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Introduction: In production forests, management can have cascading effects on

biodiversity and ecosystem services. Acoustic diversity reflects the diversity of

vocalizing animals and has also considerable recreational value for human well-

being, but the relationship between acoustic diversity and forest management

remains largely unexplored

Method: We recorded acoustic diversity on forest plots along a gradient of

silvicultural management intensity (SMI) in three regions of Germany. We

explored the diurnal and seasonal temporal dynamics in acoustic diversity

index (ADI) from March to July using generalized additive mixed models

(GAMMs). We further investigated the interrelation between acoustic diversity

and silvicultural management intensity, forest structural diversity, as well as tree

diversity, bird species richness and abundance using structural equation

modeling (SEM).

Results: Silvicultural management intensity had significant effects on the

temporal dynamics of ADI in May and June from dawn till dusk, but variance

explained by SMI was low. We confirmed our hypothesis that ADI was reduced by

SMI due to its cascading effects on forest structural diversity and bird species

richness and abundance.

Discussion: Acoustic diversity indices can provide valuable insights into how

forest management affects the acoustic activity of soniferous communities. We

discuss how this can indicate both changes in species diversity as well as their

vocal activity. We further address potential implications for forest management.
KEYWORDS

acoustic diversity index, acoustic diversity, temporal dynamics, forest management,
ecoacoustics, soundscape phenology, soundscape ecology
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1 Introduction

The way humans utilize, transform, and manage ecosystems

has tremendous impacts on biodiversity and the ecosystem

functions provided by those species able to persist in human-

altered landscapes (Newbold et al., 2015; Purvis et al., 2021;

Jaureguiberry et al., 2023). By managing forests, mainly with a

focus to optimize timber production, humans alter forest structure

and tree species composition, with cascading effects on associated

biodiversity (Penone et al., 2019; Ampoorter et al., 2020; Heidrich

et al., 2020). In the face of the various challenges posed by global

change (climate crisis, biodiversity crisis, global health crisis), land

use management needs to ensure the multi-functionality of

ecosystems and address the various public demands beyond

food and timber production, including nature-based recreation,

health maintenance, education, and experience. Preserving and

restoring biodiversity is an important key to ensure multi-

functionality – not only in forests (Gamfeldt et al., 2008;

Cardinale et al., 2012; Hooper et al., 2012; van der Plas et al.,

2016; Le Provost et al., 2023). At the same time, there is growing

evidence that increased biodiversity enhances the beneficial effects

of forests on human health and well-being (Civitello et al., 2015;

Marselle et al., 2021; Gillerot et al., 2022; Steinparzer et al., 2022;

Gillerot et al., 2024; Rozario et al., 2024a). Soniferous animals,

especially the prominent acoustic activity of birds in spring, are

important mediators in connecting people to nature and its

benefits (Ratcliffe et al., 2013; Hedblom et al., 2014; Phillips

et al., 2023). In a pan-European study, for example, it has been

shown that bird species richness is highly correlated with people’s

life satisfaction to a similar extent as income (Methorst et al.,

2021). However, as bird populations decline, so does the acoustic

diversity of spring soundscapes and their potential ecosystem-

service function to humans (Morrison et al., 2021).

Soundscapes comprise the often complex acoustic environment,

consisting of animal sounds (biophony), noises generated by

physical and chemical activities in the environment (geophony),

and human-generated sounds (anthropophony) (Pijanowski et al.,

2011a, b). Monitoring acoustic diversity patterns can reveal

ecologically relevant insights into patterns and drivers of acoustic

habitat characteristics (Retamosa Izaguirre et al., 2021; Ross et al.,

2021; Barbaro and Froidevaux, 2022; Müller et al., 2022; Scarpelli

et al., 2023). These acoustic habitat characteristics in turn are

important for acoustic niche partitioning and connectivity, as

they determine the communication channels between the

individuals inhabiting this space (Mullet et al., 2017). Forest

management can impact the richness, abundance, and functional

composition of local bird assemblages (Wells et al., 2011; Schulze

et al., 2019), potentially with direct consequences for the acoustic

diversity that characterizes the soundscape. In addition, patterns of

acoustic diversity are likely to be influenced by various factors that

contribute to the daily plasticity of bird vocal activity and sound

transmission quality, such as habitat structure, weather conditions,

resource availability, and the presence of potential predators

(Slagsvold, 1977; McNamara et al., 1987; Slabbekoorn et al., 2002;

Brown and Handford, 2003; Bruni et al., 2014; Naguib and Riebel,

2014; Schäfer et al., 2017). Furthermore, noise levels in the form of
Frontiers in Ecology and Evolution 02
anthropophony and geophony have been shown to modify the

singing behavior of birds (Francis et al., 2009; Barber et al., 2010).

The temporal patterns of acoustic activity and diversity in

soundscapes can be measured and analyzed using acoustic

indices. The latter have attracted increasing attention by

researchers and conservationists as potential tools and proxies for

biodiversity monitoring across large spatial and temporal scales

(Sugai et al., 2018; Alcocer et al., 2022). To date, roughly 70 different

acoustic indices have been developed. However, their correct

application and, above all, their interpretation is subject to certain

pitfalls and caveats (Bradfer-Lawrence et al., 2023). Studies

investigating their ability to reveal meaningful ecological patterns

regarding their applicability as proxies for species richness of

soniferous animals, have produced mixed results and uncovered

clear limitations (Quinn et al., 2023; Sethi et al., 2023). One reason

for this is the intrinsic characteristic of acoustic indices to integrate

all components of the soundscape, regardless of whether they

originate from geophony, anthropophony, or biophony. This is

problematic as it makes the assessment of changes in acoustic

diversity notoriously difficult and prone to misinterpretation.

However, calculating indices only for relevant frequency ranges

and aggregating over meaningful ecological time periods can partly

overcome these limitations (Metcalf et al., 2020; Bradfer-Lawrence

et al., 2023; Xu et al., 2023). Acoustic indices are calculated over

minute intervals. However, processes such as competition for

acoustic space typically limit the number of birds singing together

within a minute (Staniewicz et al., 2023). If there is acoustic overlap

and masking within the dawn chorus, acoustic indices often do not

increase linearly with increasing species richness but tend to level-

off at some point (Sueur et al., 2008; Beason et al., 2023), or show

otherwise unexpected behavior (Gasc et al., 2015). Yet, it remains

unclear at what time of the day and when in the spring season the

above-mentioned factors would have the strongest effects on

acoustic diversity. Intuitively, we assumed that differences would

be most pronounced when birds are most active (e.g. at dawn and

when the peak of the breeding season is reached) but differences

between study plots may be better detected by analyzing longer

periods of the day and the season, rather than focusing on dawn

periods during the peak breeding period. For a short period of time

at dawn, even study plots with low bird diversity may show diverse

choruses of several species singing together. Meanwhile, study plots

with higher numbers of vocalizing bird species should show greater

continuity of vocal activity throughout the season. Therefore, the

objectives of this study were to determine (1) how forest

management intensity affects acoustic diversity over time and

then (2) whether it can be explained by changes in bird species

richness and abundance in differently managed forests. In order to

address the first objective, we analyzed diurnal patterns of acoustic

diversity over several months in spring, using generalized additive

mixed models (GAMMs) to identify the periods when management

intensity had the strongest effect on acoustic diversity across our

study plots. In doing so, this study also contributes to describing

and understanding the phenology of acoustic dynamics in different

habitats, which few studies have addressed (but see Gage and Axel,

2014; Buxton et al., 2016; Oliver et al., 2018; Grinfeder et al., 2022).

