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A B S T R A C T   

Habitat use is how animals use the physical and biological components of the environment. Studies relating 
habitat and wildlife in forest ecosystems have typically been conducted from the ground, even though most 
wildlife use the three-dimensional space. The objective of our study was to understand how wildlife uses the 
whole vertical profile of the forest and to analyze possible associations between different species and vertical 
forest strata, using camera traps and occupancy models. We defined four strata (forest floor, understory, lower 
canopy, and upper canopy) that range from 0 to 32 m from the ground. We installed 16 camera-traps per stratum 
(n = 64), and we analyzed the use of each stratum by seven taxa using occupancy models. We detected 24 
wildlife taxa, including 17 birds, six mammalian taxa and one reptile. Occupancy models showed that rodents 
and two bird species were associated either to the forest floor or to the lower strata (understory and ground), 
whereas one furnariid bird and one marsupial used the vertical profile more frequent than the forest floor. 
Finally, the lizard and a furnariid bird preferentially used the lower and upper canopy. For all but one of the 
species, activity patterns were similar between the upper and lower strata of the forest. Our study shows that 
wildlife species differ in the use of the vertical profile of the forest and suggests that occupancy of species that 
select the canopy can be largely underestimated from ground-based surveys affecting management decisions.   

1. Introduction 

Habitat use is defined as the way animal use the physical and bio-
logical components of the environment (Morrison and Mathewson, 
2015), defined from the perspective of the species involved (Hall et al., 
1997). Commonly, studies that link wildlife and habitat in forest eco-
systems are conducted from the ground and tend to consider only 
bidimensional variables, such as land cover, tree composition and 
structure (e.g., Bull and Holthausen, 1993; García-Marmolejo et al., 
2015; Wang et al., 2019). However, forests are three dimensional eco-
systems, with strong vertical heterogeneity that could lead to differences 
in the use of space by different animals (Parker and Brown, 2000; 
Renner et al., 2018; Shaw, 2004; Thiel et al., 2021). For example, the 
availability of foliage, branches, cavities, epiphytes and physical 

conditions such as solar radiation, moisture and temperature vary at 
different heights from the ground (Hallé et al., 2012; Jung et al., 2012; 
Shaw, 2004). Therefore, wildlife sampling conducted from the ground 
could lead to strong biases in the estimations of abundance, occupancy, 
home-range size and activity patterns of species that use the vertical 
profile of the forests (Azcarraga et al., 2020; Bowler et al., 2017; Hongo 
et al., 2020; Moore et al., 2020; Rader and Krockenberger, 2006). 
Despite the recognition of the importance of habitat structure (Ferreira 
de Camargo et al., 2018; Oliveira and Scheffers, 2018; Pearson, 1975; 
Seidl et al., 2020), the vertical structuring in the use of space by wildlife 
has been less addressed, especially in temperate ecosystems. Despite 
major advances, the current understanding of how fauna uses vertically 
complex ecosystems is incipient, with only a few studies comparing 
species occupancy between canopy and forest floor (Moore et al., 2021). 
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Understanding how wildlife use the vertical profile of the forest can 
provide important insights for forest wildlife conservation, monitoring, 
and management (Walther, 2003). 

One of the state variables frequently used in animal surveys that 
could be affected by ground-level sampling is occupancy: the proportion 
of a given area occupied by a species of interest (MacKenzie et al., 2002). 
In forest ecosystems, most occupancy studies have been conducted from 
the ground (e.g., Guzy et al., 2019; Morante-Filho et al., 2021; Thornton 
et al., 2011), despite the important proportion of animals that use the 
canopy. A recent review of surveys with arboreal camera traps (Moore 
et al., 2021) found only three studies (see Bowler et al., 2017; Moore 
et al., 2020; Whitworth et al., 2019) that addressed occupancy of 
arboreal species, all of them focused on mammals. Authors attributed 
the scarcity of studies to the logistic difficulties of obtaining an appro-
priate sample size in the forest canopies. Among these studies, only one 
compared between ground and canopy, finding that probability of 
detection was higher at ground for some and at canopy for other primate 
species (Moore et al., 2020). Then, for species that preferentially use the 
upper forest canopy, it is possible to expect larger biases from ground- 
based occupancy estimation. Occupancy models could help to reduce 
these biases by measuring the uncertainty in the probability of detection 
(MacKenzie et al., 2017; MacKenzie et al., 2002). However, if the upper 
forest strata are not sampled, inferences from the ground will only be 
valid for the forest species that: i) select the lower strata of the forest (e. 
g., ground and/or understory); ii) use in similar way the whole vertical 
profile; and iii) those species whose detectability is high from the ground 
(e.g., highly vocal birds). 

