat specialist 
birds nesting in the loblolly pine (Pinus taeda) forests of South 
Carolina, USA. Species such as the Pipilo erythrophthalmus 
and Piranga rubra reproduced relatively less in sites where 
coarse woody debris was removed (Lohr et al. 2002). 
Similarly, small-diameter firs provide important understory 
vegetation, and their large-scale extraction appears to be re-
lated to a long-term decline in the population of Poecile mon-
tana, a specialist species of boreal forests in Fennoscandia 
(Eggers and Low 2014). Lastly, coarse woody debris volume 
and litter depth are thought to be crucial for the reproduction 
and feeding, respectively, for understory specialist birds in 
temperate forests of Chile (Reid et al. 2004, Díaz et al. 2005, 
2006). Specifically, Chucao Tapaculos (Scelorchilus rubecula) 
and Magellanic Tapaculos (Scytalopus magellanicus) rely al-
most exclusively on cavities in fallen trees or coarse woody 
debris as nesting places (Altamirano et al. 2017). In other 
words, the sensitivity of specialist birds to alterations in their 
habitat could refer not only to the presence or absence of a 
particular structural attribute(s), but also to the importance 
of different combinations of habitat legacies that contribute 
to sites’ structural complexity.
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The temperate forests of South America are one of the 
world’s 36 Biodiversity Hotspots (Noss 2016). Located be-
tween 35°S and 55°S, they are isolated from other South 
American forests by over 1,000 km (Vuilleumier 1967). Bird 
species such as Chucao Tapaculos, Black-throated Huet Huet 
(Pteroptochos tarnii), and Magellanic Tapaculos, all spe-
cies of the Rhinocryptidae family, and Des Murs’ Wiretail 
(Sylviorthorhynchus desmursii), a species of the Furnariidae 
family, inhabit southern temperate forests. These 4 bird species 
are generally considered “understory specialists” (Carmona et 
al. 2002, Díaz et al. 2005, Díaz et al. 2019, Altamirano et al. 
2017). In recent decades, the degradation of native forest, the 
expansion of non-native tree plantations, and the historical 
use of human-induced fire to open new agricultural and live-
stock areas have caused a rapid loss of structural attributes 
that are key for the natural history of these birds (Ibarra and 
Martin 2015a, Soler et al. 2016, McFadden and Dirzo 2018, 
Novoa et al. 2021).

In this study, we evaluated the relationship between for-
est structural complexity and understory specialist birds in 
Andean temperate ecosystems of Chile. We developed an 
index of stand structural complexity and assessed its rela-
tionship with bird density for each understory specialist spe-
cies. Specifically, we sought to answer the following question 
for each species: How are different forest structural attri-
butes, individually and integrated into a complexity index, 
related to the density of understory specialist birds? We 
hypothesized that forest structural complexity would have 
a greater influence on the density of each understory bird 
species, than the habitat attributes per se. Testing this hy-
pothesis will provide valuable information about the factors 

that structure biological communities, and this could be of 
great value for the design of forest management policies and 
practices that enhance biodiversity in a Global Biodiversity 
Hotspot.

MATERIALS AND METHODS
Study Area
We collected habitat variables and conducted bird point counts 
during the spring and summer months of 2011–2013 in the 
Araucarias Biosphere Reserve (Figure 1). The area has a tem-
perate climate with a short dry season (<4 months) in summer 
and average annual precipitation of 1,945 mm (Luebert and 
Pliscoff 2006). It comprises 3 main vegetation formations dis-
tributed over an elevational gradient ranging from 220 meters 
above sea level (m.a.s.l.) to 1,400 m.a.s.l. The vegetation var-
ies from low elevation forests (200–500 m.a.s.l.) with a pre-
dominance of Nothofagus obliqua and Nothofagus dombeyi, 
associated principally with Laurelia sempervirens, Eucryphia 
cordifolia, Persea lingue, and Aextoxicon punctatum. At inter-
mediate elevations (500–900 m.a.s.l.), the forest is mixed 
with a predominance of Saxegothaea conspicua, Laureliopsis 
philippiana, and N. dombeyi (Gajardo 1993). At high eleva-
tions (>900 m.a.s.l.), Araucaria araucana and Nothofagus 
pumilio predominate (Fuentes-Ramirez et al. 2018, Urrutia-
Estrada et al. 2018). The understory is formed by a mix-
ture of the species indicated above as well as, among others, 
Dasyphyllum diacanthoides, Lomatia dentata, Fuchsia 
magellanica, Berberis darwinii, Rhaphithamnus spinosus, and 
Chusquea spp, all species native to southern temperate forests.

FIGURE 1. Study area 101 sampling sites (orange circles) in an environmental gradient in Andean temperate forests of southern Chile. Green = State 
Protected Areas (SNASPE, including N. P. National Park and N. R. National Reserve); blue = lakes; dotted line indicates the regional border.
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Focal Species
We focused on the understory specialists S. rubecula, P. 
tarnii, S. magellanicus, and S. desmursii. This guild is gen-
erally considered, in the literature, as vulnerable to land use 
change that reduces the supply of certain structural attri-
butes of forests (Reid et al. 2004, Díaz et al. 2005). These 
species feed mainly on the invertebrates found in the under-
story, dead trees, and litter (Figure 2; Sieving et al. 1996, 
De Santo et al. 2002, Reid et al. 2004, Díaz et al. 2005, 
Altamirano et al. 2012b, Ibarra et al. 2017a, 2018, Medrano 
et al. 2020, Vergara et al. 2021). They frequently nest under 
the dense understory, especially bamboo (Díaz et al. 2005, 
Ibarra et al. 2017a). The areas of bamboo are often dense, 
impeding the movement of animals larger than 30 cm and 
protect these birds’ nests and chicks from attacks by pred-
ators (De Santo et al. 2002, Vergara and Simonetti 2003, 
Reid et al. 2004, Altamirano et al. 2012a, Ibarra et al. 2017a). 
For the movement of bird individuals, a dense understory 
plays a key role in connectivity between fragments for the 
4 focal species (Reid et al. 2004, Díaz et al. 2006, Vergara 
and Simonetti 2006, Willson 2006, Amico et al. 2008, 
Altamirano et al. 2012b). In addition, tree stumps and dead 
branches with a minimum diameter of 0.3 m have been as-
sociated with the presence of P. tarnii and S. magellanicus 
(Sieving et al. 1996, Vergara and Simonetti 2006, Amico et 
al. 2008). Furthermore, the 3 Rhinocryptidae use cavities in 
coarse woody debris with a diameter of between 61.3 and 
193.8 cm, but P. tarnii could exceptionally nest 15 m from 
the ground. On the other hand, S. desmursii does not use 
cavities (Willson et al. 1994, De Santo et al. 2002, Willson 
2006, Altamirano et al. 2012a, 2017).

