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Abstract (Deutsch)

Habitat- und artspezifische Unterschiede in der Standorttreue von Vogeln kdnnen wichtige Erkennt-
nisse Uber die zeitliche Stabilitdt von Lebensraumen und die Fahigkeit von Arten mit sich verandern-
den Umweltbedingungen umzugehen, liefern. Diese Studie untersucht die Faktoren, die Einfluss auf
die Wiederfangraten von Unterwuchs-Vogelarten in tropischen Regenwaldern der Golfo-Dulce-Re-
gion in Costa Rica haben. Ziel der Arbeit war es zu analysieren, ob Wiederfangraten mit dem Waldal-
ter, der Waldstruktur sowie artspezifischen Merkmalen wie Nahrungsgilde, KérpergrofRe, Nischen-
breite und Habitatpraferenz zusammenhangen. Die Datenerhebung erfolgte mittels Netzfang (mit Ja-
pannetzen, sogenannten Mistnets) und Beringung, sowie Artbestimmung in 27 Untersuchungsfla-
chen, die in jungen Sekundarwald, alten Sekundarwald und Primarwald unterteilt wurden.

Die Ergebnisse zeigen, dass sich die Wiederfangraten nicht signifikant zwischen den Waldtypen un-
terschieden. Weiters konnte kein signifikanter Zusammenhang zwischen Waldalter und Wiederfang-
raten festgestellt werden. Stattdessen stellte sich heraus, dass die Vegetationsstruktur, insbesondere
die Dichte der Unterwuchsvegetation, einen starkeren Zusammenhang mit den Wiederfangraten auf-
weist als das Alter der Waldflachen. Auf Artebene wurde festgestellt, dass Waldspezialisten signifi-
kant hdhere Wiederfangraten aufwiesen als Nicht-Waldspezialisten, was auf eine hdhere Standort-
treue dieser Arten hinweist. Weitere Modelle deuteten darauf hin, dass Wiederfangraten tendenziell
mit zunehmender KdrpergroRe abnehmen und zwischen Nahrungsgilden variieren kdnnen, wobei
Insektenfresser teilweise hdhere Wiederfangraten aufweisen.

Die Ergebnisse legen nahe, dass nicht das Waldalter allein, sondern vor allem Habitatstruktur, die
Fragmentierung der Landschaft und dkologische Spezialisierung wichtige Faktoren fir Standorttreue
und Bewegungsmuster tropischer Vogelarten sind. Sekundarwalder kdnnen einen wichtigen Beitrag
zum Biodiversitatsschutz leisten, insbesondere wenn sie gut mit Primarwaldern vernetzt sind, kdbnnen
jedoch Primarwalder fur spezialisierte Arten nicht vollstandig ersetzen.

Schlagworter: Tropischer Regenwald, Avifauna, Wiederfangraten, Vegetationsstruktur, Unterwuchs-
vogel, Waldstruktur, Sukzession, Costa Rica




Abstract (English)

Habitat and species-specific differences in site fidelity of animals can provide important information
on the temporal stability of habitats and the capability of species to deal with changing environmental
conditions. This study investigates the factors influencing site fidelity quantified as recapture rates of
mist-netted understory bird species in tropical rainforests of the Golfo Dulce region in Costa Rica.
The aim was to analyze whether recapture rates are related to forest age, forest structure, and spe-
cies-specific traits such as feeding guild, body size, niche width, and habitat preference. Data were
collected using mist-netting and bird banding across 27 study sites categorized into young secondary
forest, old secondary forest, and old-growth forest.

The results show that recapture rates did not differ significantly between forest types, and no signifi-
cant relationship between forest age and recapture rates was found. Instead, vegetation structure,
particularly understory density, showed a stronger relationship with recapture rates. At the species
level, forest specialists had significantly higher recapture rates than non-forest specialists, indicating
higher site fidelity. Additional models suggested that recapture rates tend to decrease with increasing
body size and may vary among feeding guilds, with insectivorous species sometimes showing higher
recapture rates.

These findings suggest that forest age alone is not a sufficient predictor of site fidelity and movement
patterns in tropical birds. Instead, habitat structure, landscape connectivity, and ecological specializa-
tion appear to be more important drivers. Secondary forests can contribute significantly to biodiver-
sity conservation, particularly when well connected to primary forests, but they cannot fully replace
old-growth forests for highly specialized species.

Keywords: Tropical rainforests, avifauna, recapture rate, vegetation structure, understory birds, site
fidelity, forest structure, forest succession, Costa Ricalntroduction



1 INTRODUCTION

Tropical rainforests represent some of the most biodiverse ecosystems on earth. However,
extensive anthropogenic pressures (primarily deforestation) have led to a substantial de-

cline in biodiversity across tropical regions. In Costa Rica, historical land use change, espe-
cially from the Spanish colonial period to the mid-20™ century prioritized agricultural expan-
sion and demographic growth at the expense of forest cover, resulting in one of the highest

deforestation rates among nations with tropical rain forests (Sanchez-Azofeifa et al., 2003).