The main goal of this study was to compare the use of different strata 
within the vertical profile of the forest by vertebrates. Specifically, we 
compared occupancy and activity patterns among four different strata: 
forest floor, understory, lower canopy, and upper canopy, while ac-
counting for imperfect detection. To address our goals, we set a study in 
the temperate forests of southern Chile, a system characterized by 
naturally low animal species richness and high levels of endemism 
(Armesto et al., 1998, 1995). Previous explorations in the canopy 
showed that the vertical profile of these forests are used by one 
marsupial, five rodents, at least one carnivore, two frogs, one reptile and 
many birds (Díaz et al., 2010; Godoy-Güinao et al., 2018; Godoy-Güinao 
and Díaz, 2018; Moreira-Arce et al., 2021; Rabanal et al., 2021; Tejo and 

Fontúrbel, 2019). Nevertheless, little is known on wildlife use of 
different strata within the vertical profile. The few exceptions corre-
spond to comparisons between ground level and low height (c. 2-m), 
mostly focused on small mammals (e.g., Fontúrbel and Jiménez, 
2009). Our surveys were based on fauna detection by camera traps 
located across the entire vertical profile, —from the ground to the 
canopy—and occupancy modelling and activity patterns. Based on our 
results, we discuss about possible bias, similarities and differences be-
tween ground-based surveys and our tri-dimensional approach to study 
forest fauna occupancy. 

2. Methods 

2.1. Study area 

We conducted our study in Bosque Pehuén, an 880-ha private pro-
tected area owned by Mar Adentro foundation. This area is in the An-
dean range (860–1350 m.a.s.l.) of the South American Temperate 
Forests ecoregion, southern Chile (39◦25′ S, 71◦45′ W, Mellado-Mansilla 
et al., 2018, Fig. 1). The area is dominated by large areas of secondary 
forests, with a belt of old-growth forests in the center of the area and 
anthropogenic pastures located at both extremes of the park (Díaz et al., 
2019). The weather is temperate, with cold winters and mild summers 
(di Castri and Hajek, 1976). The nearest climatic station showed a mean 
annual temperature of 10.3◦ C and annual precipitation of 2680 mm 
(Instituto de Innovación Agraria, 2019). The forest is dominated by 
Nothofagus dombeyi, Nothofagus alpina (both Nothofagaceae) and Sax-
egothaea conspicua (Podocarpaceae) trees, with individuals over 350 
years old, with trunks over 2 m diameter that can reach 30 m height 
(Mellado-Mansilla et al., 2017). The understory is dominated by Chus-
quea culeou and Drimys andina, and can reach 4-m height (Godoy-Güinao 
and Díaz, 2018; Mellado-Mansilla et al., 2018). 

2.2. Study design 

We used Quantum GIS 3.20.0 (QGIS Development Team, 2022) to 
generate a grid composed by squared cells of 4 ha (200 × 200 m, Fig. 1). 
The area of the cells was determined considering the home range and 
territory size of the main species to be included in the study (Bowler 

Fig. 1. Study area in Bosque Pehuén park, Araucanía region, southern Chile. The cells available for sampling are shown in green. Selected cells include dots that 
indicate the location of camera traps, and the color of dots represents the different strata sampled: forest floor (black), understory (dark gray), lower canopy (light 
gray) and upper canopy (white). 
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et al., 2017; MacKenzie et al., 2017). For example, the marsupial Dro-
miciops gliroides has a home range of 1.6 ha (Fontúrbel et al., 2010), 
whereas endemic Rhinocryptidae understory birds have territories of 1 
to 4-ha (Castellón and Sieving, 2007). To secure feasibility and safety 
protocols, we excluded all cells located in areas with steep slopes. Within 
the remaining area, we randomly selected 80 cells, and sixty-four of 
them were included in the study. The number of cells selected aimed at 
securing both feasibility and a sample size large enough as to allow 
occupancy modelling (Kays et al., 2020; Rovero et al., 2013). 

The determination of the different vertical strata of the forest fol-
lowed Scheffers et al. (2017), with modifications based on the field 
experience of the research team in the temperate forests of Chile, its 
canopy and its potential use by forest wildlife (Díaz et al., 2005, 2010, 
2012, 2020; Godoy-Güinao et al., 2018; Godoy-Güinao and Díaz, 2018). 
We considered four different vertical strata: (i) forest floor, (ii) under-
story, (iii) lower canopy, and (iv) upper canopy. The ground was defined 
as the forest floor. Understory was defined as the stratum located above 
ground level, between 0.5-m and up to 4-m, depending on the height of 
the bamboo cover, the dominant understory species in the study area 
(Godoy-Güinao and Díaz, 2018). The lower canopy was defined as the 
space between the understory (3 to 4-m) and up to the height where the 
first branches of the canopy emerge (up to 12-m). The upper canopy 
considered the area of the crown of the tree from 13 to 32 m. In each 
selected cells we sampled only one of the four strata available, which 
was randomly determined. Therefore, we assigned 16 cells to each 
vertical stratum. 