Habitat Surveys
We selected 101 sites along the elevational gradient using 
QGIS 3.26.2 (Figure 1). We identified all the headwaters of 
the 19 sub-basins within the Villarrica watershed that were 
accessible by rural roads or hiking trails (Ibarra et al. 2014). 
We selected 13 sub-basins for which we had permission from 
land owners, locating the first site near the headwaters of each 
sub-basin and the remaining sites systematically at each 1.5 
km down from the headwaters (Ibarra et al. 2014). At each 
of the 101 sites, we established 5 circular plots (0.04 ha; 11.2 
m radius; n = 505), distributed every 125 m in an L-shaped 
transect (Ibarra et al. 2014). We included different types of 
habitats, comprising old-growth forest (>200 year; 64 plots), 
mid-successional forest (<80 year) with bamboo (102 plots), 
mid-successional forest (<80 year) with understory other than 
bamboo (99 plots), mid-successional forest (<80 year) with-
out understory (44 plots), early successional forest (<20 year; 
75 plots), arborescent shrubland (87 plots), and open field 
(28 plots).

In each circular plot (n = 505), we measured attributes 
that have been reported as important for the life cycle of 
the focal species (Figure 1). They included (1) understory 
density, (2) coarse woody debris (CWD) volume, (3) num-
ber of snags, (4) tree diameter at breast height (DBH), and 
(5) litter depth (Caviedes and Ibarra 2017). For CWD with 
a diameter ≥ 7.5 cm, we measured its length and diameter at 
the center and, subsequently, calculated the volume (m3 ha–1) 
using the formula for the volume of a cylinder. We counted 
all trees and snags with DBH ≥ 12.5 cm and height ≥ 1.3 

m (Ibarra et al. 2014). We measured understory density by 
the number of contacts by the vegetation intercepting a 3-m 
vertical pole for each vertical meter up to 3-m height and 
the litter depth by using a metal ruler (Díaz et al. 2006, 
Caviedes and Ibarra 2017). Understory density and litter 
depth were measured at 5 points, separated systematically 
at 5.6 m, within each plot. Values of each habitat attribute 
for the 5 plots were averaged and thus a single value was 
obtained for each of the 101 sites (Franklin et al. 2002). 
In addition, we determined the presence or absence of an-
thropogenic disturbances in each plot, specifically recording 
when a plot showed signs of fire, logging (remains of cut 
wood or stumps), or livestock activity (dung or browsed 
vegetation).

Bird Sampling
We conducted bird sampling during 2 reproductive seasons 
(2011–2012 and 2012–2013), between October and January. 
Point count stations were in the same plots used for habi-
tat sampling, with the center of the plot at the center of the 
point count station. We sampled 81 sites (80.2%) in 2011–
2012 and the remaining 20 (19.8%) in 2012–2013 (Ibarra 
and Martin 2015a). In each of the 101 sites, we established 
5-point counts that were systematically spaced 125-m apart 
and lasted 6 min during which we recorded each individual 
seen and/or heard within a radius of 50 m (Bibby et al. 2000, 
Ibarra et al. 2017a).

To increase the detectability of understory specialist birds we 
performed playbacks. To avoid double counting at nearby sta-
tions. we reproduced playback at 3 out of the 5-point count 
stations. After the period of passive counting (the first 6 min), 
we reproduced the playbacks of the 4 understory specialist spe-
cies. As each call by 30 s was followed by 30 s of listening in si-
lence, the counting time for each station with playbacks totaled 
15 min (Drever et al. 2009, Ibarra et al. 2017a). The distance 
to all the birds detected was estimated and grouped into 1 of 
2 intervals for analysis (0–25 and 26–50 m; Bibby et al. 2000, 
Ibarra and Martin 2015a). We also registered temperature (°C), 
humidity (%), and wind speed (m s–1) at each point count sta-
tion (Table 1) using a portable weather monitor (Kestrel 4200, 
Kestrel-meters, Birmingham, MI), to assess the influence of 
these covariates on the detectability of each species.

Data Analysis
Construction of an index of forest structural complexity
To construct the index of forest structural complexity, we 
built upon the methodology proposed by Caviedes and Ibarra 

TABLE 1. Temporal and climatic covariate candidates for estimating the 
detectability and density of understory birds.

Type of covariate Description

1. Time Minutes since 0500 hours
2. Temperature °C
3. Humidity Relative humidity (0–100%)
4. Wind speed Average wind speed (m s–1)
5. Cloud cover Sky cloud cover. 0: Clear, 0.5: Partial cover, 1: 

Total cover
6. Playback Acoustic playback
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(2017). Constructing an index of forest structural complex-
ity requires a stepwise approach, which we divided into four 
steps: (1) determining a comprehensive set of  forest structural 
attributes; (2) establishing the core set of attributes to be in-
cluded in the index; (3) sampling these attributes in a set of 
different sites, including different vegetation communities and 
habitat types; and (4) integrating the core set of attributes into 
an additive index. To address point one, we selected those at-
tributes that were considered important for the life cycle of 
understory specialist birds in temperate forests (Figure 2). To 
identify the core set of attributes we selected those that (1) 
had low kurtosis (<2), (2) worked as a surrogate for other 
structural attributes, and (3) could be easily measured in the 
field (McElhinny et al. 2006). The 5 selected attributes in-
cluded in the index were understory density, CWD, number 
of snags, DBH, and litter depth.

We improved the distribution of habitat attributes with a 
high kurtosis (>2) by transforming the raw data to logarithm 
(x + 1). We later rescaled each of the 5 attributes to a score 
from 0 to 10 by performing a regression analysis through quar-
tiles, setting a score of 2.5, 5, 7.5, and 10 for the midpoints of 
each quartile, that is, the 12.5, 37.5, 62.5, and 87.5 percentiles 
(Sabatini et al. 2015, Caviedes and Ibarra 2017). The minimum 
score was 0, while the maximum score of 10 was attributed to 
the 87.5 percentile and above. We obtained the index of struc-
tural complexity for each plot by adding the rescaled values for 
each of the five attributes; an index closer to 50 had the highest 
structural complexity. Finally, we converted the index of forest 
stand structural complexity for the 505 plots into percentage. 

For further information about the methodology to build the 
index, see Caviedes and Ibarra (2017).

Probability of detection and density of focal species
To estimate detectability (p) and density (D), we analyzed 
point-count data using mixed multinomial-Poisson models 
(Royle et al. 2004). In these models, the estimated densities 
can be corrected by the probability of detection of each spe-
cies as a function of the distance from the observer and other 
space-time covariates (Buckland et al. 2004, Royle et al. 
2004, Ibarra et al. 2014). To estimate the detection and dens-
ity of each species at all sites, we used maximum likelihood 
methods in R-Unmarked (Fiske and Chandler 2011, Ibarra 
and Martin 2015a). To model the detectability function, 
we used the multiple covariate distance sampling (MCDS) 
method in which the observer’s distance (y) and one or more 
variables  represented by the vector z determine the probabil-
ity of detection in p (Marques et al. 2007).

To estimate the detectability and density of each species, 
we used the Akaike information criterion (AIC) for each 
 point-count station to identify whether the half-normal or 
hazard ratio was the appropriate distance function for each 
species (Royle et al. 2004). We identified the half-normal as 
the most suitable detection function for each species. To esti-
mate detectability, we used 6 covariates (Table 1) that poten-
tially affect the detection function parameter: sampling time 
(minutes as from 0500 hours), temperature (°C), wind speed 
(m s–1), cloud cover (0: clear, 0.5: partial cover, 1: total cover), 
relative humidity, and playback.