Acoustic data were collected along a gradient of forest management
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intensity in three German regions: the Swabian Alb (southwest

Germany), the Hainich-Dün (central Germany), and the

Schorfheide-Chorin (northeast Germany), all part of the

Biodiversity Exploratory network (Fischer et al., 2010).

Differences in forest management (see Methods section for more

details) were quantified using an index of silvicultural management

intensity (SMI, Schall and Ammer, 2013), which accounts for

variations in stand age, tree species composition, and stand basal

area among forest plots.

To address our second objective, we applied a structural

equation modeling (SEM) approach, hypothesizing that increased

forest management intensity reduces vertical and horizontal

structural heterogeneity and tree species diversity with negative

effects on bird species richness and abundance (MacArthur and

MacArthur, 1961; Tews et al., 2004; Czeszczewik et al., 2015; Renner

et al., 2018; Schall et al., 2018; Penone et al., 2019; Reise et al., 2019;

Ampoorter et al., 2020; Müller et al., 2020; Basile et al., 2021).

Finally, we hypothesized that this reduction in mean bird richness

and abundance would result in lower acoustic diversity, revealing a

cascading negative effect of forest management intensity on spring

acoustic diversity.
2 Methods

2.1 Study sites

The study sites are part of the Biodiversity Exploratory research

program (Fischer et al., 2010) a platform of study plots that were

established in 2006 in three regions in Germany: (1) Schorfheide-

Chorin (SCH) in north-east Germany (N 53.16°–52.85° and E

13.59°–14.05°); (2) Hainich-Dün (HAI) in central Germany (N

51.37–50.95° and E 10.19–10.77°); and (3) Swabian Alb (ALB) in

south-west Germany (N 48.51–48.35° and E 9.20–9.60°). Within

each region, 50 study plots measuring 100 m x 100 m were

established in forests of varying composition and management for

surveys of biodiversity and ecosystem processes.

The study plots in the Schorfheide-Chorin are located in one of

the most sparsely populated areas in Germany, north of Berlin,

situated within the UNESCO Biosphere Reserve that was

established in 1990. The current geomorphology of the landscape

was formed during the last ice age. This is the region with the lowest

altitude, at 3-140 meters above sea level. The average annual

temperature is between 8 and 8.5 °C and the average annual

rainfall is only 500-600 mm. The gradient of silvicultural

management practices among the study plots range from

managed forests, including Scots pine (Pinus sylvestris, L.),

European beech (Fagus sylvatica, L.), pine-beech, and oak

(Quercus robur, L. and Quercus petraea, (Mattuschka) Liebl.)

dominated forests to semi-natural unmanaged beech forests in

the core areas of the biosphere reserve. Most of the forests are

managed age-class forests, the currently unmanaged forests have

not been logged since 1990.

The Hainich-Dün region is characterized by extensive beech

forests on limestone and loess. With 16,000 ha, the Hainich is one of

the largest continuous deciduous forest areas in Germany at an
Frontiers in Ecology and Evolution 03
altitude of 285–550 m above sea level. The average annual

precipitation is between 500 and 800 mm and the average annual

temperature ranges between 6.5 and 8 °C. Some of our study plots

are part of the Hainich National Park that was established in 1997.

The Dün is a mountain ridge with an extension of 270 km² of which

about half is covered by forest. The study plots are located in

unmanaged natural beech forests (Hainich National Park),

selection-cutting beech forests, and managed age-class forests

either dominated by beech or by Norway spruce (Picea abies, (L.)

H. Karst.). However, spruce is declining due to increasing intensity

and frequency of droughts and subsequent bark beetle infestation.

The Exploratory Swabian Alb is located in limestone-rich

mountain ranges. The area is characterized by a mosaic of

wooded and open areas. It is the study region with the highest

altitude (460-860 m above sea level), with correspondingly low

mean annual temperatures (6-7 °C) and the highest precipitation

levels of the three regions (annual average: 700-1000 mm). The

forest types range from old beech forests in nature reserves, to

managed beech forests with a high proportion of spruce and other

species, to intensively managed beech or spruce monocultures. The

age structure of the managed forests ranges from young

afforestations to mid-aged forests, with trees more than a

hundred years old. A special feature of the Swabian Alb are the

mixture of ravine and slope forests, which are particularly rich in

species and structure.
2.2 Acoustic recording procedure and
data processing

The acoustic diversity of the study plots was assessed

from recordings made by a prototype version of the autonomous

recorder “Soundscape Explorer Terrestrial” (SET) by Lunilettronik

Cooperativa, Fivizzano, Italy. Each recorder was equipped with an

omnidirectional microphone capsule EMY-63M/P (sensitivity (0

dB = 1 V Pa-1. 1 kHz): dB -38 +/- 3, signal to noise ratio: > 60 dB,

input voltage of the analog-to-digital converter (ADC): 0.75 Vrms

(root-mean-square voltage) (personal communication with

Lunilettronik Coop.)). The microphone gain was manually set to

+25 dB. Recorders were programmed to record for one minute

every ten minutes per day, with a sampling rate of 48 kHz and bit

depth of 16 bits. One recording period lasted approximately two

months, after which batteries and SD cards were replaced. In this

study, we analyzed acoustic data collected from March through July

2016, to track acoustic activity throughout the spring and summer.

Due to technical failures (a mix of battery, recorder, or SD-Card

malfunctions) some study plots had to be excluded from further

analysis (see Table 1, for the number of plots included per time

period). Each recording device was placed at 2 m height, within a

fenced area of the plots that contained also the equipment of a small

weather station and other sensitive technical instruments.

We computed the acoustic diversity index (ADI) (Villanueva-

Rivera et al., 2011) to analyze temporal acoustic patterns. The ADI

is calculated as the Shannon entropy of the relative distribution of

acoustic energy across frequency bands. It is a measure of acoustic

diversity across the entire frequency range and thus comprises all
frontiersin.org
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TABLE 1 Standardized total effects on ADI derived from structural equation models for each time period from March till July (dawn, day, dusk,
and night).

Mean ADI R²
for ADI

Bird
richness

Bird
abun.

DBH_sd ENL Tree_SH SMI

Dawn March
X²: 2.579, p-value, (X²): 0.631, p-value RMSEA <=
0.05: 0.722, n: 91

0.036 n.s. n.s. n.s. n.s. n.s. n.s.

Day March
X²: 3.022, p-value, (X²): 0.554, p-value RMSEA <=
0.05: 0.656, n: 91

0.029 n.s. n.s. n.s. n.s. n.s. n.s.

Dusk March
X²: 4.015, p-value, (X²): 0.404, p-value RMSEA <=
0.05: 0.518, n: 91

0.009 n.s. n.s. n.s. n.s. n.s. n.s.

