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Abstract 
 
 
Agnes Marian Hartong. How forest structure and microclimate influence long-term 
avian diversity in temperate rainforests of the southern Andes. Temperate 
rainforests of southern Chile host a distinctive avifauna but remain underrepresented in 
long-term ecological monitoring. Across these forests, avian community composition is 
shaped by successional dynamics, as changes in forest structure and resource 
availability across successional stages influence habitat suitability for specialist and 
generalist species alike. We evaluated how forest structure and short-term microclimatic 
conditions shape species richness, species-level densities, and functional guild patterns. 
We conducted 2,185 point counts over 15 years in temperate rainforests of the southern 
Andes. Species richness showed no consistent differences between forest types. 
Detectability was primarily influenced by wind, highlighting the strong role of microclimatic 
variability in shaping survey-level detections. While forest type effects were evident at the 
species-level, pronounced heterogeneity and directionally contrasting responses among 
species within the same guild diluted emergent patterns at the functional guild-level. 
Significant effects were restricted to vertical-profile generalists and non-cavity nesters, 
both occurring at lower densities in old-growth stands. Other guilds showed weak, 
directionally consistent trends that suggest an advanced structural recovery in the 
secondary forests examined. Together, these results indicate that functional responses 
in forest avian assemblages are shaped by a combination of pronounced species-level 
heterogeneity and structural regeneration in secondary forests. The findings underscore 
the complementary contribution of old-growth and second-growth sites to regional 
biodiversity and emphasize the importance of integrating climate and structure in the 
design of long-term monitoring programs. 
 
 
Key Words: avian community structure, bird density, functional bird diversity, forest 
structure 
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1. Introduction 
 

Biodiversity is declining at unprecedented rates, primarily due to land-use change, habitat 
degradation, and climate change (Butchart et al., 2010; Schipper et al., 2008). These 
interlinked drivers have led to widespread population declines across vertebrate taxa, 
including species previously considered common (Ceballos et al., 2017; Rosenberg et 
al., 2019). In particular, mid- to long-term shifts in climatic variables, such as temperature, 
precipitation, and wind, are increasingly altering habitat conditions, phenological cues, 
and species interactions, often in nonlinear and region-specific ways (Lehikoinen et al., 
2019; Lindenmayer et al., 2024). While the extent and urgency of these ecological 
disruptions are well documented in parts of the northern hemisphere, data from many 
biodiverse regions of the Global South remain scarce. Conservation studies and long-
term monitoring schemes are disproportionately concentrated in temperate zones of the 
Global North, whereas biodiverse regions in the Global South, including tropical, 
subtropical, and temperate ecosystems, remain underrepresented, despite hosting the 
majority of global biodiversity (Wilson et al., 2016). Birds, commonly used as indicators 
of ecological change, illustrate this imbalance. Large-scale monitoring programs, such as 
the Breeding Bird Survey and Pan-European Common Bird Monitoring Scheme, provide 
detailed time series in the Global North, yet such efforts remain largely absent across 
most parts of the Southern Hemisphere (Neate-Clegg et al., 2020). 
 
In South America, for instance, structured long-term data on avian communities are 
limited to a few localized efforts, and citizen science data, such as eBird, are often 
insufficiently validated for ecological inference (Neate-Clegg et al., 2020). This data gap 
constrains our understanding of biodiversity responses to intensive anthropogenic 
pressures and limits the ability to detect delayed or cumulative effects. Expanding long-
term ecological monitoring in underrepresented regions, therefore, is essential for 
improving predictive models, guiding conservation strategies, and assessing the 
resilience of ecological communities under accelerating environmental change. 
 
One region that exemplifies both high conservation value and critical data scarcity are 
Andean temperate rainforest of southern Chile — part of what Conservation International 
refers to as the “Chilean Winter Rainfall–Valdivian Forests Hotspot,” a globally significant 
region of high endemism and ecological distinctiveness (Mittermeier et al., 1998). These 
forests were initially classified among the 35 global biodiversity hotspots by Fuentes-
Castillo et al. (2020) as part of Central Chile, one of only three temperate zones included. 
Despite a comparatively low overall species richness, this region supports a 
disproportionate number of endemic taxa, particularly among vascular plants and 
vertebrates (Arroyo et al., 1996; Rozzi et al., 1996). The forest bird communities in this 
region exhibit remarkable endemism with approximately 41% of forest bird species and 
allospecies, and 10% of genera, restricted to the Nothofagus forest region (Vuilleumier, 
1985). This level of avian endemism is considerably higher than that observed in other 
temperate forest regions and underscores the biogeographic distinctiveness of Chile’s 
southern forests (Vuilleumier, 1985). Despite its ecological significance, the Valdivian 
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rainforest has experienced profound anthropogenic alteration. Over recent decades, 
intensive land-use conversion has fragmented this ecosystem, with native forest cover 
drastically reduced across large portions of the landscape. In the Maule coastal range, 
over two-thirds of the original native forest was lost between 1975 and 2000, largely 
replaced by Pinus radiata plantations (Echeverria et al., 2006). Similar patterns of 
deforestation and habitat transformation have been documented in the pre-Andean belt, 
where comparable rates of forest loss have occurred (A. Altamirano & Lara, 2010). 
 
Amid this widespread transformation, the remaining old-growth sites retain key structural 
features that reflect the historical complexity of these forests (Ibarra et al., 2020). These 
include pronounced vertical stratification, patches of dense understory vegetation (e.g., 
Chusquea spp.), and high volumes of standing and fallen deadwood, which together 
provide nesting cavities, bark-foraging substrates, and other microhabitats for forest-
dwelling species (T. A. Altamirano et al., 2017; Gutiérrez et al., 2009). While precipitation 
is generally distributed throughout the year, a moderate seasonal asymmetry has been 
reported, especially in earlier climatic characterizations (Di Castri & Hajek, 1976). In 
contrast, structurally simplified second-growth forests and monoculture plantations 
generally lack these characteristics. The resulting homogenization of forest architecture, 
including reduced vertical layering, canopy heterogeneity, and deadwood volume, has 
altered resource distributions and diminished ecological niche diversity (T. A. Altamirano 
et al., 2017; Caviedes & Ibarra, 2017). These structural changes are frequently 
associated with the decline of specialist taxa and the proliferation of generalist species 
within avian communities — a process commonly referred to as biotic homogenization 
(Ibarra & Martin, 2015; Novoa et al., 2021). Furthermore, such simplification may 
exacerbate the ecological effects of climatic stressors, including altered precipitation 
regimes or temperature extremes. 
 