2.3. Camera trap setting 

Camera traps (Bushnell Trophy Cam, Bushnell Corporation, Over-
land Park, Kansas, models: Trophy Camera Brown 119736 and E2 
119836) were set as closest as possible to the center of each cell, 
considering accessibility, logistics and tree characteristics. In the ground 
stratum, camera traps were installed at 20 ± 5 cm (mean ± SD) from the 
ground, following standard protocols (e.g., Rovero et al., 2010, Silva- 
Rodríguez et al. 2018). The understory stratum was installed on trees at 
1.5 m ± 0.4 m (mean ± SD, range: 1.1 – 2.3 m) from the ground, 
pointing towards a horizontal branch that was manually installed be-
tween the dense bamboo thickest that surrounded the main tree. To 
access the canopy strata we used single and double rope arborist tech-
niques (Díaz et al., 2012; Perry, 1978). Camera traps were installed on 
camera holders (HME Trail Camera Holder, HME Products, Irving, 
Texas). In the lower canopy camera traps were installed on the main 
trunk before the first canopy branches, pointing towards the ground at a 
mean height of 8.2 ± 2.4 m (mean ± SD, range: 3.8 – 11.7 m) above 
ground level. Finally, upper canopy cameras were installed at 18.4 ± 4.3 
m (mean ± SD, range: 13.5 – 32.0 m) from the ground, pointing towards 
horizontal branches. For both canopy levels and understory, camera 
traps were installed at 1–2 m from the target branch, to secure both an 
adequate detection area and the identifiability of photographed animals 
(Suzuki and Ando, 2018). The specific height and location of the cam-
eras on the vertical strata was decided based on tree accessibility to 
climbers, foliage, and branch features. We tried to avoid the branches 
and trunks with abundant foliage, to prevent excessive triggering of the 
camera-traps (Gregory et al., 2014). In summary, we installed cameras 
in the whole vertical profile of the forest ranging from 0.2 to 32 m from 
the ground. Camera traps were active 24 h a day and were set with 
automatic PIR and to capture two pictures per trigger, with a delay of 3 s 
between triggers. During camera installation we recorded (1) the stra-
tum where it was installed, (2) its distance to the ground (measured with 
a measuring tape), and the direction where the camera was aimed 
(preferentially south). We did not use lures. 

Camera traps were active between January and April 2019: The first 
32 points were sampled between January and March (55–59 days active 
per camera) and the remaining 32 between March and April (42–46 days 
active per camera). During each sampling period we installed eight traps 

per stratum. One camera from the upper canopy was discarded due to 
malfunction, leaving such stratum with 15 cells and a total effort of 63 
camera-sites. 

2.4. Data analysis 

Pictures were analyzed using the protocols developed by Sanderson 
and Harris (2013, https://smallcats.org/resources/#camerasweet). Re-
cords were classified to species, with the exception of rodents that were 
grouped because it was difficult to classify them to species (Meek and 
Vernes, 2016) and lizards. Although all the lizards (Liolaemus sp.) that 
could be identified to species corresponded to L. pictus, there were pic-
tures of lizards that could not be identified. Therefore, although it is 
likely that all lizards detected correspond to L. pictus, we cautiously 
classified all lizard images as Liolaemus sp. 

We only included in further analyses those species that were detected 
in a minimum of 18 cameras (29%). These species included four birds: 
Aphrastura spinicauda, Pygarrhichas albogularis (both Furnariidae), Sce-
lorchilus rubecula and Pteroptochos tarnii (both Rhinocryptidae), small 
mammals such as the marsupial Dromiciops gliroides (Microbiotheriidae) 
and rodents (as a group), and reptiles (lizard, Liolaemus sp., 
Liolaemidae). 

Model structure. We used single season single species occupancy 
models to determine the use of the different strata (MacKenzie et al., 
2002). We considered two covariates to explain uncertainty in proba-
bility of detection. First, we considered the detection area (Area) of the 
cameras as a covariate. A priori we considered that cameras located on 
the forest floor and lower canopy (trunk surface) had a larger detection 
area than cameras located in the understory and upper canopy, because 
the latter pointed towards single or multiple branches that cover lower 
area than forest floor and lower canopy traps, potentially affecting the 
probability of detecting wildlife (Suzuki and Ando, 2018). Sampling 
period (Season) was also included as a covariate. The first sampling 
period was conducted during the austral summer, whereas the second 
period also included fall (April). This could influence uncertainty in 
detection due to differences in the activity patterns of the species 
involved (e.g., Rodríguez-Gómez and Fontúrbel, 2020). 

To model the probability of occupancy, we used the vertical strata 
and the height at which cameras were installed. Based on these variables 
we generated six candidate models to explain the use of the vertical 
profile by wildlife: (1) Strata, under the assumption that wildlife will use 
differentially the four strata previously defined (forest floor, understory, 
lower canopy, and upper canopy); (2) lower strata versus upper strata 
(Lower-Upper from here on), based on the assumption that animals use 
either the lower strata (forest floor and understory) or the upper strata 
(lower canopy and upper canopy) of the forest; (3) Forest floor versus 
height, if certain species are exclusively ground users and others are 
generalist vertical profile users (understory, lower canopy and upper 
canopy as a whole); (4) Substrata, if wildlife use differentially the forest 
floor, understory, and canopy as a whole (lower and upper canopy 
together); (5) Null, under the assumption of no differences between 
strata; and (6) Height, if the use of the vertical profile is influenced by the 
height (i.e., meters above the ground, Moore et al. 2020) rather than the 
structure of the strata. 