On a global scale, deforestation in the humid tropics accelerated by 62% between 1990 and
2010, causing an annual net loss of approximately 8 million hectares — a trend that contin-
ues today (Pollock et al., 2022). This widespread habitat destruction contributes significantly
to the global biodiversity crisis. Loss of suitable habitats is recognized as one of the primary
drivers of extinction events and loss of biodiversity, especially affecting species endemic to
tropical forests (Dent & Wright, 2009). Forest fragmentation exacerbates these effects by
creating isolated forest patches embedded in an agricultural or urban matrix, disrupting eco-
logical connectivity and reducing population viability (Lopez-Gutierrez et al., 2019; Shaw et
al., 2013). This increased forest fragmentation results in an increase of edge effects with
well documented negative impacts on forest species (Lopez-Gutierrez et. al., 2019). The
decreasing connectivity of forest patches further contributes to the negative effects of defor-
estation on the composition of rainforest species assemblages, as documented for birds
(Shaw et. al., 2013). Stouffer et. al. (2006) found that not only patch size, but also the com-
position of the surrounding landscape and the size and condition of adjacent forest patches

is influencing the composition of forest bird assemblages.

Despite these negative trends, secondary forests (forests regrowing through succession af-
ter disturbances such as logging or agriculture) have become increasingly prominent across
tropical landscapes. In Costa Rica, conservation efforts led to substantial reforestation, e.g.
the current forest cover on the Osa Peninsula reaches approximately 80% and continues to
grow (Lopez-Gutierrez et al., 2019). Secondary forests may help in mitigating biodiversity
loss by restoring habitat structure, facilitating species dispersal and promoting ecosystem

resilience. Secondary forests, particularly when adjacent to primary forest remnants, can



harbor significant avifaunal richness (Barlow et al., 2007; Dunn, 2004). Biological corridors
composed of secondary forest patches, like those established in the Corredor Biolégico La
Gamba (COBIGA) project, cover 38% of Costa Rica’s territory and enhance connectivity be-
tween forest fragments, thus supporting forest-dependent bird species (Beita et al., 2021;
Schulze et al., 2019).

Although primary forests support the greatest number of forest specialists, secondary for-
ests are increasingly recognized for their conservation value. Secondary forests often sup-
port distinct species assemblages, especially during intermediate successional stages, con-
tributing to overall biodiversity (Casas et al., 2016). Functional diversity studies in Costa
Rica have shown that various avian feeding guilds (such as seed dispersers, insectivores
and nectarivores) occupy regenerating forest habitats depending on resource availability
and vegetation complexity (Schulze & Riedl, 2008; Fleming, 1979). Additionally, the bird
community and the composition of feeding guilds inhabiting secondary forests changes de-
pending on the surrounding landscape. In more fragmented areas of Costa Rica, the pre-
dominant surrounding landscape of secondary forest consists of agricultural areas
(Sanchez-Azofeifa et.al.,2003). Although most bird species avoid agricultural areas, nearly
a third of all species regularly uses such habitats. There they provide important ecosystem
services like pest control, pollination and most importantly seed dispersal. The usage of ag-
ricultural areas as suitable habitats differs between feeding guilds. When compared to pri-
mary forests the species richness of large frugivorous birds declines in agroforests. The
same results were shown for large insectivorous birds (especially terrestrial and understo-
rey species). In contrast, nectarivores, small-to-medium sized insectivores, omnivores,
granivores and small frugivores frequently use agricultural landscapes. However, there oc-
currence in agricultural landscapes dependent on the seasonal availability of resources
(Sekercioglu, 2012; Fleming, 1979).

Early stages of forest succession are characterized by rapid changes in vegetation structure
and therefore resource availability, resulting in a higher turnover of both species and individ-
uals. Different forest succession states play an important role in nature conservation as the
habitat structure and habitat heterogeneity changes over time through succession (Pena-

Claros, 2006). This includes providing different nutrient sources for a wide range of species,



especially forest birds. For example, secondary forests offer seasonally abundant fruit re-
sources. Many factors that influence the habitat structure, such as the mean and maximum
height of trees, the height variance between the different vegetation strata and the number
of standing dead tree individuals change over the course of natural succession (Pena-Cla-
ros, 2006). But also, the number of species in each strata changes, with old secondary for-
ests showing the highest habitat complexity regarding individual numbers in upper and in-
termediate strata, greater tree species richness and generally a greater variation in height.
Canopy height and basal area can rapidly increase with forest succession. Hence, second-
ary forests can rapidly attain forest structures resembling those of old-growth forest. Fur-
thermore, the diversity of tree species increases with ongoing forest successions (Pefa-
Claros, 2006). Because of these temporal changes in habitat composition and complexity
the feeding guild composition differs between different succession stages. In early stages of
succession nectarivores and insectivores usually have the highest abundance. This compo-
sition changes over time, with insectivores and omnivores being the most abundant feeding
guilds in intermediate stages of forest succession (intermediate between young secondary
forests and old-growth forests) because of the higher total food availability regarding arthro-
pods and fruits in early to intermediate succession states (Casas et. al., 2016, Shankar Ra-
man et al., 2002).

