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Abstract  

Ecosystem degradation has driven global restoration efforts aimed at recovering 
biodiversity and ecosystem services. Intensive forestry practices in Sweden’s boreal 
forests have altered forest structure, thereby impacting biodiversity. This study 
assesses whether forest restoration enhances habitat complexity and supports bird 
diversity, using birds as indicators of ecological health. Passive acoustic monitoring 
(PAM) was employed to record bird vocalizations across 30 forest stands in two of 
Sveaskog’s Ecoparks, one in northern (Käringberget) and one in southern (Hornsö) 
Sweden. Each Ecopark includes forest stands representing three treatment types: 
target, restored and unrestored. Structural habitat variables such as deadwood 
volume, basal area, and understory cover were measured to evaluate habitat 
complexity. Results showed that restoration increased structural similarity between 
target and restored stands, particularly in Hornsö, while unrestored stands remained 
distinct. Bird species richness and community composition showed limited overall 
responses, though certain functional traits and indicator species reflected treatment 
differences. Structural variation within stands and subtle bird responses suggest that 
restoration is a gradual process, with key features like deadwood volume and 
conifer basal area playing important roles in shaping bird assemblages. This study 
highlights the value of combining structural metrics and PAM to evaluate 
restoration outcomes for forest and bird biodiversity.  

Keywords: Forest restoration, bird community, species richness, forest structure, passive acoustic 
monitoring, treatment, functional groups  
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1. Introduction  

Biodiversity loss has reached a critically dangerous stage, surpassing even climate 
change in its impact, leaving the planet unable to recover naturally without 
intervention (Steffen et al., 2015). The loss of species has reached alarming levels, 
with an estimated 1 milion out of the 8.7 million species on earth currently at risk 
of extinction (IPBES, 2019). Ecosystem degradation has become a known issue 
across various biomes, promoting global efforts to restore biodiversity and 
ecosystem services (Foley et al., 2005; CBD, 2010). Ecological restoration is 
defined as the process of supporting the recovery of ecosystems that have been 
degraded, damaged or destroyed allowing for revitalization of natural habitats 
(Society for Ecological Restoration, 2004). This emphasizes the importance of not 
just retruning ecosystems to a previous state, but also implementing active 
management strategies to achieve this goal (Hobbs et al., 2009; Jackson & Hobbs, 
2009).  Historicaly and recently human exploitation has led to alterations in forest 
dynamics, tree age distributions and changes in species compositions (Wallenius et 
al., 2010; Siitonen, 2001; Brumelis et al., 2011). Measures to restore forest 
functions often include improving hydrology, modifying forest structure, and 
ensuring that restoration actions are compatible with the needs of specific species 
(Komonen & Kouki, 2008; Olsson et al., 2011). Given the complex interplay 
between species requirements and habitat dynamics, successful restoration must 
consider both the current ecological state and the ecosystem’s potential for recovery 
(Wilson et al., 2011; Kouki et al., 2012).  

Restoration ecology is a relatively young science and with biodiversity in decline, 
alternative forest management strategies are becoming increasingly important. In 
managed forest landscapes, biodiversity values can suffer due to intensive wood 
production practices (Rompré et al., 2010). Balancing biodiversity conservation 
with ongoing economic development present a significant challenge for human 
society. Although sustainable development relies heavily on healthy ecosystems, 
economic growth and biodiversity conservation, which are often perceived to be 
incompatible (Lubchenco, 1998). The forestry practices in Sweden’s boreal forests 
have significantly impacted both the landscape and biodiversity. The loss of old-
growth forests and natural habitats with long-term ecological continuity has led to 
a decline in high conservation value area, severely threatening species diversity 
(Hämäläinen et al., 2018; Swedish forestry agency [SFA], 2022). In this context, 
green infrastructures (GI), a strategically planned network of natural and semi-
natural areas, is essential for improving ecological functions at the landscape-level 
and providing key ecosystem services. To create functional GI, it is necessary to 
expand and connect the remaining biological values in the landscape. This includes 
linking core natural areas and regions of high conservation value through green 
corridors, enabling the dispersal of threatened species and strengthening ecological 
resilience (Karlsson et al., 2024). Within this broader strategy, ecoparks provide a 
promising solution, for integrating nature conservation and human recreation within 
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managed forest landscapes. Their goal is to safeguard biological diversity by 
prioritizing ecological values over the economic ones. Sveaskog, the largest state-
owned forest owner in Sweden, has established 37 ecoparks with the goal of 
preserving high nature values and improving ecological conditions to support 
environmental goals (Sveaskog, n.d.).  