Night March
X²: 3.621, p-value, (X²): 0.460, p-value RMSEA <=
0.05: 0.571, n: 91

0.027 n.s. n.s. n.s. n.s. n.s. n.s.

Dawn April
X²: 0.790, p-value, (X²): 0.850, p-value RMSEA <=
0.05: 0.900, n: 125

0.116 n.s. n.s. 0.19 n.s n.s. -0.09

Day April
X²: 2.190, p-value, (X²): 0.700, p-value RMSEA <=
0.05: 0.800, n: 125

0.087 n.s. 0.40 0.20 0.14 0.10 -0.07

Dusk April
X²: 3.460, p-value, (X²): 0.480, p-value RMSEA <=
0.05: 0.630, n: 125

0.045 n.s. 0.28 0.14 0.10 0.07 -0.05

Night April
X²: 2.828, p-value, (X²): 0.590, p-value RMSEA <=
0.05: 0.720, n: 125

0.019 n.s. n.s. n.s. n.s. n.s. n.s.

Dawn May
X²: 5.150, p-value, (X²): 0.270, p-value RMSEA <=
0.05: 0.400, n: 109

0.141 n.s. 0.31 0.16 0.10 0.10 -0.28

Day May
X²: 7.520, p-value, (X²): 0.110, p-value RMSEA <=
0.05: 0.210, n: 109

0.271 n.s. 0.60 0.30 0.19 0.19 -0.43

Dusk May
X²: 5.282, p-value, (X²): 0.212, p-value RMSEA <=
0.05: 0.336, n: 109

0.138 n.s. 0.47 0.24 0.15 0.15 -0.18

Night May
X²: 6.113, p-value, (X²): 0.191, p-value RMSEA <=
0.05: 0.310, n: 109

0.055 -0.38 0.39 0.04 0.04 -0.03 -0.04

Dawn June
X²: 4.107, p-value, (X²): 0.392, p-value RMSEA <=
0.05: 0.552, n: 132

0.138 n.s. 0.30 0.16. 0.11 0.07 -0.32

Day June
X²: 4.049, p-value, (X²): 0.256, p-value RMSEA <=
0.05: 0.390, n: 132

0.255 n.s. 0.36 0.19 0.13 0.27 -0.28

Dusk June
X²: 3.365, p-value, (X²): 0.499, p-value RMSEA <=
0.05: 0.649, n: 132

0.108 n.s. 0.31 0.16 0.11 0.07 -0.30

Night June
X²: 3.561, p-value, (X²): 0.469, p-value RMSEA <=
0.05: 0.622, n: 132

0.045 n.s. n.s. n.s. n.s. n.s. -0.19

Dawn July
X²: 5.338, p-value, (X²): 0.146, p-value RMSEA <=
0.05: 0.252, n: 121

0.099 n.s. n.s. n.s. 0.23 n.s. -0.11

(Continued)
F
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components of the soundscape. There is already ample literature

that tests and compares the performance of different indices with

respect to other measures of biodiversity, the majority focusing on

bird species richness (Zhao et al., 2019; Alcocer et al., 2022).

Therefore, rather than comparing the performance of different

indices, this study focused on investigating temporal patterns of

acoustic diversity and its drivers. For this purpose, we chose an

index that a) showed temporal patterns that clearly related to

known vocal activity patterns of birds in our study system

(Supplementary Figures S1–S4) and b) has been shown to be

robust with respect to the shape of the vocal units as well as the

frequency of occurrence of vocalizations and their intensity (Zhao

et al., 2019), while also relating well to bird diversity under different

environmental conditions (Mammides et al., 2017; Turner et al.,

2018; Müller et al., 2020; Sánchez-Giraldo et al., 2020; Boullhesen

et al., 2021; Retamosa Izaguirre et al., 2021). The best practice

criteria defined by Bradfer-Lawrence et al. (2023) were thus met.

The ADI was calculated for each wave file using the “multiple

sounds” function in the soundecology package (Villanueva-Rivera

and Pijanowski, 2016) in the R statistical computing environment

(R Core Team, 2017). We calculated ADI across the frequency

range of 0–24 kHz using 1 kHz steps and a decibel threshold of

−50 dB.

The quality of the audio data was assessed by reviewing the first

and last recording of each recording period. For data cleaning

purposes, scatterplots of the ADI per plot across 24h periods were

used to identify outlying index values, which led to direct

identification of corrupted recordings. Corrupted recordings

contained technical noise due to battery failure or were affected

by a drop in microphone sensitivity, so no signals were captured.

However, recordings containing noise from wind and rain were

included for further data processing. In a previous study we showed

that the correlation of monthly mean values of ADI between plots

for which rainy days were considered or not was high (> 0.99,

Müller et al., 2022). This is also in line with the recommendation to

average acoustic indices over longer time periods to even out

outliers, e.g. peaks from rain and strong wind (Bradfer-Lawrence
Frontiers in Ecology and Evolution 05
et al., 2019). The total number of study plots included was 91, 125,

109, 132 and 121 for the months of March, April, May, June, and

July respectively. Supplementary Figures S5–S8 show that varying

the number of plots had only marginal effects on the upper part of

the structural equation models (SEMs), that specified the effects of

forest management intensity, forest structure, and tree species

diversity on bird abundance and richness. The strongest

differences were observed for March, when only 91 plots could be

included in the analysis.
2.3 Silvicultural management intensity

The silvicultural management intensity index (SMI) was

developed by Schall and Ammer (2013) and consists of a risk of

stand loss component (SMIr: probability of stand loss before the age

of 180) and a density component (SMId: relative deviance between

actual basal area of the forest stand and the corresponding basal

area carrying capacity of the site, based on a stand with identical tree

species composition). The risk of stand loss is a function of tree

species and stand age, while stand density quantifies the impact of

recent and past tree removals and regeneration methods by relating

the actual biomass to a reference. At the operational level, SMI

primarily responds to management practices such as removals

through maintenance, thinning, and harvest operations that

decrease stem number, basal area, growing stock (commercial

wood volume), and biomass (Schall and Ammer, 2013). The SMI

successfully distinguishes managed from unmanaged forest stands,

and also reflects the variability of forest management as well as

stand properties across the entire range of forest study plots of the

Biodiversity Exploratories (see Schall and Ammer, 2013 for more

details). The majority of the study plots had SMI values between

0.14 and 0.33 (1st and 3rd quartiles of the SMI distribution between

plots, Figure 1). The 3rd quartile represented age-class forest stands,

particularly beech- or spruce-dominated forests with high density

and an average stand age of 80 years, typically associated with

intensive forest management (Schall and Ammer, 2013). Plots with
TABLE 1 Continued

Mean ADI R²
for ADI

Bird
richness

Bird
abun.