Birds are widely recognized as effective indicators of habitat quality and the state of the
ecosystem due to their sensitivity to structural habitat changes and functional diversity
across trophic levels. Functional diversity describes the range of functional roles played by
species within a community. Birds provide a wide range of such functional roles in an eco-
system for example pollination, seed dispersal and removal of carrion (Sayer et. al., 2017).
In this context, mist netting and mark-recapture techniques can provide valuable insights
into bird community dynamics in regenerating forests. Capture and recapture rates of un-
derstorey birds can vary significantly depending on forest age, structure and edge effects.
For example, insectivorous birds show higher recapture rates in forest interiors compared to
edges, indicating their preference for undisturbed microhabitats. In contrast, nectarivores
and some omnivores may be more prevalent at forest edges, reflecting their resource use
strategies and greater tolerance for disturbance (Restrepo & Gomez, 1998; Jones et al.,

2021). Recapture rates and site fidelity among different bird species are strongly influenced



by ecological and life-history traits such as body size, habitat specialization, dispersal ability
and feeding guild affiliation. Gray et al. (2006) showed that granivores tend to increase in
abundance after forest disturbance, while insectivores and frugivores typically decline.
Moreover, species with small geographic ranges and narrow habitat requirements are more

adversely affected by habitat modification than widespread generalists (Maas et al., 2009).

The degree to which bird communities recover following disturbance and succession also
depends on species identity. While some feeding guilds exhibit relatively rapid recovery
(<13 years), others — particularly understorey insectivores — may require 30 years or more
for their population to reach pre-disturbance levels (Powell et al., 2013; Schulze et al.,
2019).

Comparing recapture rates across secondary forests of different successional stages allows
for an assessment of habitat suitability, population stability and movement patterns, which
all are critical factors for evaluating the conservation potential of secondary forests (Powell
et al., 2013). However, data on recaptures must be interpreted not only in the context of for-
est age and structural complexity but also with regard to the ecological characteristics and
functional roles of individual species (Reid et al., 2018; Castafio-Villa et al., 2014). Only by
including these factors we can accurately assess the long-term conservation value of sec-
ondary forests in tropical biodiversity hotspots such as the Golfo Dulce Region of Costa

Rica.

In this study, we investigate whether recapture rates of birds are related to forest age and if
differences of overall recapture rates between species are related to their biological traits. In

particular, we addressed the two following hypotheses:

(1) Younger forests are characterized by lower overall recapture rates. Since in the first
years of forest succession vegetation structure and therefore the habitat conditions for birds
are changing more rapidly, younger forests may be characterized by species showing a
higher spatial mobility/dispersal since they must respond to the changing habitat conditions.
As result, species of younger secondary forests may show a lower site fidelity resulting in

lower recapture rates.



(2) Recapture rates are affected by vegetation structure. However, lower recapture rates in
secondary forests may be more directly related to changing vegetation structure. Since veg-
etation structure of sites may not only be related to forest age but also to the landscape set-
ting, disturbance history and the succession history (e.g. natural succession vs. reforesta-
tion measures), factors like tree cover and understory density may be better predictors for
differences in recapture rates than forest age.(3) Recapture rates of species are affected by
biological traits such as feeding guild affiliation, niche width, body size and habitat speciali-
sation. As stated before, insectivorous and frugivorous birds proved being more sensitive
against habitat changes than e.g., granivores. Hence, we expect that there will be differ-
ences in recapture rates between feeding guilds, particularly in younger secondary forest. In
general, species which larger niche width should be more robust against habitat changes
and, therefore, should show higher site fidelity resulting in higher recapture rates than spe-
cies occupying smaller niches. Additionally, recapture rates could be related to species’
body size with larger species typically requiring larger home ranges thereby reducing the
likelihood of recaptures. Finally, forest specialist occurring in more stable habitats and hav-

ing higher difficulties dispersing to new sites should show higher site fidelity.

2 MATERIAL AND METHODS

Study area and study sites

The study was carried out in the Golfo-Dulce Region of southwestern Costa Rica in vicinity
of the Tropical Research Station La Gamba (N 8.701896, W 83.202009; 70 m a.s.l.), lo-
cated at the eastern border of the Piedras Blancas National Park, and the Finca Alexis (N
8.7648° W 83.1638°; 375 m a.s.l.) which serves as a field station at a higher elevation north
of the tropical research station. The annual precipitation in at the Tropical Research Station
La Gamba is 5836 mm, while the number of days with rain ranges between 246 and 302

days over 9 years. The average annual temperature ranges between 27.3 and 29.1°C



(Weissenhofer & Huber 2008). Fieldwork for this study took place between November and

January, therefore covering the transition from the rainy to the dry season.

The 27 study sites were located at elevations between 26 m and 581 m above sea level.
Sites where categorised as young secondary forests (YSF; N = 11 sites), old secondary for-
ests (OSF; 7 sites) and old-growth forests (OGF; 9 sites) (see Figure 1).