Avian communities in Andean temperate rainforests are functionally and taxonomically 
constrained but ecologically distinctive. Vuilleumier (1985) identified 46 forest-dwelling 
bird species in these systems, many of which are endemic and occupy narrow ecological 
niches. These include primary foraging users of timber, such as Pygarrhichas albogularis, 
understory users and insectivores like Scelorchilus rubecula, and primary cavity nesters, 
such as Aphrastura spinicauda. Functional guild classifications have improved our 
understanding of these ecological roles, distinguishing among habitat use ,nest, primary 
foraging and foraging substrate guilds as well as migratory status (Ibarra et al., 2017; 
Novoa et al., 2021). Guild-specific responses to anthropogenic disturbance are well 
documented, with specialists often declining in simplified habitats while generalists 
expand (Ibarra & Martin, 2015). The response of these guilds may not only reflect habitat 
alterations, but could also be modulated by interannual climatic variability, which 
influences resource phenology, foraging efficiency, and nesting success. Recent studies 
underscore the combined influence of seasonal dynamics and structural features in 
shaping community composition. In the Araucarias Biosphere Reserve, for example, 
(Ibarra et al., 2017) documented marked shifts in functional guild dominance between 
spring and summer. These findings emphasize the need for temporally explicit and 
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functionally resolved datasets to disentangle the drivers of community change. However, 
such long-term data remain scarce in temperate South America, especially when 
compared to the well-established, multi-decadal bird monitoring programs of Europe and 
North America (Ippi et al., 2009; Neate-Clegg et al., 2020). These Northern Hemisphere 
programs have facilitated robust analyses of population trends, climate-driven shifts, and 
guild dynamics (Lehikoinen et al., 2019; Lindenmayer et al., 2024). In contrast, most 
ornithological research in Chile has been temporally limited and often based on 
opportunistic surveys (Ippi et al., 2009), making it difficult to evaluate long-term ecological 
responses. 
 
Building on this gap in empirical evidence, the present study draws on a standardized 
dataset spanning more than a decade to investigate avian community responses to 
environmental change in a region of high biodiversity but limited monitoring infrastructure. 
In particular, it seeks to evaluate the relative influence of forest structure and climatic 
variability, including both contemporary and antecedent conditions, on species richness 
and guild-specific abundance over time. Accordingly, we formulated two main 
hypotheses. First, we expected that long-term trajectories and interannual variability of 
species richness and guild composition would differ between old-growth and second-
growth forests, with old-growth sites sustaining more stable assemblages due to their 
greater structural complexity and ecological continuity. Second, we hypothesized that 
short-term microclimatic conditions during the breeding season (temperature, wind, and 
time of day) would strongly modulate detectability. 
 
2. Methods 

2.1. Study area 

The study was conducted in Andean temperate rainforests of southern Chile, specifically 
in the La Araucanía Region (approx. 39°16′S, 71°48′W). The climate is temperate and 
hyperhumid, with precipitation occurring year-round and snowfall at higher altitudes 
(Cuatianquiz Lima et al., 2024). In the study area, annual precipitation commonly exceeds 
2,000 mm at mid to high elevations. The region comprises a heterogeneous landscape 
of both old-growth and second-growth sites, distributed along an elevational gradient of 
forested areas ranging from approximately 500 to 1,400 meters above sea level (T. A. 
Altamirano et al., 2017; Cuatianquiz Lima et al., 2024). Old-growth sites are typically over 
200 years old and exhibit high structural complexity, including multilayered canopies, 
abundant deadwood (both standing and fallen), and a dense understory vegetation, partly 
dominated by Chusquea species. In contrast, second-growth forests (40–100 years) are 
characterized by simplified structure, lower deadwood availability, and a canopy 
composed primarily of broadleaf species ,such as Nothofagus obliqua, N. dombeyi, and 
Laurelia sempervirens (T. A. Altamirano et al., 2017). The canopy across the sites is 
dominated by species such as N. dombeyi, N. alpina, and N. pumilio, with Araucaria 
araucana, Drimys winteri, and Laureliopsis philippiana found at specific elevational and 
edaphic niches (Caviedes & Ibarra, 2017; Gutiérrez et al., 2009). Such structural and 
compositional differences shape habitat heterogeneity across forest sites, influencing the 
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distribution and composition of bird guilds that rely on distinct foraging niches and 
structural features. 
 

 
Figure 1: Location of study areas shown by dots in the Region La Araucanía, Chile. 
Figure produced with QGIS 3.34.10 

Data were collected at 21 independent sites within the La Araucanía Region. These sites 
were selected to represent the full spectrum of structural conditions across old-growth 
and second-growth forest types. Each site covered an approximate area of 40 hectares 
and was either part of public conservation areas or private landholdings. All sites were 
georeferenced and distributed across the elevational range of 500–1,400 m a.s.l., 
ensuring coverage of different vegetation zones and disturbance histories (Cuatianquiz 
Lima et al., 2024). Most second-growth sites in the study area represent advanced 
successional stages of approximately 80–90 years and occur across a range of 
elevations, encompassing both foothill and montane zones of the Andean landscape. 
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2.2. Avian surveys 

Bird surveys were conducted seasonally during reproductive periods of the year — spring 
(November, December), and summer (January, February) — between 06:00 am and 
10:00 am on days with favorable weather conditions. We applied fixed-radius point counts 
with a 50-meter detection radius, following established protocols for avian surveys in 
temperate forests (Bibby et al., 2000; Ralph et al., 1995). At each point count station, all 
bird species seen or heard were recorded during a 6-minute observation window.Survey 
points were systematically distributed along transects randomly located within each forest 
site. A minimum distance of 125 meters between points was maintained to reduce the 
probability of double-counting individual birds at neighboring stations (Bibby et al., 2000). 
For each forest site of the 21 sites, five point counts were conducted per season, yielding 
a total of 105 point counts per season (Ibarra et al., 2017). The final dataset comprised 
2,025 individual point-count surveys conducted between 2010 and 2025. 
 
In addition to species identity and abundance, the following variables were recorded for 
each point count: Estimated distance to each bird (categorized as 0–25 m or 26–50 m), 
start and end time, cloud cover as well as the temperature, wind speed and relative 
humidity using a Kestrel 4200 pocket air flow tracker. Additionally, it was documented 
whether playback was used. These environmental and observational covariates allow for 
potential correction of detection probability and facilitate subsequent modeling of 
abundance or occupancy patterns. 

2.3. Statistical analysis 

All statistical analyses were performed in R version 4.4.3 (R Core Team, 2025). Data 
management and visualization were conducted using packages from the tidyverse 
ecosystem (Wickham, 2019), including ggplot2 for graphics and dplyr for data 
manipulation. Mixed-effects models were fitted with glmmTMB (Brooks et al., 2017) and 
diagnostics were carried out using DHARMa (Hartig, 2022). Additional packages (e.g. 
broom, forcats, purrr, readxl, corrplot) were employed for data cleaning, summaries, and 
visualization. 
 