FIGURE 2. Theoretical network of our studied bird species. Lines represent the relationship between structural attribute’s resource use by each 
species. The thickness of the line represents the number of authors who have described each relation. Green = movement, orange = reproduction, 
blue = shelter, grey = feeding.
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Relationship between habitat attributes and structural 
complexity with the density of focal species
Non-native tree plantations covered < 2% of the study area 
and we, therefore, excluded them from all analyses, evaluating 
bird density for each of the remaining plots (n = 499). 
Before estimating density, we tested for collinearity among 
covariates but none reached the established threshold value 
(r > 0.7). We also evaluated non-linear bird responses with 
the structural complexity index (Ibarra and Martin 2015a). 
To obtain the best density models (covariates that may in-
fluence the Poisson mean), we selected the most significant 
detectability covariates for each species and then added the 
habitat covariates individually and in different combinations 
to establish a set of 25 candidate models, which were com-
pared based on the model weights (wi) and the estimated co-
efficients based on AIC. The final confidence set was of 0.95 
(Burnham and Anderson 2002, Ibarra and Martin 2015b). 
We performed all statistical analyses and created graphs using 
packages unmarked, ggplot2, and polypoly with R software 
version 4.2.0 (R Core Team 2021).

RESULTS
Habitat Attributes and Structural Complexity
The mean values of the 5 structural attributes selected var-
ied depending on the type of habitat. Plots in old-growth for-
est stands had the highest mean values for understory density 
(7.55, SD = 3.87 # contacts), CWD volume (13.74, SD = 23.79 
m3 ha–1), DBH (75.28, SD = 35.62 m2 ha–1), and litter depth 
(6.57, SD = 3.7 cm). The highest value for the density of snags 
(55.01, SD = 75.62 trunks ha–1) was found in mid-successional 
forests with bamboo. The highest mean values of the struc-
tural complexity index (77.67%, SD = 11.15) were found in 
old-growth forest stands without visual signs of anthropo-
genic disturbance while the lowest mean value of the index 
(52.47%, SD = 16.28) corresponded to plots with the com-
bined presence of fire, logging, and livestock activity (Table 2).

Composition and Detectability of Birds
We detected a total of 672 individual birds: Scelorchilus 
rubecula (n = 321), Pteroptochos tarnii (n = 149), Scytalopus 
magellanicus (n = 144), and Sylviorthorhynchus desmursii 

(n = 57). The detectability of S. rubecula (β = –0.3126, 
SD = 0.1757) and S. magellanicus (β = –0.4118, SD = 0.2261) 
was significantly negatively associated with wind speed 
(Table 2). The time at which observation took place (min-
utes after 0500 hours) was positively related to the probabil-
ity of detection of S. magellanicus (β = 0.0022, SD = 0.0007) 
and S. rubecula (β = 0.0027, SD = 0.0006). Playback use 
showed a positive relationship with the detectability of S. 
rubecula (β = 0.2347, SD = 0.0771) and P. tarnii (β = 0.229, 
SD = 0.118). S. desmursii showed a positive relationship with 
the relative humidity of the air (β = 0.0118, SD = 0.00492).

Bird Densities
The best models (ΔAIC ≤ 2) indicated that the density of the 
species responded positively to the forest structural complex-
ity index for P. tarnii (β = 0.0475), S. rubecula (β = 0.04999), 
and S. magellanicus (β = 0.0359; Tables 3 and 4), rather than 
to other single or additive habitat attributes. The best models 
also supported a positive association between the dens-
ity of S. desmursii with understory (β = 0.09258) and litter 
(β = 0.010568). However, in the case of S. desmursii, there 
was a negative association with snag density (β = –0.00994; 
Figure 4). In addition, bird density differed between the 4 spe-
cies: density of S. rubecula was 2.5 times greater than for P. 
tarnii and S. magellanicus (Figure 3), and 1.9 times greater 
than for S. desmursii (Table 4).

DISCUSSION
This study expands knowledge about the relationship between 
habitat specialist birds in Andean temperate forests and the 
structural attributes that shape their habitat. We found that 
forest stand structural complexity had more influence than 
the attributes per se on the density of 3 out of 4 focal spe-
cies. The studied species of the Rhinocryptidae family (i.e., S. 
rubecula, S. magellanicus, and P. tarnii) responded positively, 
in terms of density, on sites with a higher presence and com-
bination of habitat legacies (understory, coarse woody debris, 
snags, large live trees, and leaf litter). We, therefore, suggest 
that these 3 species may be, arguably, considered “habitat 
complexity specialists” rather than “understory specialists,” as 
they are  commonly termed in the literature (Reid et al. 2004, 
Amico et al. 2008, Rodríguez-Gómez et al. 2022). By contrast, 

Table 2. Means (SD) of the 5 structural attributes included in the structural complexity index and values of the structural complexity index in 
percentages.

Type of habitat

Structural 
complexity
index (%)

Density
of snags
(stems ha–1)

Density of
live trees
(m2 ha–1)

Density of understory
(no. contacts)

Depth
of litter
(cm)

Volume
of coarse
woody debris
(m3 ha–1)

Old-growth forest 80.03 (9.10) 46.02 (33.20) 75.28 (35.62) 7.55 (3.87) 6.57 (3.7) 13.74 (23.79)
Secondary forest with 

bamboo understory
73.18(11.82) 55.01 (75.62) 41.67 (33.07) 5.49 (2.13) 6.31 (3.36) 11.34 (16.88)

Secondary forest with un-
derstory of other species

65.18(10.32) 44.11 (68.58) 34.76 (19.24) 4.72 (2.61) 5.23 (2.63) 4.41 (8.68)

Secondary forest without 
understory

55.66 (13.75) 35.20 (53.15) 35.22 (17.95) 1.70 (1.24) 2.98 (2.43) 5.85 (15.01)

Open field 34.38 (3.27) 0 (0) 2.21 (2.27) 0.42 (0.41) 0.41(0.41) 1.18 (1.23)
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S. desmursii responded positively to litter depth and under-
story density individually, but negatively to a higher density 
of snags. All these results may be explained by the different 
requirements these species have in terms of feeding, reproduc-
tion, and shelter to fulfill their natural histories (Willson et al. 
1994, Sieving et al. 1996, 2000, Reid et al. 2004).