Mist-netting study sites
La Gamba, Costa Rica 2022/23
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Figure 1. Study area and study sites at La Gamba and Finca Alexis, Province Puntarenas.

Sampling method

The study was carried out from 2" November 2021 — 22" January 2022 and 15t November
2022 — 19" January 2023. In both fieldwork periods, mist netting was used to capture un-
derstorey birds at each study site for 1.5 days with six nets (12 m x 2.5 m, 16 mm mesh
size). On the first day sampling took place from 5:30 till 15:00 and from 5:30 till 11:00 on the

second day. The nets were checked for birds every 30 mins. Captured individuals were



taken to the nearby temporary working area. At first the birds were identified referring to
Garrigues & Dean (2014). Subsequently, several morphological measurements (such as
wing length, weight, tarsus length...) were taken. For individual identification, birds were
ringed with color and/or aluminium rings (with an ID number), with the exception of hum-
mingbirds. In the later, the tip of single tail feathers was clipped to recognize recaptured
birds and therefore assure no pseudo-replication during the same mist-netting periods.
However, since this does not allow the identification of recaptured birds in subsequent

years, hummingbirds were not further considered in this study.

Species traits

Feeding niche width was calculated using data on the relative use of different types of food
sources from Wilman et. al. (2014). The niche width of every species was calculated using

the following formula:

E .,

Where P, is the relative resource use of resource class j out of a total of m classes (Nentwig
et al. 2007).

Also, data on species’ body weight and feeding guild affiliation were extracted from Wilman
et. al. (2014). The following five feeding gild were used: frugivores/granivores and insecti-

vores (predominantly feeding on invertebrates).
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Data analysis

To test for differences in total recapture rates between OGF, OSF and YSF sites a one-way
ANOVA was calculated.

To approach normal distribution of data, variables potentially being related to recapture
rates were arcsin-transformed (proportion of OGF+OSF cover, proportion of YSF cover,
proportion of forest cover) or log-transformed (basal area). To test for intercorrelations be-
tween assessed landscape (percentage of OGF+OSF cover, percentage of YSF cover) and
vegetation variables (understory density, tree basal area, canopy height, canopy cover),
Spearman rank correlations were used. Since several variables proved to be highly corre-
lated, a principal component analysis (PCA) with Varimax rotation and Kaiser normalization
was applied. Using a model selection approach, it was evaluated to what extent the three
first principal components (PCs), which explained more than 88% of the total variance, can
explain differences in site-specific recapture rates. Calculated generalized linear models
(GLMs) were ranked using Akaike’s information criterion corrected for small-sample sizes
(AICc). Subsequently, we only considered models that had an AlCc difference from the best
ranked model of <2. To avoid over-parametrization of models, all candidate models did not
include more than two variables (PCs). The site Fal01 was excluded from these analyses
due to the extremely low number of individuals ringed there during the first mist-netting pe-

riod.

We also used a model selection approach to identify effects of predictor variables for sec-
ondary forest only, additionally including their age (log-transformed). Since Spearman rank
correlations again identified several pairs of highly correlated predictor variables, we again
calculated a PCA with Varimax rotation and Kaiser normalization. However, this did not re-
sult in a meaningful reduction of habitat variables. Therefore, and due to the relatively small
sample size of only 16 secondary forest mist-netting sites not allowing for more complex
models, we calculated univariate Spearman rank correlations to evaluate relationships be-

tween recapture rates and predictor variables.

A t-test was calculated to test for differences in recapture rates between forest specialists

and non-forest specialists.
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A model selection approach was also used to evaluate effects of feeding niche width, body
weight, feeding guild affiliation and habitat preference on recapture rates of species. Calcu-
lated generalized linear models (GLMs) were again ranked using AlICc values, subsequently
only considered models with an AlCc difference from the best ranked model of <2. In this
analysis, only species with a total number of at least 10 individuals banded in both mist-net-
ting periods combined were taken into account. This resulted in 26 different species. Mi-
grants were not considered in this analysis. To evaluate if predictor have a significant effect

in the respective models, Wald statistics were used.

3 RESULTS

Effects of forest type on recapture rates

Mean recapture rates (+ Std.dev) ranged between 10.39 % (+ 6.11 %) for OSF sites and
11.19 %(x 4.19 %) for OGF sites (see Figure ). These small differences were not significant
(one-way ANOVA: F2 = 0.059, p = 0.9528).

12
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Figure 2. Mean recapture rates (+ Std.dev.) for old-growth forest (OGF), old secondary forest (OSF)
and young secondary forest (YSF).

Effects of landscape composition, vegetation
variables and forest age on recapture rates

When considering all mist-netting sites, Spearman rank correlations identified five pairs of
highly correlated (r > 0.5) predictor variables (see Table 1). Hence, a PCA was used to re-
duce the number of variables to three PCs, which explained 88.30% of the variance (see
Table 2). The PC1 had high positive factor loadings of the vegetation variables canopy
height, basal area and canopy cover. The cover of the two forest cover types is highly posi-
tive (cover YSF) and negative (cover OGF + OSF) correlated with the PC2 values, respec-

tively. PC3 predominately represents the variable understory density as indicated by its high
factor loading (see Table 3).
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Table 1. Results of Spearman rank correlations testing for multicollinearity of predictor variables eval-

uating effects of landscape and vegetation variables.