DBH_sd ENL Tree_SH SMI

Day July
X²: 5.536, p-value, (X²): 0.237, p-value RMSEA <=
0.05: 0.377, n: 121

0.081 n.s. 0.33 0.17 0.12 0.08 -0.21

Dusk July
X²: 1.422, p-value, (X²): 0.840, p-value RMSEA <=
0.05: 0.900, n: 121

0.033 n.s. n.s. n.s. n.s. n.s. -0.17

Night July
X²: 1.775, p-value, (X²): 0.777, p-value RMSEA <=
0.05: 0.857, n: 121

0.039 n.s. n.s. n.s. n.s. n.s. -0.18

Mean standard estimate across all time periods -0.019 0.18 0.10 0.07 0.05 -0.15

Mean standard estimate from April till June
without night period

0 0.31 0.14 0.10 0.09 -0.17
Standardized total effects can range between -1 and 1. For a description on how total effects were calculated see section 2.6 “Statistical analysis”. “n.s.” indicates that no significant pathway was
identified by the model; numbers highlighted in bold indicate the strongest total effect on the respective acoustic parameter.
frontiersin.org

https://doi.org/10.3389/fevo.2024.1392882
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Müller et al. 10.3389/fevo.2024.1392882
even higher SMI values (SMI > 0.55) indicated very young stands of

high stem density, i.e. the highest values were associated with

spruce-dominated forest age classes (45-65 years). Only two plots

had such high SMI values. In contrast, plots with SMI values around

the 1st quartile were unmanaged or extensively managed mature

stands (average age 130 years). The latter were either mixed or

single species stands, with or without being managed in the age class

system. The lowest SMI values are related to unmanaged or

extensively managed beech forests, both pure and mixed stands,

with an age between 140 and 175 years. Thus, the three regions,

which are part of biosphere reserves or the Hainich national park,

were characterized by low management intensities. In particular,

42.6% of the plots are deciduous stands with a stand age of > 120

years, while at national level only 8.9% of all forest stands fall into

this category (cf. Figure 1, source: BMEL, 2014). The corresponding

data is based on a forest inventory carried out on the study plots

from 2008 to 2010 (see data availability statement).
2.4 Forest features

Biodiversity in general and birds in particular benefit greatly

from habitat heterogeneity and tree species diversity (e.g.

MacArthur and MacArthur, 1961; Boecklen, 1986; Penone et al.,

2019; Ampoorter et al., 2020; Heidrich et al., 2020; Basile et al.,

2021). Therefore, we chose two properties that are related to

horizontal and vertical structural heterogeneity, the standard

deviation of the diameter at breast height (DBHsd) and the
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effective number of layers (ENL). In addition, we included tree

species diversity to test our hypothesis. DBHsd and tree species

diversity were based on the forest inventory carried out on the study

plots from 2008 to 2010 (see data availability statement). All trees

with a diameter ≥ 7 cm were included in the inventory. Tree species

diversity was calculated as the Shannon diversity based on the

number of individuals per species. The effective number of layers

(ENL), was determined by terrestrial laser scanning (TLS) in 2014

(Ehbrecht et al., 2016). The index quantifies vertical stand structure

by applying the inverse Simpson-Index to the vertical distribution

of points in 3D space. Index values increase with increasing stand

height and a more even occupation of 3D space by foliage, branches,

and stems along the vertical axis (Ehbrecht et al., 2016).
2.5 Bird species richness and abundance

Birds were surveyed by standardized audiovisual 5-minute point

counts, including all individuals seen or heard within the 100 m x 100

m study plots (Wells et al., 2012; Renner et al., 2014). Each site was

surveyed five times per year, between 2008 and 2012. The surveys

took place during the main breeding season (March 15 to June 15), in

the period between sunrise and 11:00 am. The sequence in which sites

were visited was randomized. Relative abundance of the species per

plot and year was calculated as the maximum number of individuals

counted per species (Renner et al., 2014). Bird species richness for

each site was computed by averaging the number of species observed

per plot over the five survey years. Unfortunately, bird count data
FIGURE 1

Histogram of silvicultural management intensity index (SMI) across the three regions. Minimum SMI: 0.002, 1st quartile: 0.130, median: 0.210, 3rd

quartile: 0.318, maximum: 0.602. The integrated table highlights differences in the proportion of intensively and extensively managed forests
between the study plots and forest stands at the national level (BMEL, 2014).
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were not available for the years 2013-2016. By averaging the counts

over five consecutive years, we aimed to smooth over temporal

fluctuations and obtain a representative measure of the spatial

variation in bird species richness across plots (Holmes et al., 1986).

We acknowledge that this is not ideal and would weaken the

relationship between acoustic indices and bird richness and

abundance, as this average is only a proxy for actual richness and

abundance in the year recorded. Nevertheless, we consider this proxy

to be appropriate, as forest management did not change significantly

over this period per plot, as the amount of biomass harvested per plot

showed no temporal trend (Supplementary Figures S13, S14).
2.6 Statistical analysis

To model diurnal patterns of the acoustic diversity index (ADI)

for different months, we fitted generalized additive mixed models

(GAMMs) with a beta distribution to our acoustic dataset, using the

“bam”-function within the mgcv-package 1.8-42 (Wood, 2017). As

our study focus was to analyze the effect of day time and month on

the acoustic diversity index (and not the effect of weather and

temperature) we aggregated data into median ADI values per

diurnal time period (00:00, 00:10, 00:20 …) across a whole month

for each plot (Bradfer-Lawrence et al., 2023). For the GAMMs, the

ADI median values were standardized to values between one and

zero in order to meet the model assumptions and correctly fit a beta

error- distribution family (“betar”) with a “logit” link-function. To

account for spatial autocorrelation, we added research plot

coordinates as an additional smooth term and region as a

random factor (see Tables 2, 3 for model specifications).

We formulated a model using a smoothed nonlinear spline for

time of day (ToD) grouped by month to account for diurnal and

monthly patterns in the acoustic dataset. To test how much

additional deviance in ADI among the study plots would be

explained by the silvicultural management index (SMI), we

compared the deviance explained from models including only

temporal parameters (time of day and month) to a model that

also included SMI. Thus, we extended the purely temporal models

by including month, SMI and their interaction as non-smooth

parameters. We also added SMI as a grouping factor to the

smoothed nonlinear spline for ToD and month. We then stepwise

simplified the models, using AIC model selection approaches, until

the SMI component was excluded from the final model to compare

howmuch deviance was explained by SMI. All models were checked

graphically using the “gam.check”-function (mgcv-package 1.8-42;

Wood, 2017). Results graphs were produced using the

“plot_smooth”-function from the itsadug-package (version 2.4.1.,

van Rij et al., 2022).

To test the hypothesized cascading links between SMI, forest

structural features, tree species diversity, and bird species richness

and abundance on ADI we applied a structural equation modeling

(SEM) approach. Structural equation modeling is a multivariate

statistical method that allows for hypothesis testing of complex

networks of relationships (e.g. Grace et al., 2010), identifying direct

and indirect drivers. To test our hypothesis that increasing
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silvicultural management intensity causes a decrease in acoustic

diversity, we built a priori structural equation models, based on our

conceptual model (Figure 2). We run separate models for the four

different daytime periods (dawn, day, dusk, and night) and the five

months from March to July, hypothesizing that the strength of the

effects of forest management, forest features, tree species diversity,

as well as bird species richness and abundance on acoustic diversity

would change through the day phases and spring season. We

expected lower values for the standardized coefficients between

bird species richness, bird abundance and acoustic diversity at

night, when few birds are active and lower values in July when

the acoustic activity of birds eventually declines as the breeding

season comes to an end.