Focal Species and Habitat
Each one of the selected habitat legacies has a relationship that 
has been identified as relevant for the natural history of our 
focal species. De Santo et al. (2002), Reid et al. (2004), Díaz et 
al. (2005, 2006); Vergara and Simonetti (2006) have suggested 
that a dense bamboo understory and the presence of coarse 

woody debris are good predictors of the abundance of under-
story specialists, because they use these attributes to move 
around and escape from predators. In particular, S. desmursii 
moves quickly through the dense vegetation between bamboo, 
shrubs, and trees of 1–2 m (Díaz et al. 2006, Altamirano et 
al. 2012a). Our results for S. desmursii, supported by a nega-
tive association with snag density and a positive association 
with the understory density and litter depth, are in line with 
this. Sylviorthorhynchus desmursii is an understory bird but 
also uses shrubland or “quilantales,” which are areas domin-
ated by bamboo Chusquea spp and areas with relatively fewer 
trees. This species does not use cavities, but builds hanging 
nests (Altamirano et al. 2012a), which may be linked to its 
negative relationship with snags. In our study area, snags are 

Table 3. Species and covariates used to estimate detectability (p) and density (D) of specialist birds in Andean temperate forests, according to the 
selection of models based on the Akaike information criterion (AIC).

Detectability (p) Density (D)

Species Season Time Temp Wind Hum Cloud Play und CWD DBH lit tree sci

Pteroptochos tarnii –0.177

(0.206)

0.229*

(0.118)

0.0475***

(0.00578)

Scelorchilus 

rubecula

0.00277

(0.000637)***

–0.31260*

(0.175723)

0.23476***

(0.077179)

0.0497***

(0.00389)

Scytalopus 

magellanicus

0.0022***

(0.000796)

–0.4118* 

(0.226109)

0.0359***

(0.00532)

Sylviorthorhynchus 

desmursii

0.0118**

(0.00492)

0.09258**

(0.03639)

0.10568**

(0.03348)

–0.00994***

(0.00421)

*Standard error in brackets.
***p < 0.01, **p < 0.05, *p < 0.1.
Time = time elapsed since 0500 hours, Temp = temperature (°C), Wind = wind, Hum = relative humidity, Cloud = cloud cover, Play = playback, sci = index of 
complexity, und = understory, CWD = coarse woody debris, lit = litter, tree = snags, DBH = diameter at breast height.

Table 4. Results of best-density models (ind ha–1) as function of habitat attributes for understory specialists. WIND = wind, HUM = relative humidity, 
PLAY = playback, TEMP = temperature (°C), TIME = time elapsed since 5:00 hours, CLOUD = cloud cover, sci = complexity index, und = understory, 
CWD = coarse woody debris, lit = leaf litter, tree = dead standing trees, DBH = diameter at breast height.

Species Structure of model K AICc ∆AIC wi LL

Pteroptochos tarnii WIND + PLAY + sci 5 787.05 0.00 0.49 0.193
WIND + PLAY + und + CWD + lit 7 787.78 0.73 0.82 0.200
WIND + PLAY + und + CWD 6 791.21 4.16 0.89 0.189
WIND + PLAY + und + CWD + tree 7 791.55 4.50 0.94 0.192
WIND + PLAY + und + CWD + DBH 7 791.85 4.80 0.98 0.192

Scelorchilus rubecula TIME + WIND + PLAY + sci 6 1,283.62 0.00 1.00 0.382
TIME + WIND + PLAY + lit + tree + und 8 1,345.06 61.44 1.00 0.301
TIME + WIND + PLAY + und + lit 7 1,353.08 69.46 1.00 0.285
TIME + WIND + PLAY + und + CWD + lit 8 1,353.08 70.57 1.00 0.287
TIME + WIND + PLAY + und + DBH 7 1,354 77.40 1.00 0.273

Scytalopus magellanicus TIME + WIND + sci 5 832.14 0.00 0.95 0.148
TIME + WIND + und + CWD + tree 7 839.84 7.69 0.97 0.141
TIME + WIND + und + tree 6 840.99 8.85 0.98 0.134
TIME + WIND + lit + tree + und 7 841.69 9.54 0.99 0.137
TIME + WIND + und + DBH 6 843.35 11.21 0.99 0.129

Sylviorthorhynchus desmursii HUM + lit + tree + und 6 431.35 0.00 0.57 0.121
HUM + DBH + lit + tree 6 434.86 3.51 0.67 0.110
HUM + lit + tree 5 434.89 3.55 0.76 0.103
HUM + lit + tree + CWD 6 436.55 5.21 0.81 0.104
HUM + DBH + lit 5 436.68 5.34 0.84 0.098
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frequent in secondary forests, where many times the density of 
even aged trees is high, and a dense and continuous understory 
(with bamboo and shrubs) is rare (Ibarra et al. 2020b).

On the other hand, we found stronger support for stand 
structural complexity rather than individual forest attributes 
explaining densities of Rhinocryptidae species. The com-
bined presence of forest attributes is an important resource 
that allows these species to reproduce, feed, and find shelter 
(Vergara et al. 2017, Novoa et al. 2021). This suggests that 
the  mechanisms underlying the negative effects of habitat dis-
turbance on our focal species are likely operating in a multi-
variate way. For example, the presence of large decaying trees 
and snags in old-growth forests, as well as snags in second 
growth forests, can provide a crucial breeding resource for 
these species (Ibarra et al. 2020b), and is a factor of increasing 
structural complexity (Caviedes and Ibarra 2017). Specifically, 
cavities present in coarse woody debris are used for nesting 
by S. rubecula and S. magellanicus (91%, Altamirano et al. 
2017), and Pteroptochos tarnii breed mainly in cavities avail-
able in large decaying trees (86%) (average DBH of 193.8 cm; 
Altamirano et al. 2017).

Forest structural attributes such as litter, snags, coarse 
woody debris, and understory are not only crucial for breed-
ing purposes, but also for the presence of invertebrates, which 
are the main food item of these 4 specialist bird species 

(Sieving et al. 1996, De Santo et al. 2002, Reid et al. 2004, 
Díaz et al. 2005, Altamirano et al. 2012a, Ibarra et al. 2017b, 
Navedo and Biscarra 2018, Medrano et al. 2020, Vergara et 
al. 2021). For example, S. rubecula and P. tarnii dig for food 
in the litter (Altamirano et al. 2017). Insectivorous birds are 
highly sensitive to alterations in habitat structure (Boves et 
al. 2013, Stratford and Stouffer 2013), because the latter has 
been associated with changes in the availability of arthropods 
(Sam et al. 2019).

The supply of structural attributes varies across the world’s 
forest systems. The differences can be attributed to the differ-
ent types of forest, successional stages, and disturbance re-
gimes (Paratori et al. 2023). By providing a relatively greater 
number of niches for a wide diversity of organisms, com-
plexity might reduce the incidence of ecological interactions 
such as predation and competition (Vergara and Simonetti 
2003, Franklin and Van Pelt 2004, Vergara and Simonetti 
2004, McElhinny et al. 2006, Ibarra et al. 2020a). Southern 
temperate forests are dominated by species of trees from the 
Nothofagaceae family, which have high rates of wood decay 
associated with insect attacks and the presence of fungi 
(Veblen et al. 1996, Ojeda et al. 2007). To understand the 
underlying mechanisms behind the importance of stand struc-
tural complexity in increasing the density of habitat specialist 
birds, future studies should assess how structural attributes, 

FIGURE 4. Density of Sylviorthorhynchus desmursii increases with (A) 
understory density and (B) litter depth and declines with (C) snag density.