Predictor varia- OGF + YSF cover ; Understory ; Canopy ; Basal area
bles OSF cover density height
YSF cover r =-0.866
p < 0.0001
Understory density ; r=-0.173 r=0.140
p=0.4074 ; p=0.5034
Canopy height r=0.133 r=-0.117 ; r=0.2119
p=0.5247 ; p=0.5762 ; p=0.3093
Basal area r=0.3739 ; r=-0.273 ;r=-0.0477; r=0.721
p=0.0656 ; p=0.1875 ; p=0.8208 ; p < 0.0001
Canopy cover r=0.2525 ; r=-0.215 ; r=0.2384 ; r=0.598 r=0.698
p=0.2233 ; p=0.3022 ; p=0.2510 ; p=0.0016 ; p = 0.0001

Table 2. Results of the principal component analysis on the two landscape and four vegetation varia-
bles.

Principal components Eigenvalues % of Variance Cumulative %
PC1 2.58 42.95 42,95
PC2 1.85 30.78 73.74
PC3 0.87 14.56 88.30
PC4 0.40 6.64 94.94
PC5 0.20 3.33 98.27
PC6 0.10 1.73 100.00

Table 3. Factor loadings of two landscape and four vegetation variables.

Variable category Variables PC1 PC2 PC3
Landscape Cover OGF + OSF 0.03 -0.94 -0.10
Cover YSF 0.03 0.95 0.04
Vegetation Understory density 0.14 0.11 0.98
Canopy height 0.85 -0.04 0.13
Basal area 0.96 -0.02 -0.05
Canopy cover 0.90 0.06 0.19

The three best models of the model selection evaluating effects of the three principal com-

ponents on recapture rates all included PC3. The model only including PC3 was even
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ranked as overall best model. Although, two models including PC1 and PC2, respectively,
belonged to the group of best models (Ai <2), in both models only PC3 contributed signifi-
cantly to the explanation of differences in recapture rates according to the Wald statistics
(see Table 4). The B coefficient indicates a positive relationship between PC3 (with a high
factor loading of the variable understory density) and the recapture rate. Hence, it is not sur-
prising that there is a significant positive relationship between recapture rates and the varia-
ble understory density (see Figure 3). Since larger understory density values indicate a
lower vegetation density, in fact recapture rates decrease with increasing vegetation density

of the understory layer.

Table 4. Best ranked models (Ai <2) evaluating the relationships between recapture rates and the
three PCs (Tab. 3). For all included PCs, the 8 coefficients, the number of estimable parameters (K),
the AICc values, and the differences between each model’s AlCc values and the AlCc value of the
model with the lowest AICc value (Ai) are provided. Gray marked cells indicate a significant effect of
variables in the respective models according to Wald statistics.

Model 1 Model 2 Model 3

Included variable PC1 1.254
PC2 -1.253
PC3 1.843 1.843 1.843
Model summary K 2 3 3
AlCc 152.49 153.34 153.34
Ai 0 0.853 0.854
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Figure 3. Relationship between recapture rate and understory density of mist-netting sites visualized
by a linear regression curve (+ 95% ClI).

To identify effects of our set of predictor variables for secondary forest only, additionally in-
cluding their age (log-transformed), again a model selection approach was used. Variables
that were not normally distributed were again log-transformed (forest age) or arcsin-trans-
formed (proportion of OGF+OSF cover, proportion of YSF cover, proportion of forest cover).
Subsequently, again Spearman rank correlations were calculated to identify pairs of highly
correlated (r > 0.5) predictor variables (see Table ).

Table 5. Results of Spearman rank correlations testing for multicollinearity of predictor variables eval-
uating effects of forest age, landscape and vegetation variables.
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Predictor varia- Forestage ; OGF + OSF ; YSF cover ; Understory Canopy Basal area
bles cover density height
re=0.787
OGF + OSF cover o = 0.0003
re=-0424 | fe=-0.728
YSF cover 0=0.1018 | p=0.0014
re=0449 | ro=0.305 | rs=-0.266
Understory density 1 _( 0g13 | p=02508 | p=0.3201
e=0124 | re=0102 | Fre=-0.085 | re=0123
Canopy height p=06476 | p=0.7082 | p=0.7536 | p = 0.6498
e=03213 | 12=0206 | re=0015 { r=0.186 | F=0.765
Basal area p=02250 | p=0.4440 | p=0.9566 | p=04914 | p=0.0006
o= 04893 | 1o=0.356 | re=-0289 | re=0435 | re=0552 | rs=0655
Canopy cover
p=0.0544 ; p=0.1762 ; p=0.2784 ; p=0.0921 ; p=0.0266 ; p=0.0059

Since a calculated PCA did not result in a meaningful reduction of habitat variables and due

to the relatively small sample size of only 16 secondary forest mist-netting sites not allowing

for more complex models, univariate Spearman rank correlations were used to evaluate re-

lationships between recapture rates and predictor variables. Only understory density at

least nearly approached a significant effect indicating a weak increase of recapture rates

with decreasing understory density (see Table & Figure ).