We first tested and refined our conceptual model using mean

ADI values (not standardized) for the month of May, covering the

period from dawn to dusk. The SMI was included as a direct driver of

forest features and tree species diversity (path 1, Figure 2). Forest

features and tree species diversity were included as direct drivers for

mean bird species richness and abundance (years 2008 – 2012, path 2,

Figure 2). In other words, we tested how forest management intensity

and forest features affected the average number of bird species and

their abundance present on these plots over several years and

hypothesized a direct link to acoustic diversity (path 3, Figure 2).

Correlation among bird species richness and abundance (double

headed arrows) was added to the a priori model. After applying this

predefined model, we tested for missing relationships among our

variables (i.e. linkages or paths), using the modification indices

(“modindices”) function and considered every suggestion with a

value >2, before proceeding (Grace, 2006). As a result, we included

silvicultural management intensity as a direct driver for bird species

richness and abundance, as well as acoustic diversity. We added a

missing path only if a causal relationship was biologically valid, e.g.

we ignored the biologically absurd option that acoustic diversity had a

causal effect on tree species diversity. Once the final model was

defined, it was applied to all subsequent time periods.

Models were run using the software package lavaan in R

(Rosseel, 2012). The function fits models using maximum

likelihood based on observed and expected covariance matrices.

The model fit is estimated as the overall model p-value which

indicates whether the two covariance matrices are significantly

different from each other (p < 0.05, poor model fit) or not (p >

0.05, good model fit). In order to assess which of the variables (bird

species richness, bird abundance, forest features, or SMI) had the

highest total effect on acoustic diversity at different time periods the

standardized path coefficients within each possible pathway

between the respective variable and the acoustic variable were

multiplied and all resulting products were summed (Grace, 2006,

Table 1). Prior to the SEM analysis we calculated linear models with

‘exploratory region’ as an explanatory factor for all variables, and

used the residuals from this model as input variables in the SEM.

The variables were scaled, i.e. divided by 10, to ensure that all

variables were within the same numerical range. The tree species

diversity variable was log transformed to meet the model

assumptions. All statistical analyses were performed in R 4.3.1

(R Core Team, 2023).
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3 Results

3.1 Forest management impacts on
temporal patterns of the acoustic
diversity index

In all months, the diurnal patterns of the ADI exhibited distinct

peaks around dawn and dusk (Figure 3). The dawn peak was always

higher than the dusk peak. The peaks gradually shifted with the

changing times of sunrise and sunset in spring and early summer.

Clear minima of ADI appeared in the afternoon. From March to

June, this was roughly around 15:00 and thus seemed to be

independent of daylength. In July, however, this minimum shifted

towards the early evening (~19:00, Figure 3). The highest average

ADI values were observed in June. Noticeable, the seasonal increase

in ADI from March to June was not only observed at dawn and

dusk, but also during daylight hours. Finally, in June and July,

values during daylight hours were almost as high as the dawn and

dusk values. In July, the ADI decreased again and the peaks at dawn

and dusk were less pronounced, but still noticeable. After sunset,

however, acoustic activity declined more slowly in July than in the

previous months.

Overall, the factors “month” and “time of the day” explained

most of the deviance (80.8%, Table 2). The SMI turned out to be a

highly significant factor in our model (s(ToD: SMI): edf: 15.8,

Ref.df: 58, F: 12.5, p-value < 0.001 ***, Table 3). The interaction with

the factor “month” (SMI: month, in Table 3) was also significant.

The effect of SMI was strongest in May and June (cf. Figure 3).

While the more complex model including SMI was justified on the

basis of model selection methods using the AIC (DAIC of the full

model versus the model without SMI: 288.4), the inclusion of SMI

only explained an additional 0.7% of the deviation [deviance

explained including SMI (Table 3): 81.5%, excluding SMI: 80.8%

(Table 2)]. Comparing ADI values for the highest silvicultural

management intensities with values for the lowest intensities

(dark red and dark blue lines in Figure 3), we observed strong

effects of SMI on ADI in May and June from dawn to dusk.

However, when the gradient in SMI was less pronounced

(comparing 1st and 3rd quartile SMI values, light red and blue

values in Figure 3), the effects on ADI were marginal.
3.2 Drivers of the acoustic diversity index

ADI-values during daylight hours in May were directly driven

by plot-level relative bird abundance (Figure 4). Note that bird

species richness and abundance were highly correlated among our

study plots, so the effects of the two cannot be clearly separated. We

tested two alternative models, including bird species richness (mean

across 2008-2012) and bird abundance (mean across 2008-2012)

separately (Supplementary Figures S9, S10). Both models explained

a similar amount of variance in ADI, and model fit was comparable.

Standardized coefficients of bird abundance on ADI were about

twice as high as for bird species richness. As expected, bird species

richness and abundance increased with increasing horizontal and

vertical structural heterogeneity (DBHsd and ENL) and tree species
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diversity (Tree-SH). Forest structural features (DBHsd and ENL) in

turn decreased with increasing silvicultural management index

(SMI). However, no effect of SMI could be found for tree species

diversity. Looking at the relationships between the different SEM

parameters per region, we found that for the Hainich-Dün region,

tree diversity increased with increasing forest management

intensity, while for the other regions the trend was slightly

negative or neutral, resulting in an overall neutral and

nonsignificant trend (Supplementary Figures S11, S12).

Thus, increasing silvicultural management intensity had a

negative effect on ADI values from dawn till dusk in May,

indirectly via negative effects on forest structural features and on

bird species richness and abundance. Table 1 summarizes the total

standardized effects of each factor on the acoustic diversity index

(ADI) during the different time periods. Bird species abundance is

the strongest driver of ADI across all time periods, but particularly

during time periods when birds are known to be most active (mean

values from April till June from dawn till dusk; cf. Table 1). SMI was

the second most important factor. Overall, the explanatory power of

the models was low. The strongest relationship among bird

abundance and the ADI was found for daylight hours in May, i.e.

the period in which most of the variance was explained by the

model (standardized coefficient = 0.6, R² = 0.271).
4 Discussion

4.1 Temporal dynamics of acoustic
diversity index

The SEM analysis confirmed that birds were the principal driver

of ADI patterns. When analyzed separately, both bird species

richness and abundance were related to acoustic diversity

(Supplementary Figures S9, S10), but the standardized coefficient

for the relationship between bird richness and ADI was

considerably smaller and of marginal significance (p = 0.067)

compared to the bird abundance-ADI relationship. In the joint

model (Figure 4), only bird abundance was significant. Both

variables are correlated in our study and are only proxies for the

actual bird community in the year of the acoustic survey (see

methods chapter 2.5 and further discussion in chapter 4.2).

Nevertheless, we expect our results to provide some initial useful

insights into the true underlying relationships between bird species

diversity and acoustic diversity, as both bird abundance and species

richness are likely to affect acoustic diversity. If more bird

individuals of the same species are present in an area, the

acoustic activity increases as, on average, more individuals

vocalize closer to an audio sensor, and presumably acoustic

activity also increases in response to increased niche exploitation

and competition for food, mating, and nesting sites. In addition, the

more species are present, the more diverse the acoustic diversity

should be, as a broader spectrum of species-specific sound

repertoires is recorded. Bird abundance is an often overlooked

driver of acoustic diversity patterns (Alcocer et al., 2022) and the

appropriate assessment of bird abundance is not trivial.