Each site was repeatedly surveyed across multiple seasons and years, resulting in a 
hierarchical data structure with observations nested within sites and seasons. All 
response variables were non-negative counts derived from the same raw survey data. 
Predictor variables included forest type (old-growth vs. second-growth) and continuous 
climatic covariates (temperature, wind speed, start time). Site and season were modeled 
as random intercepts to account for spatial and temporal replication. Relative humidity 
and cloud cover were initially included in the climatic dataset but were excluded from 
subsequent analyses due to extensive missing values and inconsistent measurements 
across sites and years. Continuous covariates were included in their original units, as no 
centering/scaling was required for model convergence. 
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We applied a hierarchical modelling framework to evaluate how forest structure, 
microclimatic conditions and temporal variation shape avian diversity across multiple 
organizational levels. Forest type effects were quantified using Poisson Generalized 
linear mixed-effects models for species richness, species-level density and guild-level 
density, each incorporating start time, temperature and wind as covariates. Generalized 
linear mixed-effects models (GLMMs) allow the analysis of non-normal count data while 
explicitly modelling the hierarchical design of the surveys through random effects for site 
and season. To isolate the influence of short-term microclimate independently of forest 
structure, climatic and temporal predictors were additionally evaluated in zero-inflated 
negative-binomial models of detectability. The full modelling framework comprised 
several complementary components, each targeting a different aspect of avian 
community structure. For clarity, we describe these model classes sequentially below. 
 
Species richness (forest type) – modeled using a Poisson GLMM with climatic and 
temporal covariates: 
 

                                              𝑅𝑖𝑐ℎ𝑛𝑒𝑠𝑠𝑖𝑗𝑘  ~ 𝑃𝑜𝑖𝑠𝑠𝑜𝑛(𝜆𝑖𝑗𝑘),                                             (1) 

 
𝑙𝑜𝑔 (𝜆𝑖𝑗𝑘) = 𝛽0 + 𝛽1 ForestType𝑖 + 𝛽2 Start𝑗 + 𝛽3 Temp𝑗 + 𝛽4 Wind𝑗 + 𝑢site(𝑖) + 𝑢season(𝑘). 

 

 

Thereby, 𝑖 indexes forest sites, 𝑘 indexes survey seasons, and 𝑗 indexes individual point-

count surveys, while 𝛽0 denotes the intercept and 𝛽1–𝛽4 represent fixed effects for forest 

type, start time, temperature, and wind speed, respectively. 𝑢site(𝑖) and 𝑢season(𝑘) are 

normally distributed random intercepts accounting for spatial and temporal heterogeneity. 
Thereby it tested whether species richness differed between old-growth (OG) and 
second-growth (SG) sites while controlling for microclimatic variability and detectability. 

 
Species-level density (forest type) – Abundance and density were estimated from point-
count distance sampling data using two radial distance bands (0–25 m, 26–50 m). 
Detection probabilities were modeled using a half-normal detection function (Marques et 
al., 2007): 

𝑘(𝑦) = 𝑒
(
−𝑦2

2𝜎2 )
, (2) 

 

where 𝑘(𝑦)represents the probability of detecting an individual at distance 𝑦 from the 

observer, and 𝜎 is a scale parameter describing the rate of decline in detectability with 
distance. This distance-corrected approach allowed us to obtain comparable estimates 
of effective density across forest types while accounting for distance-related detection 
bias. Only species with at least 20 detections across all sites and seasons were included 
to ensure stable estimation. Models were fitted using Poisson GLMMs with a log link, as 
diagnostics indicated no overdispersion. The logarithm of the sampled area was included 
as an offset to standardize counts across variable detection areas. Fixed effects were 
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forest type, start time, temperature, and wind speed. Coefficients were expressed as log 
rate ratios (OG / SG) with 95% confidence intervals. The final density model had the form 
 

𝐷𝑒𝑛𝑠𝑖𝑡𝑦𝑖𝑗𝑘~𝑃𝑜𝑖𝑠𝑠𝑜𝑛(𝜇𝑖𝑗𝑘), 

 

log(𝜇𝑖𝑗𝑘) = 𝛽0 + 𝛽1 ForestType𝑖 + 𝛽2 Start𝑗 + 𝛽3 Temp𝑗 + 𝛽4 Wind𝑗 + 

+ 𝑢site(𝑖) + 𝑢season(𝑘) + 𝑙𝑜𝑔(𝐴𝑟𝑒𝑎𝑖𝑗𝑘), 

(3) 

 

where 𝑖 indexes forest sites, 𝑗 indexes individual point-count surveys, 𝑘 indexes survey 
seasons, 𝜇𝑖𝑗𝑘 is the expected DS-corrected density, 𝛽0–𝛽4 are fixed-effect coefficients for 

forest type and climatic covariates, 𝑢site(𝑖) and 𝑢season(𝑘) are normally distributed random 

intercepts, and log (Area𝑖𝑗𝑘) is the distance-sampling offset based on the effective 

detection radius. 

 
Guild-level analyses were conducted across five functional dimensions (habitat-use 
guild, nesting guild, primary foraging guild, primary foraging substrate, and migratory 
status), based on a compiled trait dataset integrating multiple published sources (Table 
1). Each guild dimension was modeled separately using generalized linear mixed-effects 
models (GLMMs) with a Poisson error distribution, as model diagnostics indicated no 
evidence of overdispersion. The models took the general form: 

 

Count𝑖𝑗𝑘 ∼ Poisson(𝜇𝑖𝑗𝑘),  

 

log (𝜇𝑖𝑗𝑘) = 𝛽0 + 𝛽1 ForestType𝑖 + 𝛽2 Guild𝑗 + 𝛽3 Start𝑗 + 𝛽4 Temp𝑗 +  

+ 𝛽5 Wind𝑗 + 𝑢site(𝑖) + 𝑢season(𝑘) + log(Area𝑖𝑗𝑘) .  

(4) 

 
Here, Count represents the distance sampling-corrected abundance per guild category, 
site, and survey. Fixed effects included forest type, the focal guild category, and the 
climatic covariates measured at the level of each individual point-count survey (start time, 
temperature, and wind speed). Random intercepts for site and season accounted for 
spatial and temporal replication. An offset term for the logarithm of the effective sampling 
area ensured that all estimates reflect density rather than raw counts. This model 
structure allowed us to assess differences in guild-level bird density between forest types 
while accounting for environmental covariates and hierarchical sampling structure.  
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Table 1: Avian trait values for measurements on guild-level (T. A. Altamirano, 2014; 
Díaz et al., 2005; Jaksic & Feinsinger, 1991) as used by Novoa et al. (2021) and Ibarra 
et al. (2017) 

Scientific 
name 

Common 
name 

Habitat 
use 

Guilda 

Nest 
Guildb 

Primary 
Foragin
g guildc 

Primary 
Foraging 
substrat

ed 

Migrator
y Statuse 

Anairetes 
parulus 

Tufted Tit-
Tyrant 

SU NCN I F R 

Aphrastura 
spinicauda 

Thorn-tailed 
Rayadito 

LTU SCN I T P 

Campephilus 
magellanicus 

Magellanic 
Woodpecker 

LTU PCN I T R 

Carduelis 
barbata 

Black-
chinned 
Siskin 

SU NCN G G M 

Colaptes pitius 
Chilean 
Flicker 

LTU PCN I T R 

Curaeus 
curaeus 

Austral 
Blackbird 

VPG NCN I G R 

Elaenia 
albiceps 

White-
crested 
Elaenia 

VPG NCN I F M 

Enicognathus 
ferrugineus 

Austral 
Parakeet 

LTU SCN F F P 

Daptrius 
chimango 

Chimango 
Caracara 

VPG NCN I G P 

Patagioenas 
araucana 

Chilean 
Pigeon 

VPG NCN F G P 

Phrygilus 
patagonicus 

Patagonian 
Sierra Finch 

VPG NCN G G M 

Pteroptochos 
tarnii 

Black-
throated 
Huet-huet 

UU SCN I G R 

Pygarrhichas 
albogularis 

White-
throated 
Treerunner 

LTU PCN I T R 

Scelorchilus 
rubecula 

Chucao 
Tapaculo 

UU SCN I G R 

Scytalopus 
magellanicus 

Magellanic 
Tapaculo 

UU SCN I G R 
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Sephanoides 
sephaniodes 