Table 6. Results of Sperman rank correlations between recapture rates and age, landscape composi-
tion and vegetation variables

Variables Spearman rank correlation
Forest age r=0.131, p = 0.6282
OGF + OSF cover r=0.305, p=0.2515
YSF cover r=-0.375, p = 0.1526
Understory density r=0.467, p = 0.0683

Canopy height
Basal area

17

r=0.072, p = 0.7907

-0.206, p = 0.4443




Canopy cover r=0.133, p = 0.6246
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Figure 4. Relationship between recapture rate and understory density of mist-netting sites visualized
by a linear regression curve (+ 95% ClI), only considering secondary forest sites.

Effects of species traits on recapture rates

Recapture rates differed substantially between species (see Figure ). Highest recapture
rates were recorded for the Riverside Wren (23.1 %), Tropical Royal Flycatcher (20.0 %)
and Black-cheeked Ant-Tanager (18.8 %). In contrast, several species were not recaptured
at all (White-ruffed Manakin, Thick-billed Euphonia, Clay-colored Thrush, Buff-throated Sal-
tator, Blue-gray Tanager).
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Figure 5. Recapture rates of all analysed species with at least 10 individuals individually marked in
2020/2021 (N = 26 species). Additionally, the mean recapture rate + 95% confidence interval of the
considered species is indicated. Green dots indicate species classified as forest specialists

The mean recapture rate (+ std.dev.) of forest specialists (12.01 % + 7.10 %) was signifi-
cantly higher than the mean recapture rate of non-forest specialists (7.40 % £ 5.48 %) (t-
Test: t = 1.87, df = 24, p = 0.0368). The four species with highest recapture rates were all
forest specialists (Riverside Wren, Tropical Royal Flycatcher, Black-cheeked Ant-Tanager,
Tawny-winged Woodcreeper) (see Figure ). Whether species were classified as forest spe-
cialist or not was also the only variable which was included in the best ranked model in our
model selection testing for effects of forest specialization, feeding guild affiliation, body

weight and niche width on recapture rates (see Table ).
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Table 7. Best ranked models (Ai <2) evaluating the relationships between recapture rates and the three
PCs (Tab. 3). For all included PCs, the 3 coefficients are provided, the number of estimable parameters
(K), the AlICc values), the differences between each model’s AlCc values and the AICc value of the
model with the lowest AICc value (Ai), and the Akaike weights (wi) are provided. Gray marked cells
indicate a significant effect of variables in the respective models according to Wald statistics.

Model 1 Model 2 Model3 Model4

Included variable Forest specialist -4.615
Feeding guild -4.490 -3.236
Niche width
Body weight -8.335 -5.996
Model summary K 2 3 2 2
AlCc 17428 17569  176.14  176.15
Ai 0 1.41 1.86 1.87

Mean recapture rate predicted by model 2 (compare Table ) was estimated to be slightly
larger in insectivorous bird species than in frugivorous & granivorous species (see Figure ).
Further, recapture rate decreased with increasing body size of understory bird species (see

Figure ).
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Figure 6. Mean recapture rate £ 95 % CI predicted by a GLMM (model 2; compare Tab. 7) for frugiv-
orous /granivorous and insectivorous bird species.
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Figure 7: Relationship (linear regression + 95 % CI) between recapture rate and log-transformed
body weight (g) predicted by a GLMM (model 2; compare Tab. 7).

4  DISCUSSION

The results of this study show that there are no prominent differences in recapture rates be-
tween forest types, indicating that forest type alone (old-growth forest, old secondary forest
& young secondary forest) does not significantly influence the recapture rates of tropical
bird assemblages. Furthermore, no detectable effect of secondary forest age on recapture

rates was found. Most likely, other parameters like connectivity of rain forest patches (of
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different ages and succession states), levels of disturbance and the resulting fragmentation
of habitats (with increasing edge effects), food availability and forest structure , are more im-
portant for shaping patterns of site fidelity of bird species in tropical forests. For example,
studies conducted in secondary rainforests (of varying degree of connectivity to primary for-
ests) in central Panama suggest connectivity is a more important determinant of overall

species richness and community structure, than forest age (Mayhew et al., 2019).