Birds are widely recognized as important indicators of habitat quality and 
ecological health.  They are used as environmental indicators due to their sensitivity 
to changes in forest structrure and landscape composition (Gregory & Van Strien, 
2010). By monitoring bird populations, we can gain insights into how restoration 
measures influence biodiversity. Numerous studies have shown that the abundance 
and species richness often mirror broader biodiversity trends in different habitat 
types, including urban, agricultural and forested areas (e.g., in temperate 
ecosystems, tropical ecosystems, grassland habitats, croplands, urban parks, etc.) 
(Eglington et al., 2012; Sattler et al., 2013; Valerio et al., 2016). A central objective 
of ecological restoration is to reinitiate natural processes that promote structurally 
diverse forest ecosystems (Jackson & Hobbs, 2009; Halme et al., 2013). Yet, 
intensive forest management, particularly when driven by timber production, has 
often led to habitat simplification, reduicing the presence of key ecological features 
essential for many species (Van Der Plas et al., 2016). This simplification 
frequently begins with the loss of deadwood and mature, large-diameter deciduous 
trees, both of which provide crucial resources for forest organisms (Kuuluvainen, 
2002; Wesolowski, 2005). In such environments, bird species may experience 
reduced foraging opportunities due to lower invertebrate availability, increased 
exposure to predation, lack of diverse nesting, feeding and shelter opportunities 
(Spies et al., 2006; Storch et al., 2018; Paillet et al., 2015; Bujoczek et al., 2021; 
Piazzi et al., 2020). Furthermore, the composition of bird communities can shift 
depending on the amount and quality of available habitat, often favoring generalists 
over specialists in fragmented or disturbed landscapes (Uezu & Metzger, 2011). At 
the local scale, species abundance is closely linked to forest structural complexity 
(Balestrieri et al., 2015; Czeszczewik et al., 2014), while landscape-level habitat 
configuration influences species distribution and overall diversity (Basile et al., 
2016; Komonen & Kouki, 2018).  

Passive acoustic monitoring (PAM) has become an increasingly valuable tool for 
long-term and cost-effective biodiversity monitoring through unattended sound 
recording (Sugai et al., 2018). Many animals produce acoustic signals, vocalisation 
that carry information about their presence, behaviors, and interactions in space and 
time (Kershenbaum et al., 2014). PAM is noninvasive, autonomous method that 
offers a broad detection range. Compared to traditional survey methods, PAM 
provides the advantage of continuous monitoring with minimal human effort. 
Species detections from PAM can support a wide range of ecological applications, 
from estimating species occupancy to assessing biodiversity (Gibb et al., 2018). 
Soundscapes recorded through PAM, can reveal ecosystem changes caused by both 
sudden or long-term disturbances. They capture information on biotic and abitotic 
aspects of ecosystems, and they also allow for monitoring post-distrubance 
recovery. PAM can capture succession and community assembly dynamics, aiding 
in the evaluation of restoration progress (Ross et al., 2023). Bioacoustics, the 
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scientific study of sound production, transmission, and reception in animals, is 
central to PAM (Sueur et al., 2014). This approach yields valuable insights into bird 
activity, which is often linked to habitat structure and can serve as an indicator of 
habitat quality (Shaw et al., 2021). A richer and more complex sound environment 
typically reflects greater biodiversity (Dröge et al., 2020). Recent advances in 
automated sound recording and analysis offer great potential for fast, large-scale 
biodiversity monitoring. Research can build on this by investigating how natural 
soundscapes change over time, how multiple stressors interact to influence animal 
acoustic activity, and how long it takes ecosystems to reflect the effects of 
disturbance or recovery (Burivalova et al., 2019; Laiolo, 2010). 