Model fit. The history of detection was built considering periods of 7 
days each, up to a maximum of eight survey occasions. The effective 
number varied according to the operation period of each camera. Model 
selection was conducted in two stages (see Gálvez et al., 2021; Silva- 
Rodríguez and Sieving, 2012). First, we used the most general use model 
(Strata) to determine the best detection model using the small sample- 
corrected Akaike Information Criterion (AICc, Burnham and Anderson, 
2002). Then, using the best detection model, we determined the best 
occupancy model, also using AICc. We considered as plausible all 
models whose delta AICc (Δ) was < 2 units (Burnham and Anderson, 
2002). Model fit was evaluated on the most general model through the 
MacKenzie and Bailey (2004) method (10,000 bootstrap iterations). 
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When models did not fit (p < 0.05) and showed evidence of moderate 
overdispersion (c-hat < 2 in all cases), we used QAICc (MacKenzie and 
Bailey, 2004; Mazerolle, 2020) and corrected the standard errors ac-
cording to the square-root of the c-hat of the most general model (Kéry 
and Royle, 2016). Analyses were conducted in R-Studio version 
1.4.1106 (RStudio Team, 2020), using packages unmarked (Fiske and 
Chandler, 2011) and AICcmodavg (Mazerolle, 2020). 

2.5. Activity patterns 

We compared overlap in activity patterns between strata at species 
level. For this purpose, we fitted kernel density functions for each spe-
cies (Ridout and Linkie, 2009). Activity patterns were fitted only for 
species that obtained a minimum of 25 independent records for each 
strata compared (Ridout and Linkie, 2009). We considered records ob-
tained in a given device to be independent when they were separated by 
at least 60 min (Rovero and Marshall, 2009). We evaluated activity 
overlap between strata—using the best occupancy models selected for 
each species—to determine if activity patterns differed between strata 
that were used differentially. In two cases, we did not use the best model 
for comparison due to scarcity of records in the less used stratum. In 

these cases, we used the models that ranked second (S. rubecula) and 
third (A. spinicauda), according to model selection. Considering that 
sampling included four months (January to April, but all cameras 
installed during summer time, UTC-3) that differed in day length, ac-
tivity patterns were adjusted by sunrise and sunset (Nouvellet et al., 
2012), using the function sunTime in package Overlap (Meredith and 
Ridout, 2021). This function transform clocktime to suntime, adjusting 
the data according to the date and location of the records (Meredith and 
Ridout, 2021). In most cases, we used the Dhat1 (Δ1) overlap estimator 
coefficient, because it provides a better fit for samples lower than 50 
independent records (Meredith and Ridout, 2021). The only exception 
was rodents (that had higher detection rates), where we used the Dhat4 
(Δ4) estimator (Meredith and Ridout, 2021). Confidence interval (95%) 
were calculated using the basic0 estimator and a non-parametric boot-
strapping involving 10,000 iterations (Meredith and Ridout, 2021). We 
considered overlap to be high if > 0.8; medium if = 0.5 – 0.79; and low 
if < 0.5 (Allen et al., 2018; Lynam et al., 2013). In the case of birds, we 
also compared general (across strata) activity patterns between species, 
to evaluate potential differences in activity patterns. To evaluate overlap 
between birds we used the Dhat4 (Δ4) estimator and calculated basic0 
confidence intervals as explained above (Meredith and Ridout, 2021). 

Fig. 2. Photographic records of wildlife along the 
vertical strata of the forest. Upper canopy: (a) Phal-
coboenus chimango (Falconidae); (b) Campephilus 
magellanicus (Picidae); (c) Accipiter bicolor (Accipi-
tridae). Lower canopy: (d) P. albogularis (Furnar-
iidae); (e) Liolaemus sp. (Liolamidae); (f) A. spinicauda 
(Furnariidae). Understory: (g) D. gliroides (Micro-
biotheriidae); (h) Turdus falcklandii (Turdidae); (i) 
S. rubecula (Rhinocryptidae). Forest floor: (j) rodents; 
(k) P. tarnii (Rhinocryptidae); (l) Leopardus guigna 
(Felidae).   
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Activity patterns and overlap were analyzed in package Overlap (Mer-
edith and Ridout, 2021) in R-Studio version 1.4.1106 (RStudio Team, 
2020). 