Green-
backed 
Firecrown 

VPG NCN N F M 

Sylviorthorhync
hus desmursii 

Des Murs's 
Wiretail 

UU NCN I F R 

Tachycineta 
meyeni 

Chilean 
Swallow 

LTU SCN I A M 

Theristicus 
melanopis 

Black-faced 
Ibis 

VPG NCN I G M 

Troglodytes 
musculus 

Southern 
House Wren 

SU SCN I F M 

Turdus 
falcklandii 

Austral 
Thrush 

VPG NCN F G R 

Veniliornis 
lignarius 

Striped 
Woodpecker 

LTU PCN I T R 

Pyrope pyrope 
Fire-eyed 
Diucon 

SU NCN I A P 

Zonotrichia 
capensis 

Rufous-
collared 
Sparrow 

SU NCN G G R 

a SU = shrub user, VPG = vertical profile generalist, LTU = large tree user, UU = understory user 

(Díaz et al., 2005). 
b NCN = non-cavity-nester, PCN = primary cavity-nester, SCN = s cavity-nester. Cavity nester 
considered species relying on tree cavities for more than 10% of their nests (T. A. Altamirano, 
2014). 
d G = ground, A = air, F = foliage, T = timber (Jaksic & Feinsinger (1991), complemented with our 
own field observations). 
c I = insectivorous, G = granivorous, N = nectarivorous, F = frugivorous, H = herbivorous (Jaksic & 
Feinsinger, 1991).  
e M = migrant, P = partial migrant, R resident (Jaksic & Feinsinger, 1991). 
Species Code in graphs are defined by the first three letters of the scientific name 
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Climatic effects on detectability – modeled using a zero-inflated negative-binomial 
GLMM, including temperature, wind speed, and start time as covariates, and random 
intercepts for site and season. The goal was to quantify how microclimatic conditions 
influence detection probability independent of forest type or guild composition. Forest 
type was not included in the detectability model to isolate climatic effects on detection 
probability: 

 

Count𝑖𝑗𝑘 ∼ NegBin(𝜇𝑖𝑗𝑘 , 𝜃),  

 

with the count component 

 

log(𝜇𝑖𝑗𝑘) = 𝛽0 + 𝛽1 Start𝑗 + 𝛽2 Temp𝑗 + 𝛽3 Wind𝑗 + 𝑢site(𝑖) + 𝑢season(𝑘) 

 

and the zero-inflation component 

 

logit(𝜋𝑖𝑗𝑘) = 𝛾0 + 𝛾1 Start𝑗 + 𝛾2 Temp𝑗 + 𝛾3 Wind𝑗 

(5) 

In this model, 𝑖 denotes forest sites, 𝑘 denotes survey seasons, and 𝑗 denotes individual 
point-count surveys; 𝜇𝑖𝑗𝑘 is the expected number of detections in the count component, 

𝜋𝑖𝑗𝑘 the probability of excess zeros, 𝛽0–𝛽3 and 𝛾0–𝛾3 are fixed-effect coefficients for start 

time, temperature, and wind speed, and 𝑢site(𝑖) and 𝑢season(𝑘) are normally distributed 

random intercepts capturing spatial and temporal heterogeneity. 
 

2.4. Model validation 

Model parameters were estimated by maximum likelihood using the glmmTMB package 
(Brooks et al., 2017). Model adequacy was evaluated through simulation-based residual 
diagnostics implemented in DHARMa (Hartig, 2022), including tests for overdispersion, 
zero inflation, and residual uniformity, complemented by visual inspection of simulated 
residual plots and bootstrap-based outlier tests. Model family selection (Poisson or zero-
inflated negative binomial) was guided by these diagnostics rather than by information-
theoretic comparisons, ensuring that the error distribution matched the dispersion 
characteristics of the data. This unified hierarchical modeling framework provided 
consistent evaluation of forest type and climatic effects on avian diversity across 
organizational levels, from local species richness to guild-aggregated functional 
responses. 
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3. Results 

3.1. Richness 

The Poisson mixed-effects model, which included forest type, start time, temperature, 
and wind as predictors, provided an adequate fit to the data (AIC = 7364.3, BIC = 7402.7, 
logLik = –3675.1). Random intercepts indicated modest but detectable spatial and 

temporal heterogeneity in species richness (𝜎𝑠𝑖𝑡𝑒
2  = 0.026, 𝜎𝑠𝑒𝑎𝑠𝑜𝑛

2  = 0.008). Although 

residual diagnostics suggested slight underdispersion (dispersion = 0.73, p < 0.001), no 
systematic deviations from model assumptions were observed, confirming the adequacy 
of the Poisson specification. 
 
Among the fixed effects, wind speed emerged as the only significant predictor of avian 
species richness (β = –0.064 ± 0.026 SE, z = –2.45, p = 0.014), indicating that stronger 
winds reduced the number of species detected per survey. In contrast, forest type (β = 
0.056 ± 0.060, p = 0.35), start time (β = –0.015 ± 0.036, p = 0.68), and temperature (β = 
0.003 ± 0.003, p = 0.27) exerted no detectable influence on local richness. 
 
For both forest types, there have been seven species each that only appeared on one 
category over all 14 seasons. For old-growth sites these have been Chloephaga 
poliocephala (71 detections), Anas flavirostris (28 detections), Upucerthia saturatior (7 
detections), Cinclodes oustaleti (two detections), Falco sparverius (two detections), 
Melanodera xanthogramma (two detections), Systellura longirostris (one detection). In 
second-growth forest the species that have only appeared there are Coragyps atratus 
(15 detections), Egretta thula (4 detections), Phrygilus patagonicus (4 detections), Mimus 
thenca (two detections), Molothrus bonariensis (two detections), Callipepla californica 
(one detection), Megaceryle torquata (one detection). All other species have been 
detected in both forest types over the years. 
 