1.1 Research objectives  

Restoration of degraded habitats is often employed as a tool for ecological 
compensation, but is there an actual impact on bird biodiversity? Restoration efforts 
are believed to enhance habitat complexity and the availability of critical resources 
(Halme et al., 2013). Yet, within the context of restoration ecology, we still lack 
sufficient knowledge whether target ecosystems (i.e. high species composition and 
functional traits, different habitat features, self-sustainability, resistance and 
recovery, functional connectivity, etc.) are truly as beneficial for bird biodiversity 
as we assume. The primary purpose of this research is to answer the following 
research question:  

How do bird community structure differ among target, restored and unrestored 
ecosystem forest stands with varying levels of broadleaves and deadwood within 
managed forest landscapes?  

The aim is to assess whether more structural heterogeneity and complexity 
influence bird occurrence. By determining how different restoration activities alter 
forest structures and subsequently bird biodiversity. Additionally, the research will 
identify which structural features are most beneficial for bird habitats.  To achieve 
this objective, this research addresses the following research questions:  

I. How does structural complexity vary across forest restoration treatments 
within ecoparks? Specifically, do structural measurements differ between 
treatments (target, restored and unrestored stands)?  Is there variation within 
a stand based on plot comparision, and is restoration applied uniformly 
across the entire stand?  

Hypothesis: Target stands are anticipated to display structural 
characteristics that closely reflect natural forest dynamics. Restored stands 
are expected to resemble target stands, exhibiting greater structural 
complexity, including higher deadwood volumes and higher presence of 
broadleaved trees, compared to unresrored stands. These restoration efforts 
are expected to be consistent across all stands and treatment types.    

II. How does the bird species richness and community composition vary across 
treatment (target, restored and unrestored)? Can functional traits, such as 
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nesting and foraging strategies provide further insights into these patterns? 
Furthermore, how does forest structural complexity, including factors like 
tree species composition, deadwood and basal area, influence these bird 
assemblages, and which structural features are most strongly correlated with 
bird diversity and habitat use?  

Hypothesis: Bird species richness is expected to be higher in target and 
restored stands compared to unrestored stands, as restoration efforts aim to 
enhance habitat conditions. Community composition is also anticipated to 
differ among treatments, with target and restored stands supporting more 
specialized or diverse species assemblages. These differences may be 
evident in both species identities and distribution of functional traits, with 
structurally complex habitats favoring certain ecological strategies. 
Moreover, increased structural complexity will positively correlate with 
higher bird assembalges.  

III. Can indicator species be distinguished within each area, reflecting the biotic 
or abiotic conditions of the environment? Do these species provide evidence 
of environmental changes, serve as predictors of broader species diversity, 
or indicate the composition of taxa and communities in a given area?  

Hypothesis: Certain species will be specific to particular treatment, 
highlighting key environmental features. Since restoration practices are 
expected to influence bird species, some species may serve as indicators of 
these habitat changes.   

IV. Are the responses of bird assemblages to restoration actions similar across 
regions of Sweden?   

Hypothesis: The responses of bird assemblages to restoration actions will 
show similarities across different regions of Sweden, indicating that 
common structural features resulting from restoration efforts consistently 
benefits bird populations. However, bird assemblages in the southern 
regions will exhibit higher species richness and abundance due to a greater 
presence of broadleaf tree species compared to northern regions. 
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2. Materials & Methods  

2.1 Study areas & sites  
This study is part of a long-term initiative, the Effekt 20 project, aimed at assessing 
landscape-scale management’s impacts on ecological diversity over an extended 
period of 50 years. Within this framework, our research focuses on two Ecoparks 
spread over two major ecozones in Sweden, the hemiboreal and the boreal zone. 
The Ecoparks are managed following Sveaskog’s environmental policy, which 
requires that 20% of productive forest land in each region is reserved for nature 
conservation and protection. This commitment to ecological integrity is 
operationalized through Sveaskog’s division of forest holdings into ecological 
landscapes, classified into four forest management categories commonly used 
across Sweden to balance timber production and conservation goals. In most 
protected areas, known as NO-stands, no forestry activities are permitted, allowing 
these untouched forests to evolve naturally. NS-stands maintain a conservation 
focus with minimal forestry activity, such as selective logging.  PG-stands, 
primarily used for production, incorporate additional conservation measures like 
buffer zones and key habitat protection to support both ecological sustainability and 
resource use. PF-stands, are primarily managed for timber production. In this study, 
all selected stands fall under the NO-stand management category (Sveaskog, 2005; 
Sveaskog, 2008).  
 