FIGURE 3. Density of three species of Rhinocryptidae increases with the 
stand structural complexity index: (A) Pteroptochos tarnii, (B) Scytalopus 
magellanicus, and (C) Scelorchilus rubecula.
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acting across spatial and temporal scales, influence food, 
nesting, and shelter opportunities for birds in southern tem-
perate forests and beyond.

Our focal species S. rubecula, P. tarnii, S. magellanicus, 
and S. desmursii are endemic species of lesser conservation 
concern (IUCN 2022). However, in recent decades, the deg-
radation of native forest, the expansion of non-native tree 
plantations, and the historical use of fire to open up agri-
cultural and livestock areas have been identified as causing 
a rapid loss of structural attributes that are key for the nat-
ural history of these birds (Ibarra and Martin 2015b, Soler et 
al. 2016, McFadden and Dirzo 2018, Novoa et al. 2021). A 
meta-analysis suggests that it is necessary to retain between 
40% and 60% of structural attributes if secondary forests 
are to maintain an assemblage of birds similar to that of rela-
tively undisturbed native forests (Basile et al. 2019). In our 
study, the mean structural complexity of plots subject to the 
combined presence of fire, logging, and livestock farming was 
52.5%. Our findings indicate that particular attention should 
be paid to the retention of structural attributes as, for ex-
ample, the number of logs (coarse woody debris) positively 
predicted bird abundances across sites over a long latitudinal 
gradient (~450 km) (Rodríguez-Gómez et al. 2022).

Implications for Conservation
Chilean native forests were deforested and degraded at an 
alarming rate during the second half of the 20th century 
(Armesto et al. 1998, Zamorano-Elgueta et al. 2015). In areas 
under forest management, it is still common that bamboo, 
coarse woody debris, and snags are removed (Ibarra et al. 
2018). Chile’s national forestry policy promoted, for decades, 
the expansion of non-native tree plantations and facilitated 
the degradation of native forests through logging operations 
that eliminate large living trees (Altamirano et al. 2017, Ibarra 
et al. 2017b). The Chilean law for native forest recovery and 
promotion does not consider snags or fallen trees (i.e., coarse 
woody debris); Law Nº 20.283; MINAGRI 2008). Moreover, 
these attributes are generally perceived as “dirty and un-
healthy” forest characteristics and a sign of “poor manage-
ment.” They are often the first attributes to be removed and 
harvested for firewood (Ibarra et al. 2020b).

Current forest management practices use methodologies 
such as the estimation of ages of different forest stands, a meas-
ure that provides few details about the structural complexity of 
the forests being managed (Martin et al. 2020). The retention 
of a forest’s structural attributes, including large decaying trees, 
snags, and coarse woody debris, along with dense understory 
and litter rich in decaying organic material, can have a posi-
tive influence on both forest biomass and numerous wildlife 
species that require structurally complex forests (Basile et al. 
2019, Rappa et al. 2022). Our results suggest that a structural 
complexity index is useful for predicting the density of several 
habitat specialist birds in a Global Biodiversity Hotspot. We 
recommend that management practices should promote the re-
tention of these structural attributes that together contribute to 
structural complexity. Thus, this recommendation supports the 
recently published and officialized Bird Conservation Strategy 
in Chile, which promote the retention of important structural 
attributes to improve the forest management sustainability 
(MMA—ONU Medio Ambiente, 2022).

We show that, for 3 of our 4 focal species, there is no 
single structural attribute that is important in isolation 

but, instead, they require habitat complexity of at least 
65% to 80%. While we acknowledge that forest monitor-
ing and management is not always an easy endeavor for 
stakeholders, we recommend two non-mutually exclusive 
approaches for these tasks. First, managers can assess the 
potential role of “habitat complexity specialists” as focal 
species for conservation planning; their presence may rep-
resent both sustainable management practices and the 
availability of structurally complex forest stands in man-
aged areas (Castellón and Sieving, 2012). In these forests, 
for instance, the presence of the Rufous-legged Owl (Strix 
rufipes) has been indicative of a high diversity of avian 
functional diversity and endemism (Ibarra and Martin, 
2015b). Second, application of the forest structural com-
plexity index to guide forest management could serve as 
an innovative and relatively straightforward approach to 
sustainable silviculture in temperate forests.

ACKNOWLEDGMENTS
We want to thank Esteban Argerich and F.N. for the images 
of birds, the owners of the properties where we worked, and 
those who have collaborated with the Andean NEST WEB 
project over the years.

Funding statement
This study was supported by ANID/FONDECYT de 
Iniciación (11160932). We would like to thank the Centers 
of Technological Excellence with ANID-Chile Basal 
Financing the Cape Horn International Center (CHIC—
ANID PIA/BASAL PFB210018) and the Center of Applied 
Ecology and Sustainability (CAPES—ANID PIA/BASAL 
FB0002).

Ethics statement
We followed the IOU Code of Ethics (https://www.
internationalornithology.org/iou-code-ethics). We thank the 
Chile’s National Forest Service (CONAF) for allowing us to 
work in State Protected Areas (Permit #11/2012 IX).

Conflict of interest statement
Authors declare that no conflict of interest or direct financial 
benefits from publication exist.

Author contributions
J.T.I., and J.C. conceived the idea, design, and experiment. 
J.T.I., T.A., J.C., F.N., and V.C. performed the experiments 
(collected data, conducted the research). V.C., J.T.I., J.C., T.A., 
and F.N. wrote the paper. J.T.I., J.C., and V.C. developed or 
designed methods. V.C., J.C., and F.N. analyzed the data. J.T.I. 
contributed substantial materials, resources, or funding.

Data availability
Analyses reported in this article can be reproduced using the 
data provided by Concha et al. (2023).

D
ow

nloaded from
 https://academ

ic.oup.com
/condor/article/125/4/duad035/7234923 by Pontificia U

niversidad C
atolica de C

hile (PU
C

) user on 22 April 2024

https://www.internationalornithology.org/iou-code-ethics
https://www.internationalornithology.org/iou-code-ethics


10 Stand structural complexity and understory bird densities  V. C. Concha et al.

LITERATURE CITED
Altamirano, T. A., J. T. Ibarra, F. Hernández, I. Rojas, J. Laker, and C. 

Bonacic (2012a). Hábitos de nidificación de las aves del bosque 
templado andino de Chile. Pontificia Universidad Católica de 
Chile, Facultad de Agronomía e Ingeniería Forestal, Chile. https://
bibliotecadigital.ciren.cl/handle/20.500.13082/147583

Altamirano, T. A., J. T. Ibarra, K. Martin, and C. Bonacic (2012b). 
Árboles viejos y muertos en pie: Un recurso vital para la fauna del 
bosque templado de Chile. La Chiricoca 15:25–30.

Altamirano, T. A., J. T. Ibarra, K. Martin, and C. Bonacic (2017). 
The conservation value of tree decay processes as a key driver 
 structuring tree cavity nest webs in South American temperate rain-
forests. Biodiversity and Conservation 26:2453–2472.