3.2. Species-level density between forest types 

Species-level analyses of density revealed heterogeneous responses among taxa to 
forest structural conditions (Fig. 2). Across 24 modeled species, log rate ratios between 
old-growth and second-growth sites ranged from –2.1 to +1.9 (median = 0.11), indicating 
high interspecific variability rather than a uniform directional response to forest structure. 
Within significant species, the three that showed the highest density in old-growth forests 
in comparison to second-growth forests are Campephilus magellanicus, Enicognathus 
ferrugineus and Phrygilus patagonicus. For second-growth forest this pattern was shown 
by Anairetes parulus, Theristicus melanopis and Milvago chimango. Most species 
exhibited non-significant or weak responses, reflecting substantial interspecific variation 
in habitat use and tolerance to structural simplification. Model diagnostics confirmed 
adequate fit (mean dispersion = 0.55, uniform residuals) and successful convergence for 
all species models. 
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Figure 2: Species-level differences in bird abundance between forest types. 
Estimated log rate ratios (OG – SG) from Poisson and negative-binomial GLMMs are 
shown for 24 species with at least 20 detections. Positive values indicate higher densities 
in old-growth sites, whereas negative values indicate higher densities in second-growth 
sites. Horizontal bars represent 95 % confidence intervals; stars denote significant (p < 
0.05) effects. 

3.3. Guild Analysis for forest type density 

Analyses of habitat-use guilds revealed moderate structural differentiation between forest 
types (Fig. 3a). Vertical profile generalists occurred at significantly lower densities in old-
growth compared to second-growth sites (rate ratio OG/SG = 0.58, 95 % CI [0.34–0.98], 
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p = 0.041), indicating a preference for structurally simpler, regenerating habitats. In 
contrast, understory users and large-tree users tended to occur at higher densities in old-
growth forests (rate ratios = 1.26 and 1.31, respectively), although these effects were not 
statistically significant (p > 0.3). Shrub users also showed a non-significant decline in old-
growth sites (rate ratio = 0.69, p = 0.27). Overall, the pattern suggests that while structural 
specialists of complex vertical profiles are more common in old-growth sites, generalist 
and shrub-associated taxa remain more abundant in second-growth forests. 
 
Patterns among nesting guilds indicated structural specialization associated with forest 
type (Fig. 3b). Non-cavity nesters occurred at significantly lower densities in old-growth 
compared to second-growth forests (rate ratio OG/SG = 0.62, 95 % CI [0.41–0.94], p = 
0.024), suggesting that open-nesting species benefit from the higher shrub density and 
structural simplicity of regenerating stands. In contrast, secondary and primary cavity 
nesters showed higher densities in old-growth forests (rate ratios = 1.26 and 1.35, 
respectively), though these effects were not statistically significant (p > 0.4). This trend 
aligns with the greater availability of tree cavities and coarse woody structures in old-
growth forests, providing suitable nesting resources for cavity-dependent species. 
 
 
 



 

16 
 

 

 

 

 
Figure 3: Species-level density differences between forest types across functional guilds. Results of generalized 
linear mixed models (GLMMs) showing log rate ratios (OG – SG) for five functional guild dimensions. (a) habitat-use, (b) 
nesting strategy, (c) foraging guild, (d) foraging substrate, and (e) migratory status. Positive values indicate higher densities 
in old-growth sites, whereas negative values indicate higher densities in second-growth sites. Horizontal bars represent 95 
% confidence intervals, with blue denoting significant (p < 0.05) and grey non-significant effects. 
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Foraging guilds exhibited no statistically significant differences in bird density between 
forest types (Fig. 3c). Insectivorous and frugivorous species showed similar densities 
across old-growth and second-growth sites (rate ratios = 0.82 and 0.97, p = 0.32 and 
0.95, respectively), suggesting comparable resource availability in both forest structures. 
Granivorous birds tended to be more abundant in old-growth forests (rate ratio = 1.37, 95 
% CI [0.55–3.40]), whereas nectarivorous species were less frequent in these old-growth 
sites (rate ratio = 0.41, 95 % CI [0.09–1.96]), though neither trend reached statistical 
significance (p > 0.25). Collectively, these results indicate that foraging guild composition 
remained broadly consistent across forest types, with only weak evidence for habitat-
specific resource filtering. 
 
Patterns among foraging substrates revealed no significant differences in bird density 
between forest types (Fig. 3d). Ground foragers and foliage foragers occurred at slightly 
lower densities in old-growth compared to second-growth sites (rate ratios = 0.81 and 
0.70, p = 0.40 and 0.28, respectively), while timber foragers and air foragers showed 
modest, non-significant increases in old-growth forests (rate ratios = 1.18 and 1.15, p > 
0.65). The broad overlap of confidence intervals across guilds indicates that foraging-
stratum preferences were largely stable across forest structural gradients. 
 
Migration-related guilds showed no significant differences in bird density between old-
growth and second-growth forests (Fig. 3e). Resident species displayed nearly identical 
densities across forest types (rate ratio = 0.99, 95 % CI [0.62–1.59], p = 0.98), indicating 
that sedentary populations are largely unaffected by structural simplification. Migrants 
and partial migrants exhibited lower densities in old-growth sites (rate ratios = 0.73 and 
0.81, respectively), but these differences were not statistically significant (p > 0.30). 
Overall, the absence of consistent trends across migratory categories suggests that 
forest structural variation does not strongly influence the seasonal dynamics of avian 
assemblages in this region. 

3.4 Climatic and temporal effects 

3.4.1 Influence of climatic and temporal effects on detectability 

Survey start time: Bird detectability showed a clear temporal pattern across the morning 
survey window (Fig 4a). Predicted counts declined steadily with later start times, 
indicating that birds were more readily detected during early morning hours. According to 
the zero-inflated negative-binomial GLMM, detectability decreased approximately linearly 
across the standardized start-time range (~07:00–11:00 h). Confidence intervals did not 
overlap with zero across most of the gradient, confirming a significant negative 
relationship between survey start time and detection probability. This trend was 
consistent across sites and seasons after accounting for spatial and temporal random 
effects. 
 
Temperature had a shallow but consistently positive effect (Fig 4b). Detectability 
increased slightly but consistently with ambient temperature. The model revealed a 
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shallow yet positive linear trend across the observed temperature range (0.8–25 °C), with 
predicted detection counts rising gradually as conditions became warmer. Confidence 
intervals remained narrow and did not overlap with zero across most of the gradient, 
confirming a statistically robust positive relationship. This trend reflects spatial and 
temporal variation in temperature among survey events rather than within-day changes, 
and model diagnostics indicated no evidence of overdispersion or misspecification. 
 
Wind intensity negatively affected detectability. The zero-inflated negative-binomial 
GLMM revealed a negative relationship between wind speed and predicted detection 
counts (estimate = –0.11), indicating that higher wind intensity reduced the probability of 
detecting individuals during point-count surveys (Fig 4c). Predicted values showed a 
consistent downward trend across the observed range (0–9 m/s), with confidence 
intervals remaining below zero for most of the gradient. This pattern supports a significant 
reduction in detectability with increasing wind strength, independent of forest type and 
after controlling for spatial and temporal random effects. 
 
 

 
Figure 4: Climatic and temporal effects on bird detectability. Predicted effects of 
survey start time, temperature, and wind intensity on bird detectability. Results are 
derived from zero-inflated negative binomial generalized linear mixed models (GLMMs) 
including random intercepts for site and season. Detectability models were fitted to raw 
count data, whereas density models used distance-corrected abundance estimates 
aggregated across species, sites, and seasons. Shaded ribbons denote 95 % confidence 
intervals. 
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4. Discussion 
This study provides an opportunity to examine the long-term dynamics of species 
richness and density within bird assemblages of Andean temperate forests, thereby 
contributing not only to the validation of previous findings within shorter time periods, but 
also by generating new insights based on monitoring of over 10 years. Long-term data 
are essential and data collection of at least for 6–12 years are required to obtain stable 
estimates for various community metrics, particularly for density and biomass (Benitez et 
al., 2024). 