Established in 2004, Hornsö Ecopark spans 9 200 hectares and is located in Högsby 
and Nybro municipalities in Kalmar County (56.986°N, 16.100°E). Hornsö is 
particularly valued for its diversity of wood-inhabiting insects, hosting northern 
europe’s richest community, including around 230 red-listed species. This area is 
ecologically diverse, featuring an array of forest types, such as ancient pine, 
broadleaf, and swamp forests, all managed with specific conservation targets. 
Restoration within Hornsö prioritizes noble broadleaf forests, targeting oak, beech, 
ash, lime and maple, which support rare and high-value habitats. Restoration efforts 
focus on increasing biodiversity, with nearly 1 900 hectares of forests which is 
about 35% of the productive forest area. The efforts include restoring historical fire 
regimes, selective thinning to increase broadleaf tree density, and wetland 
restoration to enhance habitat connectivity (Sveaskog, 2008).  
   
Käringberget Ecopark, inaugurated in 2005, was established within the 
municipality of Frederika, Västerbotten County (64.120°N, 18.664°E). Covering 
approximately 14 000 hectares, of which 10 900 hectares are productive forest, the 
ecopark hosts a dynamic mix of habitats, including ancient pine forests, old-growth 
spruce forests, deciduous woodlands, and forested wetlands. Large aspen clones 
and old birch forests further enrich its ecological diversity. The landscape is 
primarily forested (78% of the area), punctuated by 1 766 hectares of mire, 834 
hectares of water bodies, and smaller areas of mountainous terrain and pasture. Key 
conservation efforts include the preservation of old-growth pine and spruce forests, 
abundant deadwood and the reintroduction of controlled burns. Selective cutting is 
used to remove less desired species and promote aspen and birch growth. In 
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unrestored areas, buffer zones protect streams and sensitive sites, and selective 
logging methods preserve valuable trees to support biodiversity (Sveaskog, 2005).  

 

 

Figure 1: Map of Sweden with the location of Northern (Käringberget) and southern 
(Hornsö) study areas. 
 

2.2 Sampling design  
In total, 15 stands were selected from each ecopark, resulting in 30 stands 
distributed across the two ecoparks. Each ecopark included three categories of 
stands: five target stands, five restored stands, and five unrestored stands. The target 
stands represent the desired post-restoration conditions that the ecoparks aim to 
achieve. The restored stands have undergone restoration measures and are expected 
to develop toward conditions similar to the target stands over time, while the 
unrestored stands serve as control areas, reflecting conditions prior to any 
restoration efforts. Each stand included five plots for structural measurements, with 
one plot designated for acoustic monitoring. This setup led to a total structural 
measurement effort across 75 plots, with 15 acoustic boxes placed throughout each 
park. The acoustic boxes were placed in the center of a given forest stand. To 
generate the five random plots, a 50 meter buffer was created to prevent overlap.  
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Figure 2: Sampling design in Hornsö Ecopark (2024), showing the distribution of random 
sampling plots (orange dots) and the placement of the acoustic box (pink dot). Forest stand 
boundaries and locations are shown in green. Treatment classifications include: target 
stands - 2, 7, 8, 12, 15; restored stand - 1, 9, 10, 11, 13; unrestored stand - 3, 4, 5, 6, 14.  
The sampling design for Käringberget design is provided in Appendix 1.  
 

2.3 Field measurements – Forest survey  
Field measurements in this study focused on capturing the structural characteristics 
of forest stands to quantify habitat complexity. Measured structural attributes 
included deadwood volume (m3/ha), basal area (m2/ha) and understory cover 
(m2/ha) composition.  
 