Amico, G. C., D. García, and M. A. Rodríguez-Cabal (2008). Spa-
tial structure and scale-dependent microhabitat use of endemic 
“tapaculos” (Rhinocryptidae) in a temperate forest of southern 
South America. Ecologia Austral 18:169–180.

Armesto, J., R. Rozzi, C. Smith-ramirez, and M. Arroyo (1998). Con-
servation targets in South American temperate forests. Science 
282:1271–1272.

Asefa, A., A. B. Davies, A. E. McKechnie, A. A. Kinahan, and B. J. Van 
Rensburg (2017). Effects of anthropogenic disturbance on bird di-
versity in Ethiopian montane forests. The Condor: Ornithological 
Applications 119:416–430.

Barlow, J., T. Haugaasen, and C. A. Peres (2002). Effects of ground fires 
on understorey bird assemblages in Amazonian forests. Biological 
Conservation 105:157–169.

Basile, M., G. Mikusiński, and I. Storch (2019). Bird guilds show dif-
ferent responses to tree retention levels: A meta-analysis. Global 
Ecology and Conservation 18:e00615.

Bibby, C. J., N. D. Burgess, D. A. Hill, and S. Mustoe (2000). Bird Cen-
sus Techniques, 2nd edition. Academic Press, London, UK.

Boves, T. J., D. A. Buehler, J. Sheehan, P. B. Wood, A. D. Rodewald, J. 
L. Larkin, P. D. Keyser, F. L. Newell, A. Evans, G. A. George, and T. 
B. Wigley (2013). Spatial variation in breeding habitat selection by 
Cerulean Warblers (Setophaga cerulea) throughout the Appalach-
ian mountains. The Auk 130:49–59.

Buckland, S., D. Anderson, K. Burnham, J. Laake, D. Borchers, and L. 
Thomas (2004). Advanced Distance Sampling: Estimating Abun-
dance of Biological Populations. Oxford University Press, Oxford, 
UK.

Burnham, K. P., and D. R. Anderson (2002). Model Selection and Multi-
Model Inference: A Practical Information–Theoretic Approach, 
2nd edition. Springer-Verlag, New York, NY, USA.

Carmona, M. R., J. J. Armesto, J. C. Aravena, and C. A. Pérez (2002). 
Coarse woody debris biomass in successional and primary temper-
ate forests in Chiloé Island, Chile. Forest Ecology and Management 
164:265–275.

Castellón, T. D., and K. E. Sieving (2012). Can focal species planning 
for landscape connectivity meet the needs of South American tem-
perate rainforest endemics? Natural Areas Journal 32:316–324.

Caviedes, J., and J. T. Ibarra (2017). Influence of anthropogenic disturb-
ances on stand structural complexity in Andean temperate forests: 
Implications for managing key habitat for biodiversity. PLoS One 
12:e0174147.

Concha, V. C., J. Caviedes, F. J. Novoa, T. A. Altamirano, and J. 
T. Ibarra (2023). Data from: Structural complexity is a bet-
ter predictor than single habitat attributes of understory bird 
densities in Andean temperate forests. Ornithological Applica-
tions 125:duad035. https://doi.org/10.5061/dryad.k98sf7mcm 
[Dataset]

Demarais, S., J. P. Verschuyl, G. J. Roloff, D. A. Miller, and T. B. Wigley 
(2017). Tamm review: Terrestrial vertebrate biodiversity and inten-
sive forest management in the U.S. Forest Ecology and Manage-
ment 385:308–330.

Díaz, I. A., J. J. Armesto, S. Reid, K. E. Sieving, and M. F. Willson 
(2005). Linking forest structure and composition: Avian diversity 

in successional forests of Chiloé Island, Chile. Biological Conser-
vation 123:91–101.

Díaz, I. A., J. J. Armesto, and M. F. Willson (2006). Mating success 
of the endemic Des Murs’ Wiretail (Sylviorthorhynchus desmursii, 
Furnariidae) in fragmented Chilean rainforests. Austral Ecology 
31:13–21.

Díaz, I. A., J. Godoy, G. Hariet, S. Daniela, M. Mansilla, and G. Ortega 
(2019). Bird communities along a post-disturbance successional 
gradient in Andean forests of Bosque Pehuén park, Araucanía re-
gion, southern Chile. Ornitologia Neotropical 30:113–122.

Drever, M. C., J. R. Goheen, and K. Martin (2009). Species–energy 
theory, pulsed resources, and regulation of avian richness during a 
mountain pine beetle outbreak. Ecology 90:1095–1105.

Eggers, S., and M. Low (2014). Differential demographic responses of 
sympatric Parids to vegetation management in boreal forest. Forest 
Ecology and Management 319:169–175.

Ehbrecht, M., P. Schall, C. Ammer, and D. Seidel (2017). Quantifying 
stand structural complexity and its relationship with forest man-
agement, tree species diversity and microclimate. Agricultural and 
Forest Meteorology 242:1–9.

Fiske, I. J., and R. B. Chandler (2011). Unmarked: An R package for 
fitting hierarchical models of wildlife occurrence and abundance. 
Journal of Statistical Software 43:1–23.

Flynn, D. F. B., M. Gogol-Prokurat, T. Nogeire, N. Molinari, B. T. 
Richers, B. B. Lin, N. Simpson, M. M. Mayfield, and F. DeClerck 
(2009). Loss of functional diversity under land use intensification 
across multiple taxa. Ecology Letters 12:22–33.

Franklin, J. F., and R. Van Pelt (2004). Spatial aspects of structural com-
plexity in old-growth forests. Journal of Forestry 102:22–29.

Franklin, J. F., T. A. Spies, R. Van Pelt, A. B. Carey, D. A. Thornburgh, 
D. R. Berg, D. B. Lindenmayer, M. E. Harmon, W. S. Keeton, D. C. 
Shaw, K. Bible, and J. Chen (2002). Disturbances and structural de-
velopment of natural forest ecosystems with silvicultural implica-
tions, using Douglas-fir forests as an example. Forest Ecology and 
Management 155:399–423.

Fuentes-Ramirez, A., M. Barrientos, L. Almonacid, C. Arriagada-
Escamilla, and C. Salas-Eljatib (2018). Short-term response of soil 
microorganisms, nutrients and plant recovery in fire-affected Arau-
caria araucana forests. Applied Soil Ecology 131:99–106.

Gajardo, R. (1993). La vegetación natural de Chile: Clasificación y 
distribución geográfica. Universitaria, Santiago, Chile.

Gauthier, S., P. Bernier, T. Kuuluvainen, A. Z. Shvidenko, and D. G. 
Schepaschenko (2015). Boreal forest health and global change. Sci-
ence 349:819–822.

Ibarra, J. T., T. A. Altamirano, I. Rojas, T. Honorato, A. Vermehren, G. 
Ossa Gómez, N. Gálvez, K. Martin, and C. Bonacic Salas (2018). 
Sotobosque de bambú: Hábitat esencial para la biodiversidad del 
bosque templado andino de Chile. La Chiricoca 23: 4-14.