3. Results 

We recorded 24 wildlife taxa belonging to 18 families: 17 bird spe-
cies, five mammalian species, one mammalian order (rodents) and a 
reptile genus (Liolaemus sp.) (Fig. 2, Supp. Material 1). The highest 
number of species were recorded in the understory and upper canopy, 
with 15 taxa respectively, followed by the forest floor and lower canopy 
with 12 and 8 taxa respectively (Supp. Material 1). The marsupial 
D. gliroides was detected in 71% of the sites, followed by the 
A. spinicauda (59%) and rodents (48%) (Supp. Material 1). Some species 
were detected across the whole vertical profile (e.g., D. gliroides, A. 
spinicauda, and rodents), whereas others were detected in one or few 
strata (Supp. Material 1). For example, larger mammals such as Leop-
ardus guigna (Felidae), Conepatus chinga (Mephitidae), and the invasive 
Lepus europaeus (Leporidae) and Sus scrofa (Suidae) were only detected 
on the forest floor. Further analyzes were conducted for seven taxa that 
were detected in at least 18 camera traps: the furnarids Aphrastura spi-
nicauda and Pygarrichas albogularis, the rhinocryptids Scelorchilus rube-
cula and Pteroptochos tarnii, the marsupial Dromiciops gliroides, rodents 
and the lizards Liolaemus sp. 

3.1. Occupancy modelling 

Aphrastura spinicauda. The detection model that better predicted its 
occupancy was the null model (ω = 0.42) (Supp. Material 3). Two 
plausible models explained the use of the vertical profile by this bird, 
being the Forest floor versus height the one with better performance (ω 
= 0.63; Table 1). The use of the vertical profile by A. spinicauda was 
negatively associated to the forest floor and positively associated to the 
vertical profile, without differences between understory, lower canopy, 
and upper canopy (Fig. 3). 

Scelorchilus rubecula. The detection model that better explained un-
certainty in detection included Area and Season as covariate (ω = 0.52; 
Supp. Material 3). Three plausible models were able to explain use of the 
vertical profile by S. rubecula (Table 1). Among them, the Substrata 
model was the one that better explained this bird occupancy (ω = 0.40; 
Table 1). The best model shows that the use of space by S. rubecula is 
higher on the forest floor, intermediate in the understory and lower on 
the canopy (Fig. 3). This is also supported by the second models, that 
suggests a higher use of floor than the vertical profile (Table 1). 

Pygarrichas albogularis. The null detection model had the highest 
support among candidate models (ω = 0.53; Supp. Material 3). In terms 
of use, two models were plausible. The best model (Lower–Upper, ω =
0.49, Table 1) shows that this bird strongly selects for the upper and 
lower canopy of the forest (Fig. 3). 

Pteroptochos tarnii. The model that better explained uncertainty in 
detection included Area as a covariate (ω = 0.54; Supp. Material 3). The 
model that better explained its use of space was the Lower-Upper model 
(ω = 0.56, Table 1). This model shows that this bird species is positively 
associated to the forest floor and understory (Fig. 3), without differences 
between these strata. 

Dromiciops gliroides. The best detection model included Area as a 
covariate (ω = 0.46; Supp. Material 3). The best occupancy model was 
the Forest floor versus height (ω = 0.54; Table 1). D. gliroides preferred 
the vertical strata over the forest floor (Fig. 3), without differences be-
tween understory, lower canopy, and upper canopy. 

Rodents. The best detection model (ω = 0.63) included Area and 
Season as covariates (Supp. Material 3). Three occupancy models were 
considered as plausible (Table 1). The best occupancy model was the 
Lower-Upper model (ω = 0.33; Table 1), that showed a preference for 
the lower strata of the forest (Fig. 3). All plausible models show that 
lower strata, the forest floor and the understory, have a higher 

probability of being used by rodents (ω = 0.86; Table 1). Furthermore, 
candidate models show a preference for the understory over the canopy, 
without clear preferences between the forest floor and the understory. 

Liolaemus sp. The best detection model (ω = 0.40) included Season as 
a covariate (Supp. Material 3). Two models appeared as plausible to 
explain lizard occupancy (Table 1). The best occupancy model was the 
Lower-Upper model (ω = 0.53; Table 1) and showed a preference of 

Table 1 
Selection of candidate models to explain occupancy (ψ) of wildlife taxa along the 
vertical profile of the forest. Plausible models (ΔAICc/QAICc < 2 units) are 
presented in bold. We report the number of parameters (k), Akaike Information 
Criteria with small samples size correction (AICc) or Quasi-Akaike Information 
Criteria with small sample size correction, delta AICc or QAICc (Δ), and weights 
(ω).  

Species Models k AICc QAICc Δ ω 

A. spinicauda p(.),Ψ(Forest floor) 4  –  353.86  0.00  0.63  
p(.),Ψ(Substrata) 5  –  355.59  1.73  0.26  
p(.),Ψ(Strata) 6  –  357.53  3.67  0.10  
p(.),Ψ(Lower_Upper) 4  –  364.57  10.72  0.00  
p(.),Ψ(Height) 4  –  365.00  11.15  0.00  
p(.),Ψ(.) 3  –  371.89  18.04  0.00 

S. rubecula p(Area + Season),Ψ 
(Substrata) 

6  265.70   0.00  0.40  

p(Area + Season),Ψ 
(Forest floor) 

5  267.09   1.38  0.20  

p(Area + Season),Ψ 
(Lower_Upper) 