Deadwood was assessed in circular plots with a 10 meter radius. Within these plots, 
lying deadwood (logs) and standing deadwood (snags and high stumps) with a 
minimum diameter of 10 centimeter and a length or height of at least 1,3 meters 
were included. For lying deadwood, length and diameter were recorded, while for 
snags, diameter at breast height (DBH) and total height were measured. Trees 
partially lying and partilly standing, were considered lying if they formed an angle 
of less than 45° with the ground. A decay classification was assigned to capture 
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various stages of decomposition. For logs, a modified version of Söderström’s 
classification was used:  
 

• DC1: Wood is hard, with intact or mostly intact bark. 
• DC2: Wood remains hard but has a softened surface, with less than 50% 

bark remaining.  
• DC3: Wood is soft with crevices, lacking bark and may show surface 

irregularities. 
• DC4: Wood is very soft, often with an indistinct shape and outline.  

 
For snags, decay classes (1 to 7) were assigned based on visual stages illustration 
in Figure 3 (Thomas et al., 1979).  

 

Figure 3: Standing deadwood, decay classification. 
 
Alongside the visual assessment, a knife method was used to classify deadwood 
based on the depth a knife could penetrate (Table 1). Combining this method with 
visual inspection ensured a more consistent and accurate estimate of wood decay 
and woody debris mass.   

Table 1: Description of the knife method, which sort deadwood items into different decay 
classes. 
Decay class Description 
1 Recently dead tree, wood still hard, 

knife blade penetrates a few milimeters 
into the wood. 

2 Weakly decayed wood of outer layers 
of stem has started to soften, wood still 
fairly hard, knife blade penetrates 1-2 
cm into the wood.  

3 Medium decayed wood of outer layers 
of stem fairly soft, core still hard, knife 
blade penetrates 2-5 cm into the wood.  
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4 Very decayed wood soft throughout the 
log, no hard core, knife blade 
penetrates all the way through the 
wood.  

 
Deadwood data, including both logs and snags, were calculated at the plot and stand 
levels and expressed in volume per hectares. Plot-level calculations enabled 
comparisons within stands, while stand-level values allowed for comparisons 
between stands. Deadwood volume for logs was calculated using the formula for 
truncated cones, while the volumes for snags were calculated using Näslund (1947) 
taper equation, with species-specific formulas applied for conifers and broadleaves 
(Appendix 2). Conifers included pine and spruce, while for all broadleaved trees 
the volume was calculating using the birch formula. This due to the lack of species-
specific formulas for many Swedish broadleaf species (Fridman & Walheim, 2000). 
Deadwood volume for broken trees (e.g., snags decay classification 6 and 7) was 
not calculated due to their limited occurrence in the dataset and to simplify the 
analysis. In addition to deadwood, smaller trees less than 1,3 meters in height and 
4,5 centimeter in diameter were counted by species within a 1,78 meter radius 
subplot to capture understory tree density and composition. Aditionally, basal area 
was estimated for living trees using a relascope with a one-centimeter setting. Trees 
visible through the relascope were identified and counted by species to estimate 
species-specific basal area, expressed per hectare.  
 

2.4 Bird sampling – Acoustic survey  
The acoustic survey was conducted following a carefully planned setup. Data 
collection was carried out for a total duration of four weeks, starting in mid-April 
or May (Hornsö: 13 Apr – 13 May; Käringberget: 21 May – 23 June), depending 
on the ecopark’s location. The variation in starting dates reflects differences in the 
timing of spring arrival, which occurs earlier in the south than in the north. This 
approach ensured that surveys aligned with local phenological conditions. In each 
stand, only one acoustic box was installed. However, one box from Käringberget 
did not provide usable data due to water damage, resulting in no data from that 
stand.  
 
Recordings were taken continuously over a 24-hour cycle, with one-minute 
recordings captured every ten minutes. From this large dataset, a subset of 
recordings was selected using a standardized protocol to ensure consistent and 
representative sampling of bird vocal activity. Each full hour consisted of six one-
minute recordings (6 recordings x 10 minutes = 60 minutes = 1 hour). For analysis, 
one of these six recordings was randomly selected per hour, resulting in 24 one-
minute recordings per day. To increase coverage during the peak of bird vocal 
activity, this daily sample was complemented by additional two recordings taken 
during the early morning hours, with a focus on the sunrise period. For Hornsö, this 
intensified sampling window spanned from 4:00 to 10:00, while for Käringberget, 
it extended from 1:00 to 10:00 due to earlier sunrise times in the north. The selection 
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of which minute to extract within each hourly window followed a randomization 
protocol implemented in R.  
 