Ibarra, J. T., K. L. Cockle, T. A. Altamirano, Y. van der Hoek, S. W. 
Simard, C. Bonacic, and K. Martin (2020a). Nurturing resilient for-
est biodiversity: Nest webs as complex adaptive systems. Ecology 
and Society 25:1–11.

Ibarra, J. T., N. Gálvez, T. A. Altamirano, J. Caviedes, I. M. Rojas, C. 
Bonacic, and K. Martin (2017a). Seasonal dynamics of avian guilds 
inside and outside core protected areas in an Andean Biosphere Re-
serve of southern Chile. Bird Study 64:410–420.

Ibarra, J. T., and K. Martin (2015a). Biotic homogenization: Loss of 
avian functional richness and habitat specialists in disturbed An-
dean temperate forests. Biological Conservation 192:418–427.

Ibarra, J. T., and K. Martin (2015b). Beyond species richness: An empir-
ical test of top predators as surrogates for functional diversity and 
endemism. Ecosphere 6:142.

Ibarra, J. T., K. Martin, T. A. Altamirano, F. H. Vargas, and C. Bonacic 
(2014). Factors associated with the detectability of owls in South 
American temperate forests: Implications for nocturnal raptor 
monitoring. The Journal of Wildlife Management 78:1078–1086.

Ibarra, J. T., M. Martin, K. L. Cockle, and K. Martin (2017b). 
Maintaining ecosystem resilience: Functional responses of tree 

D
ow

nloaded from
 https://academ

ic.oup.com
/condor/article/125/4/duad035/7234923 by Pontificia U

niversidad C
atolica de C

hile (PU
C

) user on 22 April 2024

https://bibliotecadigital.ciren.cl/handle/20.500.13082/147583
https://bibliotecadigital.ciren.cl/handle/20.500.13082/147583
https://doi.org/10.5061/dryad.k98sf7mcm


V. C. Concha et al.  Stand structural complexity and understory bird densities 11

 cavity nesters to logging in temperate forests of the Americas. Sci-
entific Reports 7:4467–4469.

Ibarra, J. T., F. J. Novoa, H. Jaillard, and T. A. Altamirano (2020b). 
Large trees and decay: Suppliers of a keystone resource for cavity-
using wildlife in old-growth and secondary Andean temperate for-
ests. Austral Ecology 45:1135–1144.

IUCN (2022). IUCN Red List. https://www.iucnredlist.org/
Lindenmayer, D. B. (2019). Integrating forest biodiversity conservation 

and restoration ecology principles to recover natural forest ecosys-
tems. New Forests 50:169–181.

Lohr, S. M., S. A. Gauthreaux, and J. C. Kilgo (2002). Importance of 
coarse woody debris to avian communities in loblolly pine forests. 
Conservation Biology 16:767–777.

Luck, G. W., A. Carter, and L. Smallbone (2013). Changes in bird func-
tional diversity across multiple land uses: Interpretations of func-
tional redundancy depend on functional group identity. PLoS One 
8:e63671.

Luebert, F., and P. Pliscoff (2006). Sinopsis bioclimática y vegetacional 
de Chile. Universitaria, Santiago, Chile.

Marques, T. A., L. Thomas, S. G. Fancy, and S. T. Buckland (2007). 
Improving estimates of bird density using multiple- covariate 
distance sampling. The Auk 124:1229–1243.

Martin, M., C. Krause, N. J. Fenton, and H. Morin (2020). Unveiling 
the diversity of tree growth patterns in boreal old-growth forests 
reveals the richness of their dynamics. Forests 11:1–18.

Martins, A. C. M., M. R. Willig, S. J. Presley, and J. Marinho-Filho 
(2017). Effects of forest height and vertical complexity on abun-
dance and biodiversity of bats in Amazonia. Forest Ecology and 
Management 391:427–435.

McElhinny, C., P. Gibbons, and C. Brack (2006). An objective and 
quantitative methodology for constructing an index of stand 
structural complexity. Forest Ecology and Management 235:54–
71.

McElhinny, C., P. Gibbons, C. Brack, and J. Bauhus (2005). Forest and 
woodland stand structural complexity: Its definition and measure-
ment. Forest Ecology and Management 218:1–24.

McFadden, T. N., and R. Dirzo (2018). Opening the silvicultural tool-
box: A new framework for conserving biodiversity in Chilean tim-
ber plantations. Forest Ecology and Management 425:75–84.

Medrano, F., M. Vukasovic, R. Chiappe, and C. Estades (2020). 
Composición y estructura de bandadas en el bosque templado de 
Chile central. Revista Chilena de Ornitología 26:33–36.

Miller, D. A., T. B. Wigley, and K. V. Miller (2009). Managed forests 
and conservation of terrestrial biodiversity in the southern United 
States. Journal of Forestry 107:197–203.

Mishra, B. P., O. P. Tripathi, R. S. Tripathi, and H. N. Pandey (2004). 
Effects of anthropogenic disturbance on plant diversity and com-
munity structure of a sacred grove in Meghalaya, northeast India. 
Biodiversity and Conservation 13:421–436.

MMA - ONU Medio Ambiente (2022). Estrategia Nacional de 
Consrevación de Aves 2021-2030. Elaborada por Tomás A. 
Altamirano, consultor proyecto GEF/SEC ID: 9766 “Conservación 
de humedales costeros de la zona centro-sur de Chile”. Ministerio 
de Medio Ambiente. Santiago, Chile.

Navedo, J. G., and G. Biscarra (2018). Evaluación de la respuesta 
temprana de dos especies de aves al raleo de densidad variable en 
bosques templados secundarios del hemisferio austral. Universidad 
Austral de Chile, Chile.

Noss, R. F. (2016). Announcing the World’s 36th Biodiversity Hotspot: 
The North American Coastal Plain. https://www.cepf.net/stories/
announcing-worlds-36th-biodiversity-hotspot-north-american-
coastal-plain

Novoa, F. J., T. A. Altamirano, C. Bonacic, K. Martin, and J. T. Ibarra 
(2021). Fire regimes shape biodiversity: Responses of avian guilds 
to burned forests in Andean temperate ecosystems of southern 
Chile. Avian Conservation and Ecology 16:22.

Ojeda, V., M. Suarez, and T. Kitzberger (2007). Crown dieback events 
as key processes creating cavity habitat for magellanic woodpeck-
ers. Austral Ecology 32:436–445.

Paratori, M., F. J. Novoa, T. A. Altamirano, C. Bonacic, and J. T. Ibarra 
(2023). Tree-cavity survival for biodiversity in temperate forests of 
South America: A multi-scale approach. Forest Ecology and Man-
agement 530:120769.

Persiani, A. M., F. Lombardi, D. Lunghini, V. M. Granito, R. Tognetti, 
O. Maggi, S. Pioli, and M. Marchetti (2016). Stand structure 
and deadwood amount influences saproxylic fungal biodiver-
sity in mediterranean mountain unmanaged forests. iForest - 
Biogeosciences and Forestry 9:115–124.

Prowse, T. A. A., S. J. Collard, A. Blackwood, P. J. O’Connor, S. Delean, 
M. Barnes, P. Cassey, and H. P. Possingham (2017). Prescribed 
burning impacts avian diversity and disadvantages woodland-
specialist birds unless long-unburnt habitat is retained. Biological 
Conservation 215:268–276.