Future studies could test our assumptions by combining point-
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count and acoustic methods (e.g. Doser et al., 2021) and

experimentally disentangling the effects of bird species richness

and abundance on the resulting effects on vocal behavior and

acoustic diversity patterns.

ADI values increased fromMarch to June and then decreased in

July, when the nesting and singing activities of most birds ceased

(Catchpole and Slater, 2018). Thus, the temporal patterns of the

acoustic diversity index followed known diurnal and seasonal vocal

activity patterns of Central European forest birds in spring. In July,

related to the onset of orthopteran stridulation activity in July, the

decrease in ADI values after sunset was lower (Supplementary

Figures S3, S4). A similar pattern was found in another study that

analyzed acoustic phenology over a complete year in a French

subalpine spruce forest, where the acoustic activity of animals also

increased from March till June (Grinfeder et al., 2022). However, in
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contrast to our study, the bioacoustic activity at the latter site

remained at a high level until August before slowly decreasing. It is

known that the start of the breeding season is delayed in montane

bird populations compared to the same species living at lower

altitudes (see species accounts in Südbeck et al., 2005; Boyle et al.,

2016; Bründl et al., 2020). This could have led to an extension of

singing activities to the summer months. In addition, a recent study

in the western Italian Alps has shown that the highest bird diversity

and abundance was recorded during the early post-breeding period

at the end of August, when migratory birds use the montane

habitats to rest and refuel, while the local breeding species are

still on their territories (Alba et al., 2023). It is unclear to what

extent resting migrant birds and other animal groups, such as

orthopterans and terrestrial mammals, also contributed to the

soundscapes in the French subalpine forest. However, in general
TABLE 2 Model specifications and output for GAMM model excluding SMI.

GAMM excluding SMI

Family: Beta regression (24.146)
Link function: logit

Formula:
ADImedian∼month + s(ToD,  by = month,  bs = “ cc ”,  k = 60) +

s(Longitude,  Latitude,  bs = “ tp ”,  k = 110) +

s(Region,  by = month,  bs = “ re ”,  k = 60)

R-sq.(adj) = 0.794; Deviance explained = 80.8%; fREML = 1.2293e+05; Scale est. = 1; n = 85670

Parametric coefficients:

Estimate Std. Error t value Pr(>|t|)

March (intercept) -1.53 0.15 -10.38 <0.001***

April 0.18 0.17 1.08 n.s.

May 0.79 0.17 4.73 <0.001***

June 1.14 0.20 5.78 <0.001***

July 0.54 0.15 3.66 <0.001***

Approximate significance of smooth terms:

edf Ref.df F p-value

s(ToD): March 33.3 58 201.5 <0.001***

s(ToD): April 45.1 58 660.6 <0.001***

s(ToD): May 45.9 58 536.6 <0.001***

s(ToD): June 48.0 58 661.0 <0.001***

s(ToD): July 37.1 58 180.4 <0.001***

s(Longitude, Latitude) 10.9 109 112833.4 <0.001***

s(Region): March 20.0 2 841.4 <0.001***

s(Region): April 19.9 2 368.1 <0.001***

s(Region): May 19.9 2 465.4 <0.001***

s(Region): June 20.0 2 1662.3 <0.001***

s(Region): July 34.0 2 0.0 n.s.
Months: March– July. ToD: Time of day (hour).
Significant levels are given as: p < 0.001: “***”, p < 0.01: “**”, p < 0.05: “*”, p > 0.1.
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terms the differences between the acoustic activity patterns reported

by Grinfeder et al. (2022) and in our study are not unexpected.

In the following, we discuss the monthly acoustic activity

patterns in detail, as they are shaped by three different, partly

overlapping phases of the breeding season.
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(1) In March and April, resident and early arriving migrant

birds start to delimitate their territories by intensively

singing at dawn, and to a lesser extent, also at dusk.

However, the acoustic activity rapidly decreases during

late morning hours and reaches a low point in the
TABLE 3 Model specifications and output for GAMM model including SMI.

GAMM including SMI

Family: Beta regression (24.994)
Link function: logit

Formula:
ADImedian∼ SMI + month + SMI :month + s(ToD,  by = SMI,   bs = “ cc ”,  k = 60) +

s(ToD,  by = month,  bs = “ cc ”,  k = 60) +

s(Longitude,  Latitude,  bs = “ tp ”,  k = 110) +

s(Region,  by = month,  bs = “ re ”,  k = 60)

R-sq.(adj) = 0.8; Deviance explained = 81.5%; fREML = 1.2263e+05; Scale est. = 1; n = 85670

Parametric coefficients:

Estimate Std. Error t value Pr(>|t|)

March (intercept) -1.65 0.13 -12.39 <0.001***

SMI: March 0.53 0.04 12.17 <0.001***

April 0.21 0.15 1.45 n.s.

May 1.12 0.15 7.69 <0.001***

June 1.45 0.18 8.25 <0.001***

July 0.70 0.13 5.27 <0.001***

SMI: April -0.16 0.04 -3.85 <0.001***

SMI: May -1.42 0.04 -32.16 <0.001***

SMI: June -1.35 0.04 -33.13 <0.001***

SMI: July -0.72 0.04 -17.28 <0.001***

Approximate significance of smooth terms:

edf Ref.df F p-value

s(ToD): SMI 15.8 58 12.25 <0.001***

s(ToD): March 32.9 58 166.85 <0.001***

s(ToD): April 45.3 58 375.19 <0.001***

s(ToD): May 46.2 58 442.49 <0.001***

s(ToD): June 48.3 58 480.06 <0.001***

s(ToD): July 37.6 58 166.44 <0.001***

s(Longitude, Latitude) 10.9 109 4509.86 <0.001***

s(Region): March 20.0 2 692.51 <0.001***

s(Region): April 19.9 2 238.56 <0.001***

s(Region): May 19.9 2 252.91 <0.001***

s(Region): June 20.0 2 1259.62 <0.001***

s(Region): July 9.1 2 0.00 n.s
Months: March– July. ToD: Time of day (hour).
Significant levels are given as: p < 0.001: “***”, p < 0.01: “**”, p < 0.05: “*”, p > 0.1.
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afternoon hours. Several studies have shown, both

conceptually and through field work, that for selected

species there is a trade-off between time invested in

singing and time spent foraging (McNamara et al., 1987;

Thomas, 1999; Thomas and Cuthill, 2002; Thomas et al.,

2003; Manica et al., 2014). This is because birds need to

build up enough energy reserves during the day to survive

the nights. As the nights are long and cold in early spring,

the birds’ energy levels may not allow them to sing

intensively during the short daylight periods.

(2) As spring progresses, the number of bird species and

individuals contributing to the local soundscape increases

until around the summer solstice in June, while late long-

distance migrants arrive and some resident and early

arriving migrant species start multiple breeding attempts.

This is likely to increase competition for acoustic space at

dawn and lead to greater pressure to spread the acoustic

activity throughout the day (Staniewicz et al., 2023). At the

same time, nights are getting shorter and less cold, so the

ratio between time spent foraging and singing could shift in

favor of singing during daylight periods (McNamara et al.,

1987). As a result, the decline in the ADI during late

morning hours in May and June is much less pronounced

than in early spring. However, it is doubtful whether the

temporal shift in singing activity alone can conclusively

explain the fact that the highest average ADI values were

observed in June.