5  267.24   1.54  0.18  

p(Area + Season),Ψ 
(Strata) 

7  268.22   2.52  0.11  

p(Area + Season),Ψ 
(Height) 

5  268.37   2.67  0.10  

p(Area + Season),Ψ(.) 4  279.09   13.39  0.00 
P. albogularis p(.),Ψ(Lower_Upper) 4  –  133.58  0.00  0.49  

p(.),Ψ(Substrata) 5  –  134.48  0.90  0.31  
p(.),Ψ(Strata) 6  –  136.91  3.34  0.09  
p(.),Ψ(Forest floor) 4  –  137.91  4.34  0.06  
p(.),Ψ(Height) 4  –  138.36  4.79  0.04  
p(.),Ψ(.) 3  –  143.51  9.93  0.00 

P. tarnii p(Area),Ψ 
(Lower_Upper) 

4  204.74  –  0.00  0.56  

p(Area),Ψ(Substrata) 5  206.99  –  2.24  0.18  
p(Area),Ψ(Strata) 6  207.32  –  2.58  0.15  
p(Area),Ψ(Height) 4  208.21  –  3.47  0.10  
p(Area),Ψ(Forest 
floor) 

4  216.01  –  11.27  0.00  

p(Area),Ψ(.) 3  226.01  –  21.27  0.00 
D. gliroides p(Area),Ψ(Forest 

floor) 
5  –  348.24  0.00  0.54  

p(Area),Ψ(Substrata) 6  –  350.68  2.44  0.16  
p(Area),Ψ(.) 4  –  350.91  2.67  0.14  
p(Area),Ψ 
(Lower_Upper)  

5  –  351.43  3.19 0.11  

p(Area),Ψ(Strata) 7  –  352.92  4.68  0.05  
p(Area),Ψ(Height) 5  –  357.28  9.04  0.01 

Rodents p(Area + Season),Ψ 
(Lower_Upper) 

5  338.15  –  0.00  0.33  

p(Area + Season),Ψ 
(Substrata) 

6  338.23  –  0.07  0.32  

p(Area + Season),Ψ 
(Forest floor) 

5  339.10  –  0.95  0.21  

p(Area + Season),Ψ 
(Strata) 

7  340.62  –  2.46  0.10  

p(Area + Season),Ψ 
(Height) 

5  342.19  –  4.03  0.04  

p(Area + Season),Ψ(.) 4  349.35  –  11.20  0.00 
Liolaemus sp. p(Season),Ψ 

(Lower_Upper) 
5  –  214.19  0.00  0.53  

p(Season),Ψ 
(Substrata) 

6  –  215.18  0.99  0.32  

p(Season),Ψ(Strata) 7  –  217.70  3.51  0.09  
p(Season),Ψ(Height) 5  –  218.53  4.34  0.06  
p(Season),Ψ(.) 4  –  225.52  11.33  0.00  
p(Season),Ψ(Forest 
floor) 

5  –  225.98  11.78  0.00  
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lizards for the upper strata (lower and upper canopy, Fig. 3). The second 
candidate was the substrata model (Table 1), with similar results, 
although suggesting differences between the forest floor and the 
understory. 

3.2. Activity patterns 

The four species of birds and the lizard showed diurnal activity 
patterns, while D. gliroides and the rodents were nocturnal (Fig. 4). For 
most species, we found high activity overlap when using different strata 
(Δ = 0.86 to 0.92, Fig. 5). The exception was the lizard (Fig. 5e), that 
showed little overlap (Δ1 = 0.35) between activity in the lower and 
upper strata of the forest (Fig. 5e). The activity of the lizard in the lower 
strata was highly concentrated at noon, while in the upper strata of the 
forest it was active most of the day (Fig. 5e). 

In the case of birds, activity patterns were similar when comparing 
species within a family, and different between species of different 
families (Fig. 6). The rhinocryptids (S. rubecula and P. tarnii) had very 
similar activity patterns (Δ4 = 0.84), with activity peaks in the first 
hours of the day, and a second—but lower—peak close to sunset 

(Fig. 6a). Similarly, the furnarids (A. spinicauda and P. albogularis) pre-
sented a high overlap in their activity patterns (Δ4 = 0.91), and with 
highest activity concentrated around noon (Fig. 6f). Comparisons be-
tween species of different families (S. rubecula vs P. albogularis, 
S. rubecula vs A. spinicauda, P. tarnii vs P. albogularis and P. tarnii vs 
A. spinicauda) showed an intermediate overlap, with Δ4 values of 0.69, 
0.69, 0.61 and 0.59, evidencing differences in activity patterns 
depending on the bird families (Fig. 5). 