Rappa, N. J., M. Staab, J. Frey, N. Winiger, and A. Klein (2022). Mul-
tiple forest structural elements are needed to promote beetle bio-
mass, diversity and abundance. Forest Ecosystems 9:100056.

Reid, S., I. A. Díaz, J. J. Armesto, and M. F. Willson (2004). Importance 
of native bamboo for understory birds in Chilean temperate for-
ests. The Auk 121:515–525.

R Core Team, 2021. R: A language and environmental for statistical 
computing. R Foundation for Statistical Computing, Vienna, Aus-
tria. https://www.Rproject.org/

Riffell, S., J. Verschuyl, D. Miller, and T. B. Wigley (2011). Biofuel har-
vests, coarse woody debris, and biodiversity: A meta-analysis. For-
est Ecology and Management 261:878–887.

Rodríguez-Gómez, G. B., N. R. Villaseñor, J. I. Orellana, R. A. Pozo, 
and F. E. Fontúrbel (2022). A multi-scale assessment of habitat dis-
turbance on forest animal abundance in South American temperate 
rainforests. Forest Ecology and Management 520:120360.

Royle, A., D. Dawson, and S. Bates (2004). Modeling abundance effects 
in distance sampling. Ecology 85:1591–1597.

Sabatini, F. M., S. Burrascano, F. Lombardi, G. Chirici, and C. Blasi 
(2015). An index of structural complexity for apennine beech for-
ests. iForest - Biogeosciences and Forestry 8:314–323.

Sam, K., B. Koane, D. C. Bardos, S. Jeppy, and V. Novotny (2019). Spe-
cies richness of birds along a complete rain forest elevational gra-
dient in the tropics: Habitat complexity and food resources matter. 
Journal of Biogeography 46:279–290.

De Santo, T. L., M. F. Willson, K. E. Sieving, and J. J. Armesto (2002). 
Nesting biology of tapaculos (Rhinocryptidae) in fragmented 
south-temperate rainforests of Chile. The Condor 104:482–495.

Sefidi, K., C. A. Copenheaver, and S. M. M. Sadeghi (2022). Anthropo-
genic pressures decrease structural complexity in Caucasian forests 
of Iran. Écoscience 29:199–209.

Seidl, R., D. Thom, M. Kautz, D. Martin-Benito, M. Peltoniemi, G. 
Vacchiano, J. Wild, D. Ascoli, M. Petr, J. Honkaniemi, M. J. Lexer, 
et al. (2017). Forest disturbances under climate change. Nature Cli-
mate Change 7:395–402.

Sieving, K. E., M. F. Willson, and T. L. D. E. Santo (2000). Defining cor-
ridor functions for endemic birds in fragmented south-temperate 
rainforest. Conservation Biology 14:1120–1132.

Sieving, K. E., M. F. Willson, and T. L. De Santo (1996). Habitat barriers 
to movement of understory birds in fragmented south-temperate 
rainforest. The Auk 113:944–949.

Soler, R. M., S. Schindler, M. V. Lencinas, P. L. Peri, and G. Martínez 
Pastur (2016). Why biodiversity increases after variable retention 
harvesting: A meta-analysis for southern Patagonian forests. Forest 
Ecology and Management 369:161–169.

Stephens, S. S., and M. R. Wagner (2007). Forest plantations and 
biodiversity: A fresh perspective. Journal of Forestry 105:307–
313.

Stratford, J. A., and P. C. Stouffer (2013). Microhabitat associations of 
terrestrial insectivorous birds in Amazonian rainforest and second-
growth forests. Journal of Field Ornithology 84:1–12.

Urrutia-Estrada, J., A. Fuentes-Ramírez, and E. Hauenstein (2018). 
Diferencias en la composición florística en bosques de Araucaria-
Nothofagus afectados por distintas severidades de fuego. Gayana. 
Botánica 75:625–638.

D
ow

nloaded from
 https://academ

ic.oup.com
/condor/article/125/4/duad035/7234923 by Pontificia U

niversidad C
atolica de C

hile (PU
C

) user on 22 April 2024

https://www.iucnredlist.org/
https://www.cepf.net/stories/announcing-worlds-36th-biodiversity-hotspot-north-american-coastal-plain
https://www.cepf.net/stories/announcing-worlds-36th-biodiversity-hotspot-north-american-coastal-plain
https://www.cepf.net/stories/announcing-worlds-36th-biodiversity-hotspot-north-american-coastal-plain
https://www.Rproject.org/


12 Stand structural complexity and understory bird densities  V. C. Concha et al.

Veblen, T. T., R. S. Hill, and J. Read (1996). The Ecology and Biogeog-
raphy of Nothofagus Forests. Yale University Press, New Haven, 
CT, USA.

Vergara, P. M., A. Fierro, A. J. Alaniz, M. A. Carvajal, M. Lizama, and J. 
L. Llanos (2021). Landscape-scale effects of forest degradation on 
insectivorous birds and invertebrates in austral temperate forests. 
Landscape Ecology 36:191–208.

Vergara, P. M., L. O. Meneses, M. Saavedra, F. E. Diaz, K. Norambuena, 
A. Fierro, A. D. Rodewald, and G. E. Soto (2017). Magellanic 
Woodpeckers in three national parks of central-southern Chile: 
Habitat effects and population variation over the last two decades. 
Avian Conservation and Ecology 12:15.

Vergara, P. M., and J. A. Simonetti (2004). Avian responses to fragmen-
tation of the Maulino Forest in central Chile. Oryx 38:383–388.

Vergara, P. M., and J. A. Simonetti (2006). Abundance and movement 
of understory birds in a Maulino forest fragmented by pine plant-
ations. Biodiversity and Conservation 15:3937–3947.

Vergara, P., and J. Simonetti (2003). Forest fragmentation and 
rhinocryptid nest predation in central Chile. Acta Oecologica 
24:285–288.

Vuilleumier, F. (1967). Phyletic evolution in modern birds of the Pata-
gonian forests. Nature 215:247–248.

Willson, M. F. (2006). Chucaos in Chiloé. Boletín Chileno de 
Ornitología 12:40–44.

Willson, M. F., T. L. D. E. Santo, and J. J. Armesto (1994). Avian com-
munities of fragmented south-temperate rainforests in Chile. Con-
servation Biology 8:508–520.

Zamorano-Elgueta, C., J. M. Rey Benayas, L. Cayuela, S. Hantson, and 
D. Armenteras (2015). Native forest replacement by exotic plant-
ations in southern Chile (1985–2011) and partial compensation by 
natural regeneration. Forest Ecology and Management 345:10–20.

Zenner, E. K. (2004). Does old-growth condition imply high live-tree 
structural complexity? Forest Ecology and Management 195:243–
258.

D
ow

nloaded from
 https://academ

ic.oup.com
/condor/article/125/4/duad035/7234923 by Pontificia U

niversidad C
atolica de C

hile (PU
C

) user on 22 April 2024