(3) To fully explain the ADI patterns, it must be considered

that in May, June, and July, other vocalization types besides

birdsong gain in importance: begging calls of nestlings and

post-fledged juveniles, alarm calls of adults defending their
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young, and contact calls of foraging family groups.

Particularly, fledglings call incessantly to attract the

attention of the adults. We are not aware of any study

that specifically analyzed the calling rates of fledglings. The

literature on begging calls is confined to nestlings (e.g.

Neuenschwander et al . , 2003) and publications

confirming that post-fledging begging calls influence the

territory-selection strategy of conspecifics, underlining

their ecological importance as a temporal component of

the soundscape (Arlt and Pärt, 2008; Kelly and Schmidt,

2017). There are several studies on parental defense

behavior, which generally show that the alarm-call rate in

songbirds increases with the age of the nestlings and

directly after fledging (Halupka, 1999; Pavel, 2006;

Strnadová et al., 2018). During this period, adults

vigorously try to defend their offspring against potential

predators, which are attracted by the conspicuous food-

solicitation behavior of the young. Once the fledglings get

stronger and their wings sufficiently-well developed, family

groups move greater distances, emitting a wide spectrum of

calls. However, for this phase there is only indirect evidence

provided by radio-telemetry studies on nine North

American songbirds (Jones et al., 2018; Jones and Ward,

2022), showing that all species exhibited a steady increase in

movements with post-fledging age, with activity rates

levelling off roughly 3 to 4 weeks after fledging, when

family groups presumably dissolve. Conclusively, as most

juveniles of forest-dwelling species fledge in May and June

(cf. Südbeck et al., 2005), the post-fledging phase is of

crucial importance for understanding acoustic activity

patterns in late spring, particularly the ADI maximum in

June, when begging, contact, and alarm calls become a

dominant component of the soundscape, while territorial

songs of adult birds presumably become less important.
We emphasize that the second and third phase of the breeding

season cannot be separated on the basis of monthly ADI patterns

alone. This is due to the staggered start of the breeding cycles and

the variable durations of the incubation and nestling phase in

different species and pairs of the same species. Furthermore,

several studies have demonstrated that multi-brooded species

changed the size or location of their territories during spring

when the food supply and habitat characteristics changed

(Brambilla and Rubolini, 2009; McClure and Hill, 2012; Williams

and Boyle, 2017; Ceresa et al., 2020). Future analyses could confirm

our interpretations by quantifying species-level vocal activity

patterns and distinguishing between songs and calls, e.g. by using

improved AI-based species-recognition algorithms.
4.2 Cascading effects of forest
management on the temporal dynamics of
acoustic diversity index

To our knowledge, this is the first study that shows how land use

management intensities (indirectly) affects acoustic diversity in
FIGURE 2

The hypothesized conceptual framework, assuming that silvicultural
management intensity indirectly affects acoustic diversity via its
effects on forest features and bird species richness and abundance.
(1) Direct effect of silvicultural management intensity (SMI) on forest
features. (2) Direct effect of forest features on birds. (3) Direct effect
of birds on acoustic diversity.
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temperate forests (but see Burivalova et al., 2018, 2021 for tropical

forests; Müller et al., 2022 for temperate grasslands). The intensity

of silvicultural management had significant effects on the diurnal

ADI patterns in May and June, resulting in ADI values for plots

with high SMI values being much lower throughout the day than for

extensively managed plots. However, according to the GAMM

analysis, SMI explained only a small additional variance in the

data. Within a range of SMI values covering the majority of the

study plots (see Figure 1), there were only marginal differences

between these stands (Figure 3). Substantial differences in ADI

values were only found when comparing the highest and lowest
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forest management intensities. Therefore, the overall reduction in

ADI due to forest management impacts in regional landscapes is

comparatively small (cf. Le Provost et al., 2023). At the national

level, a higher proportion of stands with high management

intensities would potentially lead to a greater overall decline in

acoustic diversity in the corresponding landscapes (cf. Figure 1,

BMEL, 2014). The decrease in ADI from the lowest management

intensity to the highest management intensity is comparable to the

decrease in ADI values observed from dawn to late afternoon, i.e.

the diurnal maximum and minimum of ADI (DADI ~0.5,

cf. Figure 3). As acoustic indices haven been shown to be well
FIGURE 3

Fitted effects on diurnal and monthly ADI patterns and the influence of SMI (silvicultural management intensity), based on model 1 (Table 3), using
“exploration region” as a random factor. Values for this graph were fitted using the Hainich-Dün region as an example. Dark blue line: fitted values
for the minimum of the SMI distribution (0.002), light blue line: 1st quartile of the SMI distribution (0.13), light red line: 3rd quartile of the SMI
distribution (0.32), and dark red line: maximum of the SMI distribution (0.6). ToD: Time of the day. Vertical lines show the times of sunrise and sunset
on the 15th of each month in the Hainich-Dün region (central region).
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related to the biodiversity perceived by people (Rozario et al.,

2024b), such a loss of acoustic diversity could severely reduce the

recreational value of landscapes (Ratcliffe et al., 2013; Ferraro et al.,

2020; Le Provost et al., 2023; Rozario et al., 2024a). Thus, while

forests in general promote human health and well-being (Cheng

et al., 2021; Stier-Jarmer et al., 2021; Gillerot et al., 2024; Rozario

et al., 2024a), extensively managed forests have a greater potential to

achieve this goal through the positive effects of their increased

biodiversity (Ratcliffe et al., 2013; Marselle et al., 2021; Methorst

et al., 2021; Rozario et al., 2024a). This suggests that managing for

greater tree species diversity and structural diversity not only

enhances resilience and multifunctionality (Messier et al., 2022;

Seidel and Ammer, 2023), but also provides recreational benefits.

To date, we know very little about when the effects of land use

on biodiversity are strongest and most detectable in acoustic

patterns. In the SEM analysis, the amount of variance explained

varied greatly between time periods, as might be expected given the

seasonality in bird song. In section 4.1 we already provided

important arguments why the difference in ADI values between

intensively managed and extensively managed forests was higher

during daytime periods than around dawn and dusk. Accordingly,

the explained variance in the SEM analysis was highest in May and

June during daylight hours, not at dawn and dusk. The only other

studies we are aware of that tested land-use effects on diurnal

patterns of acoustic activity are from the tropics (Burivalova et al.,

2018, 2022). In contrast to our results from temperate forests, the

authors reported the strongest effects at dawn, the peak of bird song

activity. At other times of the day, these tropical forests were
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acoustically dominated by insects, either cicadas, which sing in

the midday heat, or orthopterans, which are also active during the

night. Interestingly, another study from the tropics found that the

acoustic activity of birds shifted from dawn to later in the day in

response to silvicultural management activities (Campos-Cerqueira

et al., 2020). Therefore, to understand how land use affects acoustic

dynamics, it is important to examine and quantify the temporal and

compositional patterns of acoustic activity over the whole diurnal

cycle and season. Other authors (i.a. Bradfer-Lawrence et al., 2023)

have previously addressed these aspects, to which we have now

contributed more empirical evidence. Future studies should focus

on establishing a solid empirical basis for soundscape dynamics

across a wide range of habitat types and land-use scenarios - aspects

that would also lead to improved experimental design, timing and

duration of data collection, and data aggregation.