4. Discussion 

Our study is among the first systematic efforts (see Moore et al., 
2021)—and the first in Chile—to compare wildlife occupancy across the 
vertical forest profile. The studied animals differed in their use of the 
vertical profile of the forest (Fig. 3). Some species preferentially used the 
strata linked to the canopy, others the whole vertical profile—except for 
the forest floor—and others the lower strata of the forest (forest floor 
and understory). Therefore, our study, together with others that have 
addressed variation in diversity and relative abundance (Chmel et al., 
2021; Ferreira de Camargo et al., 2018; Jayson and Mathew, 2003; 

Fig. 3. Predicted occupancy for the seven taxa analyzed in the vertical profile of the forest, based on the best model selected. Error bars correspond to 95% con-
fidence intervals. 

Fig. 4. Activity patterns of (a) A. spinicauda; (b) S. rubecula; (c) P. albogularis; (d) P. tarnii; (e) D. gliroides; (f) rodents and (g) Liolaemus sp., in Bosque Pehuén 
Park, Chile. 
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Pearson, 1971; Thiel et al., 2021), strongly suggests that vertical het-
erogeneity and forest stratification play an important role in how 
wildlife is distributed in forest ecosystems. 

In this study we compared six different models to characterize the 
use of the vertical forest profile by wildlife. Three of these models were 
consistently better at explaining the use of space by the seven taxa 
analyzed. The first of these models is the Forest floor versus height 
strata. This model provided the better fit for two species (A. spinicauda 
and D. gliroides), both associated to the vertical profile, without 
distinction between understory, lower canopy, and upper canopy 
(Table 1, Fig. 3). The second corresponds to the Lower-Upper model that 
provided better fit for four taxa. Two of them (rodents and P. tarnii) were 
associated to the lower strata (forest floor and understory), and the other 
two (P. albogularis and lizards) were associated to the upper strata (lower 
and upper canopy, Table 1, Fig. 3). Finally, the use of the vertical profile 
by one bird (S. rubecula) was better explained by the Substrata model. In 
this case, S. rubecula used preferentially, the forest floor followed by the 
understory. The Height from the ground model was not supported for 
any of the analyzed taxa. The lack of association between height and 
occupancy reported here and in previous work (Moore et al., 2020), is 
likely explained by the fact that forest species respond to structural el-
ements of the habitat, rather than height itself (see also Altamirano 
et al., 2017; Díaz et al., 2005; Reid et al., 2004). The differences between 
strata found in our work clearly illustrate that estimates from the ground 
and/or lower strata severely underestimate the area occupied by the 
species that inhabit the canopy of the forest. For example, the area 
occupied by the P. albogularis was high in the upper strata (66%) and low 
in lower strata (7%, Fig. 3). Based on traditional bird counts, it has often 
been reported that this species occurs at low abundances (<0.2 ind/ha; 
e.g., Díaz et al., 2005, 2019; Fontúrbel et al., 2016; Jiménez, 2000) and 
detected in relatively small proportion of the sampling sites (<20%, e.g., 
Drake et al., 2021; Jiménez, 2000). However, our results suggest that 
these studies largely underestimate true abundance and occupancy. 
Similarly, the presence of Liolaemus sp. lizards was associated with the 
upper strata of the forest (Fig. 3). The current understanding of the 
biology of these species (e.g., Liolaemus pictus, the most common species 
in the forests of this area) indicates that they preferentially use the 
ecotones and not the interior of the forest—except for clearings— 
(Abdala et al., 2016; Pincheira-Donoso and Núñez, 2005). On the con-
trary, our data reveal a strong use of the interior of the forest, but that 
this use occurs in the upper strata of the canopy (Fig. 3). In both cases, 
ground surveys would lead to significant underestimation of the area 
occupied by canopy species, inducing biases in the understanding of 
patterns of habitat use and selection. 

In general, our analyses show that there are no important intra-taxa 
differences in activity patterns between forest strata (Fig. 5). The only 
exception is the lizard, which was active most of the day in the canopy, 
whereas activity in the lower strata was restricted to the noon (Fig. 5e). 
These differences may be explained by thermoregulation. The activity 
patterns of Liolaemus lizards are limited by thermal constrains and 
concentrate at hours when solar radiation is higher (Marquet et al., 
1989). Solar radiation in the lower strata of the forest is very limited in 
contrast with the high canopy. Then, differences both in activity pat-
terns and use of different strata likely correspond to behavioral strate-
gies to cope with the thermal challenges that prevail in the area (see 
Artacho et al., 2017). The remaining species, behave predictably 
showing strictly nocturnal (small mammals) or diurnal (birds) activity 
patterns (Fig. 4). However, it is interesting that the activity patterns of 
two of the four birds analyzed peaked close to noon and not at sunrise 
and sunset (Fig. 6), as usually assumed in the design of ornithological 
studies (Bibby et al., 2000; Ralph et al., 1996). These findings must be 
taken into account for the design of ornithological studies (e.g., Ellis and 
Taylor, 2018), especially when the focus is to carry out community 
analyses. 