4.1. Missing effect of forest type on bird richness 

Contrary to expectations derived from long-standing regional research, forest types had 
no detectable effect on local species richness. During model development, an initial 
formulation without covariates yielded a statistically significant forest type effect, but this 
pattern disappeared once microclimatic and temporal predictors were incorporated, 
indicating that the apparent habitat signal was absorbed by weather-driven variation in 
detectability. The absence of a significant forest type effect stands in contrast to a wide 
body of evidence demonstrating that forest structural complexity influences avian 
assemblages in southern Chile (Concha et al., 2023; Fontúrbel et al., 2016, 2022; Ibarra 
et al., 2017). Prior studies consistently showed that native old-growth forests support 
higher structural complexity, a greater abundance of large-diameter trees, and 
microhabitats critical for understory specialists (Concha et al., 2023). Second-growth or 
degraded forests generally harbor reduced structural complexity and lower functional 
richness among specialist taxa (Fontúrbel et al., 2022; Ibarra et al., 2017). Structural 
complexity itself appears to be the mechanistic driver of these differences: composite 
indices combining understory density, coarse woody debris, snags, diameter at breast 
height (DBH) (Ibarra et al., 2010), and litter depth predict understory bird densities more 
accurately than any single habitat attribute or categorical forest type classification 
(Concha et al., 2023). 
 
When contextualized within the broader literature on southern temperate rainforests, the 
richness values observed in this study fall within expected ranges. We detected 55 
species across both forest types of which 41 were shared within both forest types. Single 
stands in southern Chile typically support 17–29 species (Fontúrbel et al., 2016; Ibarra et 
al., 2010; Riquelme et al., 2018). Larger-scale surveys, particularly those spanning 
elevational gradients, report substantially higher cumulative richness, exceeding 70 
species in alpine and subalpine landscapes (T. A. Altamirano et al., 2020). Such patterns 
illustrate the strong scale-dependence of richness metrics and reinforce the need to 
interpret local point-count richness in the context of sampling effort and spatial extent. 
 
Several factors may explain why the present study did not detect a forest type effect. 
First, the second-growth forests sampled here represent ∼80–90 years of recovery, likely 
exhibiting relatively homogeneous and intermediate structural conditions. Second, 
species richness is an inherently coarse metric. While forest structure can strongly 
influence community composition and functional diversity, richness may remain similar 
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across habitat types when assemblages are dominated by generalists — an effect 
observed in degraded forests of the region (Fontúrbel et al., 2022). Third, relatively low 
spatial heterogeneity in the sampled landscape, reflected in modest site-level variance 

(𝜎𝑠𝑖𝑡𝑒
2  = 0.026), may have further reduced the detectability of habitat-related differences. 

Finally, all counts have been done during austral spring and summer which might 
increase the richness within migratory species. Further analysis in this study shows that 
forest types differ more clearly in community composition than in the number of species 
active during a given survey window. Richness alone is insufficient to capture functional 
or compositional differences among forest types (Fontúrbel et al., 2022; Ibarra et al., 
2017). Future work would benefit from integrating direct measurements of forest 
structure, expanding sampling across seasons, and combining richness analyses with 
compositional and functional metrics to better align with the complexity documented in 
local avian ecology. 
In conclusion, the absence of a forest type effect in the present study does not contradict 
the extensive evidence highlighting the importance of forest structure, time scale, and 
climatic gradients in shaping avian communities. Instead, it underscores that ecological 
patterns emerge across multiple spatial and temporal scales can substantially influence 
observed richness. 

 

4.2. Guild-Density by forest type 

To complement the species-level assessment, we evaluated how forest structure shapes 
the density of ecologically defined bird groups. Guild-level comparisons are particularly 
informative because they capture shared functional dependencies, such as vertical space 
use, nesting strategy, or foraging mode, that are expected to respond predictably to 
changes in forest complexity (T. A. Altamirano, 2014; Díaz et al., 2005). By examining 
whether entire guilds shift in density between old-growth and second-growth forests, this 
analysis provides a mechanistic understanding of how structural simplification filters 
functional traits within Andean temperate rainforest avian communities. 

4.2.1. Habitat-use guild 

This guild exhibited the strongest structural signal among all functional dimensions, 
despite substantial among-species variability (Appendix Fig. 5a). Consistent with 
previous Chilean studies, shrub users and vertical profile generalists showed higher 
densities in second-growth forests (Bregman et al., 2016; Concha et al., 2023; Díaz et 
al., 2019). This pattern reflects well-documented associations of these guilds with 
simplified vegetation layers, increased shrub cover, and mid-successional habitat 
structure. In our dataset, several species contributed strongly to this trend (e.g., 
Sephanoides sephaniodes, Phrygilus patagonicus, Milvago chimango [n.s.]), whereas 
others within the same guild showed weak or contrasting responses (e.g., Patagioenas 
araucana, Curaeus curaeus). This internal heterogeneity illustrates that habitat-use 
categories reflect broad ecological tendencies rather than uniform species-level behavior. 
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By contrast, guilds linked to structurally complex forest strata understory users and large-
tree users tended to reach higher densities in old-growth sites, consistent with the greater 
vertical stratification, microhabitat diversity, and coarse woody debris characteristic of 
old-growth forests (Díaz et al., 2005; Pass et al., 2022). These trends align with the 
dependency of many large-tree users species on large, old Nothofagus trees and 
decayed wood resources (T. A. Altamirano, 2014; Ibarra et al., 2020). However, species-
level responses were again heterogeneous: some large-tree user species (e.g., 
Pygarrhichas albogularis) showed strong positive associations with old growth, whereas 
others (e.g., Aphrastura spinicauda) showed the opposite pattern. This cross-directional 
variation among species likely obscured guild-level contrasts and prevented statistically 
significant differences from emerging, even under well-supported ecological 
expectations. Moreover, the influence of other functional traits, such as foraging strategy, 
or resource availability may override habitat-use classifications in shaping species 
responses, a pattern further explored in the foraging-guild analyses. 
 
Overall, habitat-use results indicate that structural features of old-growth and second-
growth forests influence bird density in predictable directions, but high interspecific 
variability dampens these effects at the guild-level. The wide confidence intervals 
observed here further suggest that substantial underlying variance may have limited 
statistical power, meaning that additional spatial or temporal replication could reveal 
effects currently undetectable under the present sampling design. Moreover, all second-
growth sites in this study represent relatively advanced successional stages, which likely 
retain considerable structural complexity and may therefore support a broader guild 
spectrum than early-successional forests, a limitation that potentially reduces the contrast 
between forest types. 