,In contrast to this study, the age of rain forest patches influenced the occurrence, abun-
dance and distribution of understorey bird species in other studies. Without ongoing disturb-
ance, secondary forests gradually become structurally similar to primary forests over time,
although this process may take several decades (>30 years). These structural changes af-
fect habitat suitability for different feeding guilds inhabiting the forest (Powell et. al., 2013).
The recapturing rates can increase across all feeding guilds with increasing forest age ex-
pect for non-forest species. The recovery time differs between feeding guilds but shows a
clear pattern. Most of the studied feeding guilds (9 out of 10 feeding guilds) recovered fast
(within <13 years) after the disturbance, while insectivores need 13 to 34 years to recover to
pre-disturbance-levels, with 6 out of 12 species never being caught in the secondary forest
patches again (Powell et. al., 2013; Schulze et. al., 2019). While the speed of natural forest
recovery is highly variable, a global meta-analysis found that species abundance, diversity
and the adequate functioning of ecosystems require decades to recover to predisturbance
conditions (Reid et. al., 2018; Castano-Villa et.al., 2014). For example, regenerating tropical
forests take about 50 years to recover tree species richness to predisturbance leves (Reid
et. al., 2018; Castano-Villa et.al., 2014). These long recovery times indicate that structural
differences between forest patches of different ages may influence movement behaviour

and site fidelity of bird species.

Human disturbance is one of the most significant drivers of habitat change in tropical for-
ests, primarily through alterations in forest structure. The use and the subsequent abandon-
ment of (mainly agricultural) areas start the process of natural succession resulting in heter-
ogeneous landscapes consisting of secondary forest in different stages of succession and
patches of old-growth forest (Leyequién et. al., 2014). Casas et. al. (2016) investigated the

effects of forest succession on not only species composition but also feeding guild
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composition in an area resembling the one of this study: a mosaic of successional forests
connected through secondary rain forest patches at different successional stages. The dif-
ferent forest succession states play an important role in nature conservation as the habitat
structure and habitat heterogeneity changes over time through succession. This includes
providing different food sources for a wide range of species, especially forest birds. For ex-
ample, secondary forests may provide seasonally abundant fruit resources. Many factors
that influence the habitat structure, such as the mean and maximum height of trees, the
height variance between the different strata and the number of standing dead tree individu-
als change over the course of natural succession. But also, the number of species in each
strata changes, with old secondary forests showing the highest habitat complexity regarding
individual numbers in upper and intermediate strata, greater tree species richness and gen-
erally a greater variation in height. Canopy height and basal area increased with forest suc-
cession, indicating that secondary forests rapidly attain forest structures similar to old-
growth forest. Furthermore, the diversity of tree species increases with ongoing forest suc-
cessions, showing a clear variation of diversity between the different strata, with the lowest
diversity being in the canopy strata (Pefia-Claros, 2006). These changes influence the avail-
ability of ecological niches and therefore the composition of feeding guilds. In early stages
of succession nectarivores and insectivores often show high abundance. This composition
changes over time, with insectivores and omnivores being the most abundant feeding guilds
in intermediate forest stages (intermediate between young secondary forests and old-
growth forests) because of the higher total food availability regarding arthropods and fruits
in early to intermediate succession states (Casas et. al., 2016). In contrast, old secondary
forests show higher habitat complexity and greater variation in vegetation structure, which
may favour forest specialists. Because these structural and resource-related changes occur
gradually over time, forest age alone may not be sufficient to explain differences in recap-
ture rates. Instead, the interaction between vegetation structure, resource availability and
landscape composition likely determine movement patterns and site fidelity of tropical bird
species.

Human land use and the resulting fragmentation of tropical forests further influence the
composition of bird communities. The conversion of forest into agricultural land reduces

connectivity between forest patches and increases edge effects, which are known to
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negatively affect forest-dependent species (Lopez-Gutierrez et. al., 2019). Reduced con-
nectivity contributes to changes in species assemblages, as documented for tropical birds
(Shaw et. al., 2013). Not only patch size, but also the composition of the surrounding land-
scape and the condition of adjacent forest patches influence the occurrence of bird species.
Stouffer et al. (2006) showed that forest fragments surrounded by open pasture experi-
enced strong declines in certain feeding guilds, especially insectivorous birds, with reduc-
tions of more than 95% compared to better-connected forest sites. Increased isolation also
leads to higher species turnover, indicating that connectivity plays a crucial role in maintain
stable bird communities, and thus influencing recapture rates (because of reduced site fidel-

ity of bird species).

Habitat fragmentation is often accompanied by changes in vegetation structure and habitat
heterogeneity, which may alter resource availability. Disturbance events such as selective
logging or agricultural use can change forest structure and therefore affect bird assem-
blages differently depending on their ecological traits. A meta-analysis by Gray et al. (2006),
including data from 56 studies covering 1214 bird species in Asia and the Neotropics,
demonstrated that feeding guilds respond differently to moderate disturbance. Granivorous
species often increase in abundance following disturbance, whereas insectivorous and fru-
givorous birds tend to decline. The response of species to disturbance is also influenced by
ecological traits such as body size, geographic range and local population size (Gray et al.,
2006). These differences in disturbance sensitivity may contribute to variation in recapture

rates among species and forest types.