Three-dimensionality is a key component in the use of forested en-
vironments by wildlife (Chmel et al., 2021; Harel et al., 2022; Thiel 

Fig. 5. Comparison of activity patterns between different forest strata for five 
different species: (a) A. spinicauda; (b) S. rubecula; (c) D. gliroides; (d) rodents 
and (e) Liolaemus sp. Overlap estimates (Δ1 or Δ4) and confidence intervals are 
also shown. 
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et al., 2021; Whitworth et al., 2019). However, much of the work that 
evaluates patterns of occupancy or abundance of taxa that use the ver-
tical profile of the forest—such as birds and small mammals—have been 
conducted from the ground, both in the South American temperate 
forests and in forest ecosystems elsewhere (e.g., Acharya and Vijayan, 
2017; Albanese et al., 2011; Díaz et al., 2005; Melo et al., 2013; 
Rajaonarivelo et al., 2020). Our results showed that two-dimensional 
sampling designs for species that occupy the upper strata of the verti-
cal profile could induce strong biases in occupancy estimation, under-
estimating the area occupied by species that use preferentially the 
canopy (Whitworth et al., 2019). This could be partially addressed using 
occupancy models, but this solution is only adequate for species that are 
highly detectable from the ground. The severity of these biases is 
probably even greater in abundance and, by extension, relative abun-
dance estimation. It is likely that the estimated abundance of species 
that are highly detectable from the ground will appear as higher than 
that of cryptic species that preferentially use the canopy (Walther, 
2003), even if there are no differences in abundance, also affecting 
community indexes (e.g., Shannon’s index). Based on the above, we 
emphasize the need to model uncertainty in detection when estimating 
abundance and occupancy (e.g., Dias et al., 2019; Rich et al., 2016; 
Wang et al., 2015). Some species—especially highly vocal birds—are 
detectable from the ground (for example, by acoustic monitoring), and it 
is feasible to estimate occupancy with ground surveys (as traditionally 
done). However, in this case it is necessary to ensure an adequate design 
for each species involved. This implies an adequate number of sites and 
sampling occasions to model detection uncertainty (Guillera-Arroita 
et al., 2010; Guillera-Arroita and Lahoz-Monfort, 2012; Kays et al., 
2020), and considering the biology of target species (e.g., activity pat-
terns) when designing survey protocols. However, in the case of cryptic 
species that select the canopy, proper assessment of occupancy and 
abundance requires sampling the canopy (e.g., Bowler et al., 2017; 
Moore et al., 2020; Whitworth et al., 2019). 

Our study provides novel insights onto wildlife use of the vertical 
forest profile, but it is not exempt from limitations. First, the approach 
used to sample the canopy is better suited for species that preferentially 
use the tree-trunks. However, some of the most abundant birds in 

Chilean forests such as the flycatcher Elaenia albiceps (Tyranidae) and 
the hummingbird Sephanoides sephaniodes (Trochilidae) (e.g., Díaz et al., 
2005; Jiménez, 2000) were barely recorded, probably because these 
species use the foliage, a different substratum that we did not survey for 
safety and logistical reasons. A combination of different technologies, 
including automated recorders (e.g., Acevedo et al., 2009; Furnas and 
Callas, 2015) and camera traps, could help to fulfill this gap in the 
future. Second, our study was designed to compare the use of different 
strata by species that are relatively frequent. For example, we were 
unable to model occupancy by the Campephilus magellanicus (Picidae), 
because sample size was insufficient. However, the species was clearly 
associated to the upper strata (detected between 20 and 25% of upper 
and 0% of lower cameras, Supp. Material 1). We recommend that future 
studies that aim at modelling less frequent species—such as 
C. magellanicus—consider larger sample sizes and/or focus exclusively 
on the strata that are used by target species. In both scenarios sampling 
design should consider expected probabilities of detection and occu-
pancy (see recommendations in Gálvez et al., 2016; MacKenzie et al., 
2017), but also the logistical difficulties and challenges of arboreal 
surveys (e.g. time, costs, access to treetops, risk, etc., Moore et al., 2021). 
Despite these limitations, camera traps have proven useful to study 
many different canopy species, including birds and even reptiles (this 
study, Bowler et al., 2017; Gregory et al., 2014; Moore et al., 2021). 

Habitat use by vertebrates in three-dimensional ecosystems is 
important for forest management and conservation. Our study showed 
that wildlife species differ in the use of the vertical profile of the forest, 
and this should be considered in forests biodiversity assessments (Belant 
et al., 2012; Cunha and Vieira, 2004; Harel et al., 2022; Moore et al., 
2020). This implies that general surveys from the ground needs to be 
complemented with canopy surveys. Furthermore, our study opens 
further questions. For example, many studies have already showed the 
importance of large old trees (e.g., Lindenmayer and Laurance, 2016) 
and standing dead trees (Moreira-Arce et al., 2021) for conservation. We 
suspect that the use of the vertical profile might differ between young 
and old trees, and between forests under different types of management. 
The formal acknowledgement of the role of the forest canopy as wildlife 
habitat is therefore, an important first step towards the conservation of 

Fig. 6. Comparison of activity patterns between four different bird species. Overlap estimates (Δ4) and confidence intervals are also shown.  
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forest ecosystems. 
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