4.2.2. Nesting guilds 

Nesting guilds exhibited structurally coherent patterns, with non-cavity nesters occurring 
at significantly lower densities in old-growth forests , while both primary and secondary 
cavity nesters showed non-significant tendencies toward higher densities in these old-
growth sites. These results suggest that open-nesting species benefit from the dense 
shrub layers characteristic of second-growth forests, whereas cavity-dependent species 
remain linked to the coarse woody debris and large-diameter trees found in old-growth 
systems. 
 
These patterns are consistent with extensive regional evidence.Fontúrbel et al. (2016) 
documented that Campephilus magellanicus, a primary cavity nester and saproxylic 
forager, is absent from altered eucalyptus stands but persists in native Valdivian forests, 
reflecting its dependence on decayed Nothofagus structures for nesting and foraging. 
Similarly, Soto et al. (2018) showed that this species functions as a keystone cavity 
provider, generating nest sites subsequently used by secondary cavity nesters. Although 
C. magellanicus was detected only infrequently in our dataset (limiting its weight in the 
guild-level model) it nonetheless occurred more often in old-growth forests, consistent 
with these known ecological dependencies. The absence of statistically significant guild-
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level effects likely reflects a combination of low detection rates for rare primary cavity 
nesters, potential landscape-scale movement buffering local contrasts, and the 
persistence of legacy cavities in older second-growth sites. 
 
The significant preference of non-cavity nesters for second-growth forests represents a 
notable and previously unquantified pattern for the Andean temperate rainforest. While 
earlier studies have described broad species associations with successional stages (Díaz 
et al., 2019; Fontúrbel et al., 2016), none have demonstrated a guild-level preference in 
nesting strategies. The elevated densities of non-cavity nesters in second-growth forests 
likely reflect the structural attributes of these stands, particularly dense understory 
vegetation, that support shrub- and ground-nesting species. Because all surveys were 
conducted during the austral breeding season, when nest-site selection is most 
constrained, these patterns are unlikely to be confounded by seasonal movements and 
therefore provide robust evidence for nesting-strategy differentiation across forest types. 
 
Collectively, these results underscore the importance of maintaining structural 
heterogeneity at the landscape scale. Old-growth patches remain essential for cavity-
nesting species and the ecosystem functions they support, including cavity provisioning 
for secondary nesters. Concurrently, regenerating forests contribute complementary 
habitat by sustaining shrub-associated non-cavity nesters during successional recovery. 
Ensuring the long-term coexistence of both forest types is therefore likely to maximize 
functional diversity and preserve key ecological processes within Andean temperate bird 
assemblages. 

4.2.3. Foraging guilds  

This category showed no statistically significant differences between forest types, with 
insectivores and frugivores occurring at comparable densities in old-growth and second-
growth sites. Granivores and nectarivores exhibited only weak, non-significant trends. 
These results indicate that dietary resource availability is broadly similar across the forest 
structural gradient, which is consistent with the relatively advanced successional stage 
of the second-growth sites included in this study. These forests seem to support 
arthropod and fruit resources at levels sufficient to sustain multiple trophic groups, 
thereby reducing the contrast expected from habitat complexity theory. 
 
The absence of guild-level effects partially aligns with previous work showing that 
arthropods, particularly Coleoptera, dominate the diets of a wide range of species in 
southern Chile (Muñoz et al., 2017). Such ubiquity of insectivory across species may 
facilitate functional redundancy within the insectivore guild, buffering it against structural 
differences between old-growth and second-growth sites. However, habitat complexity 
theory predicts higher arthropod biomass in structurally complex old-growth forests, 
which should favor insectivores (Fontúrbel et al., 2022). The lack of such a pattern here 
may reflect resource conditions in mid-successional second-growth forests, where dense 
shrub layers could sustain arthropod communities comparable to those found in old-
growth understories. 
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Species-level patterns provide additional insight. As shown in Appendix Fig. 5d, 
insectivores displayed highly variable and often significant responses in both directions, 
with certain species favoring old-growth forests (e.g. Anairetes parulus) and others 
favoring second-growth sites (e.g. Aphrastura spinicauda). These cross-directional 
effects likely obscured consistent guild-level signals, reinforcing that primary foraging 
guilds capture broad dietary tendencies rather than uniform ecological responses. This is 
further complicated by the fact that several species classified as frugivores are facultative 
omnivores and switch to insectivore when fruit availability declines, reducing the 
functional distinctiveness of these guilds (Armesto et al., 1987; Celis-Diez et al., 2012) . 
The interpretation of foraging-guild patterns is also constrained by seasonal context. All 
surveys were conducted during the austral summer, a period of high resource availability 
and additionally, when birds are more tightly bound to nesting territories than to specific 
foraging substrates or food types. Patterns could differ in winter, when resource scarcity 
forces stronger habitat filtering based on foraging requirements and the importance of 
being close to adequate nesting locations lessens. 
 
Overall, these findings suggest that primary foraging guilds are unlikely to be the primary 
determinant of habitat use in this system. Instead, other functional traits, such as nesting 
strategy or dependence on structural features, appear to exert stronger influence on 
species’ habitat associations. The high interspecific variability observed within foraging 
guilds supports this interpretation and highlights the importance of integrating multiple 
trait dimensions when evaluating functional responses to forest structural change. 
 

4.2.4. Migratory guilds  

Groups of migratory versus resident birds showed no statistically significant differences 
between forest types. Resident species occurred at nearly identical densities in old-
growth and second-growth forests, and both migrants and partial migrants exhibited 
weak, non-significant tendencies toward lower densities in old-growth sites. These 
patterns suggest that forest structural variation exerts limited influence on migratory 
status under the conditions sampled. 
 
The absence of guild-level differences aligns with the limited regional evidence available. 
T. A. Altamirano et al. (2020) demonstrated strong migratory dominance only in high-
elevation tree line assemblages, whereas no comparable analyses exist for Valdivian 
lowland forests. Similarly, Díaz et al. (2019) and Ibarra et al. (2010) reported occurrences 
of migratory or partially migratory species but did not evaluate habitat associations by 
migratory status. Thus, the lack of significant effects in our results is consistent with a 
broader knowledge gap rather than contradicting established patterns. 
 
Several factors may explain the null result. First, migratory species richness in Valdivian 
lowland forests is relatively low, limiting the potential for detecting habitat-specific 
differences. Second, migrants may use both old-growth and second-growth forests for 
different purposes across the annual cycle, breeding in structurally complex stands while 
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foraging or sheltering in second-growth forest during passage, which can obscure habitat 
preferences in single-season surveys. Most critically, all data were collected during the 
austral summer, when birds are strongly tied to breeding territories and when food 
resources are abundant across forest types. Under these conditions, migratory status is 
unlikely to be the primary driver of habitat use and substantial seasonal shifts that occur 
during migration or winter are not captured. 
 
Despite these limitations, this study provides the first quantitative, guild-level assessment 
of migratory habitat associations for Andean temperate rainforest avian communities. The 
lack of detectable differences should therefore be interpreted as a preliminary result, 
highlighting the need for multi-seasonal sampling, particularly during winter and migratory 
periods, to determine whether structural differences between forest types influence 
movement ecology at other times of the year. 
 