As mentioned above, the bird community and the composition of feeding guilds inhabiting
secondary forests changes depending on the surrounding landscape. In more fragmented
areas of Costa Rica, the predominant landscape component surrounding secondary forests
are agricultural areas (Sanchez-Azofeifa et.al., 2003). Although most bird species avoid ag-
ricultural areas, nearly a third of all birds regularly uses such habitats. There they provide
important ecosystem services like pest control, pollination and most importantly seed dis-
persal. The usage of agricultural areas as suitable habitats differs between feeding guilds.
When compared to primary forests the species richness of large frugivorous birds declines

in agroforests. The same results were shown for large insectivorous birds (especially
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terrestrial and understorey species). In contrast, nectarivores, small-to-medium insectivo-
rous, omnivores, granivores and small frugivores respond more frequently use agricultural
landscapes. This usage is dependent on the seasonal availability of resources (Sekercioglu,
2012; Fleming, 1979). These differences highlight the importance of landscape context

when interpreting patterns of species movement and recapture rates.

Comparative studies of primary forest, secondary forest, and agricultural land further
demonstrate that secondary forests can support relatively high species richness, especially
when located close to primary forest habitats (Dunn, 2004; Barlow et al., 2007). However,
similarities in species richness between primary and secondary forest are often influenced
by the proximity of undisturbed forest, which allows recolonization of secondary habitats
(Barlow et al., 2007; Gardner et al., 2007). In more isolated secondary forests, species rich-
ness may be considerably lower. Highly specialized primary forest species, such as canopy
frugivores or seed predators, often depend on specific resources that may not be available
in secondary forests, particularly due to seasonal or reduced fruit availability (Barlow et al.,
2007; Fleming, 1979). These findings indicate that forest age alone does not determine
habitat quality, but must be considered together with connectivity, landscape structure, and

resource availability.

Another factor that may explain the absence of a clear relationship between forest age and
recapture rates is the temporal variation in food availability. In tropical forests, the availabil-
ity of fruits, insects, and other resources often fluctuates seasonally, which can influence
movement patterns of birds. The availability of fruit resources differs between forest types
and succession stages and may vary considerably throughout the year. Plants show differ-
ent strategies of fruit production, ranging from short periods with high fruit abundance to
prolonged periods with low but continuous availability. Studies conducted in lowland tropical
forests of Costa Rica showed strong seasonality in fruit production, with clear peaks in fruit
availability during specific periods of the year (Fleming, 1979; Frankie et al., 1974). Such
seasonal variation may force birds to move between habitat patches in search of resources,
resulting in lower recapture rates even in structurally suitable habitats. Seasonal fluctuations
in food availability may therefore mask potential effects of forest succession on site fidelity.

Even if older forests provide more complex vegetation structures, temporary shortages of
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food resources may cause individuals to leave a site and return later, reducing the probabil-
ity of recapture. This may explain why no significant relationship between forest age, feed-
ing guild, and recapture rates was detected in the present study, despite structural differ-
ences between forest types. Vegetation parameters such as canopy cover, canopy height,
basal area, or understory density may therefore be more relevant for site fidelity than forest

age alone.

The results of this study further indicate that forest specialists show higher recapture rates
than non-forest specialists. This pattern is consistent with previous studies demonstrating
that habitat loss and fragmentation are maijor drivers of species decline in tropical ecosys-
tems (Blandon et al., 2016). Forest specialist species often depend on specific structural
features of mature forests and therefore show limited movement between habitat patches.
Studies on movement patterns of tropical forest birds in forest patches of different ages
have shown that specialists tend to remain within intact forest habitats and rarely enter de-
graded or open areas (Habel et al., 2015). Some species even return to their original forest
patch after experimental translocation to habitats of lower quality, indicating strong site fidel-
ity. In contrast, generalist species usually show greater flexibility in habitat use and larger

home ranges, which may result in lower recapture rates.

Differences between primary and secondary forests may also contribute to these patterns.
Studies conducted in Amazonian rainforests showed that some forest specialists exhibit
higher site fidelity in primary forests than in secondary forests, suggesting that secondary
habitats may not always provide the necessary structural complexity or resource availability
for highly specialized species (Powell et al., 2015). This supports the assumption that habi-

tat quality, rather than forest age alone, determines the behaviour of tropical birds.

As predicted, recapture rates decreased with body size. However, this does not necessarily
has to be caused by larger home ranges since the likelihood of recaptures of larger species

can be also affected by decreasing mesh sizes (Leidinger 2021).

Overall, the results of this study highlight, that bird community composition in tropical forests

is influenced by multiple interacting factors, including forest structure, disturbance history,
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connectivity between forest patches, and seasonal variation in resource availability. These
factors may affect species differently depending on their ecological requirements. Specialist
species often depend on structurally complex and well-connected forest habitats, whereas
generalist species may benefit from heterogeneous landscapes containing secondary forest
and disturbed areas. Consequently, conservation strategies must consider the trade-off be-
tween maintaining high overall species richness and preserving habitat conditions required
by specialized forest species. Secondary forests can contribute substantially to biodiversity
conservation, particularly when they are well connected to primary forest habitats, but they
may not fully replace old-growth forest for highly specialized species. Maintaining connected
forest landscapes with patches of different successional stages may therefore be essential

for preserving both species richness and functional diversity in tropical bird communities.
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