All structural features and tree species diversity had positive

effects on bird species richness and abundance. In our case the

effects of horizontal structural heterogeneity (DBHsd) were

stronger than the effects of vertical heterogeneity (ENL) and tree

diversity. Several studies have emphasized the importance of multi-

layered forests for bird species richness, with a high degree of

heterogeneity in the vertical structure, age distribution, and tree

composition having a particularly positive effect (Tomiałojć and

Wesołowski, 2004; Wells et al., 2011; Schulze et al., 2019; Basile

et al., 2021). Our results also demonstrated the importance of

horizontal heterogeneity within forest stands for biodiversity,

which is consistent with findings from Heidrich et al. (2020). By

contrast, a study by Shaw et al. (2024) showed that the acoustic
FIGURE 4

Structural equation model for direct effects of bird species richness and abundance (mean across 2008 – 2012), as well as indirect effects of
silvicultural management intensities (SMI) and forest features on acoustic diversity index (ADI). Standardized coefficients are shown. Black lines
represent significant relationships (p < 0.05) and trends (p < 0.1). Significant levels are given as: p < 0.001: “***”, p < 0.01: “**”, p < 0.05: “*”, p > 0.1:
“.”. Solid lines represent positive relationships and dashed lines represent negative relationships. Grey solid lines represent hypothesized relationships
that were included in the final model but were not significant. The double-headed arrows represent significant correlation among variables. Model
fit: Chi-square: 5.001, p-value (Chi-square): 0.209, p-value RMSEA <= 0.05: 0.331, number of observations: 109.
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index NDSI was negatively correlated with DBHsd, while also being

positively correlated with bird species richness. In their case DBHsd

was negatively correlated with tree species diversity, whereas in our

study the correlation was positive. Apparently, the effects of local

forest management practices shape the structural characteristics of

the forest and the tree species composition in many ways, which

also affects the acoustic communities of forest-dwelling animals and

ultimately the acoustic diversity. Thus, the low explanatory power

of SMI in our models may be partly due to the fact that we describe

the general effect of forest management across different regions and

forest types, rather than studying one specific management

situation. Actually, the same forest management intensity. i. e. the

density component of the SMI can have different effects on stand

structure, depending on the forest type. For a detailed analysis on

how regional specific management affected bird communities in the

study regions see Jung et al. (2024).

Effects of SMI on ADI were both direct and indirect. Ostertag

(2015) and Weyhermüller (2015) studied the effect of forest

management gradients and tree density on sound attenuation in

two of the three regions (Hainich-Dün and Swabian Alb). Both

studies confirmed that sound attenuation depended on frequency

interacting with stem density and leaf density. Since these effects

were small and only relevant for frequencies above 10 kHz and

accounting for the large variation in attenuation that would result

from daily variations in background noise and weather conditions,

we assume these differences to be negligible (cf. Shaw et al., 2021;

Haupert et al., 2022). Thus, we also do not consider it likely that

differences in detection ranges among plots, e.g. caused by varying

structural density, would explain the additional direct effect of forest

management. Instead, we suggest the following rationale. In our

analyses, we examined the influence of forest management intensity

on structural properties and how this affected the mean bird species

richness and abundance in the period 2008-2012. The average value

of bird richness and abundance over several years describes the

“potential” for bird species richness and abundance of the plots

under the given forest management and stand characteristics. Since

the forest management per plot did not change during the period

2008-2016 (see Supplementary Figure S13), we assumed that this

value is a good proxy for the actual bird species richness and

abundance in 2016. As this value averages out interannual variation,

this partly explains the strong correlation between bird metrics and

forest structure and tree diversity on the one hand, and the

comparatively low explanatory power of our bird metrics for

acoustic diversity on the other.

Beyond this, other factors could come into play that lead to

changes in the acoustic activity of birds that are independent of

changes in bird species richness and abundance. For example, if

reduced forest management intensity leads to an increase in food

resources, this could in turn improve the fitness of birds and thus

lead to higher levels of vocal activity (McNamara et al., 1987;

Thomas, 1999; Ceresa et al., 2020). It could also affect the

microclimate (temperature and humidity), which was also shown

to influence vocal behavior (Slagsvold, 1977; Liao et al., 2018;

Puswal et al., 2021). A shift in bird species composition towards a
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higher proportion of species with acoustically diverse repertoires of

songs and calls could be another reason. Finally, also the presence of

another soniferous animal group, such as insects and amphibians,

or even sound sources related to forest management could drive

these patterns. To get a better understanding of the composition of

the soundscapes, we actively listened to a subsample of recordings

for each time period and region. Averaged over all months and time

periods, the three regions showed a similar soundscape composition

(Supplementary Figure S2), with bird vocalizations being the

predominant component of the soundscapes (> 50% in the period

from dawn to dusk). However, when looking at different periods of

the day and month separately, differences between regions could be

observed (Supplementary Figures S3, S4).
5 Conclusion

We have shown that acoustic indices - ADI in our case - can

reveal valuable insights into the temporal dynamics of the

biophony. Our results show that acoustic diversity decreases with

increasing intensity of forest management. However, the

relationships are weak and, as we discuss, the observed changes in

acoustic diversity patterns may also be related to shifts in species’

vocal behavior and community composition, making interpretation

challenging. Thus, while acoustic indices can be adapted to

effectively describe vocalization patterns of soniferous fauna, the

association with changes in species richness is often weak or

moderate. Nevertheless, we consider acoustic indices to be a

useful tool to support the up-scaling of biodiversity monitoring

efforts to national and continental scales while maintaining fine-

grained temporal resolution. Changes in acoustic diversity are not

only related to changes in biodiversity and ecosystem functions

(communication), they can also be interpreted as an ecosystem

service, as other studies have shown a strong relationship between

acoustic diversity and perceived biodiversity, and through this

pathway a link to human well-being. Depending on monitoring

goals, acoustic indices are best used in conjunction with other tools

to directly assess effects on species composition. For example,

improved AI models for species-level sound detection could

provide more detailed insights into these dynamics.

Our analysis highlighted the importance of a comprehensive

account of the natural history aspects of soundscape composition

and dynamics. This is because the effects of environmental factors

on the soundscape are non-linear and vary over time. A sound

understanding and quantification of phenological patterns and their

drivers will provide an essential basis for further ecological research.

To that end empirical studies of soundscape composition and

dynamics can provide important insights into the habitat use,

behavior, and interactions of the acoustic community.

In summary, our analysis highlights the nuanced relationship

between land use and acoustic diversity. Acoustic indices can

support existing monitoring schemes by extending their spatial

and temporal scales. They broaden the perspective on relevant

ecological questions and offer the possibility to track acoustic
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activity patterns of birds in relation to habitat changes and over

multiple time scales. Understanding the cascading effects of forest

management on acoustic patterns can support management

decisions that balance ecological and recreational benefits, thereby

supporting multifunctionality in forests.
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