4.3. Detectability and influence of temporal and climate effects 

Understanding and explicitly modelling detectability is fundamental to modern avian 
monitoring, and the separation of detectability and biological density in our analytical 
workflow follows state-of-the-art practice in avian ecology (Amundson et al., 2014; Kéry 
et al., 2024; Newell et al., 2013). Contemporary methodological frameworks and the 
increasing reliance on zero-inflated negative binomial models (Aldinger & Wood, 2015) 
demonstrate the need to isolate observation processes from ecological processes. Our 
combined ZINB–spline approach is methodologically robust and represents an innovative 
application for Andean temperate forests, where such frameworks have rarely been 
implemented. 

4.3.1. Time-of-day effects 

The pronounced decline in detectability across the morning survey window is strongly 
supported by existing literature. Numerous studies show that detection probability peaks 
early in the day, typically between 06:00 and 10:00 h, corresponding to peak dawn-chorus 
activity (Ellis & Taylor, 2018; Poprach et al., 2015). Our models capture the descending 
limb of this curve, indicating steadily reduced detectability as surveys progress toward 
late morning. However, while many studies document non-linear shapes with species- or 
guild-specific plateaus, mid-morning maxima, or late-active taxa (Anderson et al., 2015; 
Ellis & Taylor, 2018; Poprach et al., 2015), the overall pattern in our multi-species model 
appears approximately linear. This likely reflects two factors: (1) the broad four-hour 
sampling window (06:00–11:00 h), which smoothens over the sharp early-morning peak 
described in many species; and (2) the aggregation of data across species and guilds, 
which inherently reduces fine-scale diel heterogeneity (Anderson et al., 2015; Morelli et 
al., 2022). From a practical perspective, our results support long-standing 
recommendations to restrict surveys to the early morning hours (Nolte, 2012; Rigby & 
Johnson, 2019) and suggest that an optimal monitoring window for Andean temperate 
rainforests lies between 06:00 and 09:00 h, when detectability is highest and least 
variable.  
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4.3.2. Temperature effects 

Temperature had only a weak positive effect on detectability, a result that is broadly 
aligned with a highly inconsistent literature. Temperature influences on bird detectability 
are notoriously context-dependent and vary with species, habitat structure, season, and 
calling behavior (Morelli et al., 2022; Rigby & Johnson, 2019; Spurr et al., 2012). Some 
studies report reduced detectability at high temperatures due to reduced vocal activity 
(Rigby & Johnson, 2019), while others find guild-specific or species-specific increases 
(Anderson et al., 2015; Morelli et al., 2022). Thus, although our weak positive effect is 
plausible, it should not be interpreted as a universal mechanism. Temperature effects are 
generally less robust and less predictable than time-of-day or wind effects (Rigby & 
Johnson, 2019; Spurr et al., 2012), and our results are consistent with this broader 
variability. Therefore, planning survey activities in southern Chile should prioritize time of 
the day over temperature. 

4.3.3. Wind effects 

Wind exhibited a clear negative effect on detectability — a result that is strongly and 
repeatedly supported in the literature. Studies across temperate forest systems show that 
wind reduces acoustic detection distance by masking signals and producing asymmetric 
auditory fields (Ibarra et al., 2014; Poprach et al., 2015). Playback experiments further 
demonstrate that even moderate wind distorts detection fields and reduces detection 
probability (Ibarra et al., 2014). Although our models indicate a continuous negative effect 
of wind on detectability, numerous acoustic and field-based studies report 
disproportionately strong reductions in detection distance at wind speeds above 
approximately 4–5 m/s (Ibarra et al., 2014; MacLaren et al., 2018; Poprach et al., 2015). 
Following these established monitoring standards, surveys conducted under winds 
exceeding ~5 m/s are likely to introduce substantial detectability bias and should be 
avoided or explicitly modelled. 
 
5. Conclusion 

 
This study provides the most comprehensive, multi-level assessment to date of how 
forest structure and short-term microclimatic conditions shape avian communities in the 
Andean temperate rainforest of southern Chile. By integrating distance sampling, 
hierarchical GLMMs and guild-resolved analyses across more than a decade of 
standardized point-count surveys, the work demonstrates that ecological patterns 
emerge from the interaction between long-term habitat structure and fine-scale climatic 
variability. While forest structural category did not influence local species richness, it 
exerted measurable effects on species-level and guild-level density, particularly for 
vertical profile generalists and non-cavity nesters. These results highlight that 
composition—not richness—is the dimension most sensitive to structural contrasts 
between old-growth and advanced second-growth forests. Species-level responses were 
highly heterogeneous, underscoring the need to avoid over-generalization from guild 
means. Short-term climatic conditions strongly affected detection measures. Detectability 
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declined sharply with later survey start time and increasing wind, and increased modestly 
with temperature.  
 
Taken together, these findings reinforce that biodiversity patterns observed in a single 
survey reflect the imprint of immediate weather, whereas long-term persistence and 
functional organization of bird assemblages arise from the forest’s structural complexity 
and successional history. Understanding how these scales interact is essential for 
monitoring and managing one of the world’s most distinctive temperate forest 
ecosystems. 
 
6. Abstract 

 

Temperate rainforests of southern Chile host a distinctive avifauna but remain 
underrepresented in long-term ecological monitoring. Across these forests, avian 
community composition is shaped by successional dynamics, as changes in forest 
structure and resource availability across successional stages influence habitat 
suitability for specialist and generalist species alike. We evaluated how forest structure 
and short-term microclimatic conditions shape species richness, species-level densities, 
and functional guild patterns. We conducted 2,185 point counts over 15 years in 
temperate rainforests of the southern Andes. Species richness showed no consistent 
differences between forest types. Detectability was primarily influenced by wind, 
highlighting the strong role of microclimatic variability in shaping survey-level 
detections. While forest type effects were evident at the species-level, pronounced 
heterogeneity and directionally contrasting responses among species within the same 
guild diluted emergent patterns at the functional guild-level. Significant effects were 
restricted to vertical-profile generalists and non-cavity nesters, both occurring at lower 
densities in old-growth stands. Other guilds showed weak, directionally consistent 
trends that suggest an advanced structural recovery in the secondary forests examined. 
Together, these results indicate that functional responses in forest avian assemblages 
are shaped by a combination of pronounced species-level heterogeneity and structural 
regeneration in secondary forests. The findings underscore the complementary 
contribution of old-growth and second-growth sites to regional biodiversity and 
emphasize the importance of integrating climate and structure in the design of long-
term monitoring programs. 
 
 
Key Words: avian community structure, bird density, functional bird diversity, forest 
structure 
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7. Appendices 
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Figure 5: Bird density by species shown by guild. Species-level density differences between forest 
types, expressed as derivations of individual species from the overall guild-level direction, with blue 
showing significant (p < 0.05) and grey showing non-significant. Negative values (left) show higher 
density in second-growth forest. Positive values show higher density in old-growth forests. Sorted by 
guilds with (a) habitat use guild, (b) migratory guild, (c) nest guild, (d) foraging guild and (e) foraging 
substrate guild.  
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