To analyze bird presence in the recordings, species were identified based on their 
acoustic vocalizations. Each bird species has distinct vocal signatures that can vary 
depending on context, such as territorial songs, alarm calls, or contact calls. By 
recognizing and distinguishing these different vocal patterns, it was possible to 
determine which species were present in the study area. The analysis was performed 
using the program Kaleidoscope Pro (www.wildifeacoustics.com). Recordings 
were analyzed in the non-bat analysis mode to ensure the parameters were suited to 
capturing bird vocalizations. The software scanned for signals within the frequency 
range of 250 Hz to 10 kHz. It detected continuous signals between 0.1 to 7.5 
seconds and separated distinct calls using a 0.35 second silence threshold. Once 
signals were detected, an unsupervised clustering algorithm grouped similar 
vocalizations into clusters based on shared characteristics such as frequency, 
duration and structure. Following the recommendation of Kaleidoscope Pro 
software, I listened to the first ten recordings of each cluster, followed by one 
randomly selected recording every 40 entries, and finished with the last ten 
recordings of the cluster. This approach ensured that variation within clusters was 
captured. To identify the calls, I relied on my own experience and knowledge, 
supplemented by reference books, online resources such as Xeno-Canto, and 
identification apps like Merline Bird ID and BirdNET. Additional guidance was 
provided by a colleague with expertise in bird vocalizations. When a vocalization 
was confidently identified to species level, it was saved in a set of control files for 
future references. This helped streamline the process by allowing quick 
comparisons with new, unlabelled calls. The full bird species list per acoustic box 
is provided in Appendix 3.  
 
For this analysis, species not typically associated with forest habitats, were 
excluded or retained based on information from BirdLife International (2024), 
Mikusinski et al. (2018), and Versluijs et al. (2020) (Appendix 4). 
 

2.5 Statistical Analysis  
2.5.1 Forest structural complexity 
To test for differences among treatments within each ecopark for the various 
structural features, the non-parametric Kruskal-Wallis test was applied, followed 
by Post-hoc Dunn’s test for pairwise comparisons. To compare the overall 
structural composition among the treatments, a two-dimensional non-metric 
multidimensional scaling (NMDS, function “metaMDS”), based on Bray-Curtis 
dissimilarities was perfomed. The “envfit” function was applied to fit 
environmental variables onto the NMDS ordination to calculate the centroids and 
ellipses representing group-level variation. Differences among treatments were 
tested for statistical significance using PERMANOVA (Permutation-based analysis 
of variance) (Anderson, 2001) using the “adonis” function from the package 
“vegan” in R (Oksanen et al., 2022). Further, to assess the homogeneity of groups 
dispersions (i.e., multivariate variances), the “betadisper” function (Anderson, 
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2005; Anderson et al., 2006) from the package “vegan” was used. This analysis was 
conducted at both plot and stand levels to capture variation within and among 
stands. 

2.5.2 Bird species richness and composition 
Differences in species richness across treatment were analyzed using an ONE-
WAY ANOVA followed by a TukeyHSD (Tukey’s Honest Significant Difference) 
for pairwise anaylsis in case of significance. Similarly to the structural data, bird 
species composition differences between treatments were visualized using NMDS 
and tested with PERMANOVA (Anderson, 2001). The “envfit” function was 
applied to fit bird community variables onto the NMDS ordination to calculate 
centroids and ellipses representing variation in community composition. Further, to 
assess the homogeneity of groups dispersions (i.e., multivariate vairances), the 
“betadisper” function was used (Anderson, 2005; Anderson et al., 2006). Species 
richness was also assessed within defined functional groups, representing birds that 
share common ecological traits such as feeding strategy, nesting behavior, or 
habitat preference (Appendix 5). To test for differences in species richness between 
functional groups, the Kruskal-Wallis test was applied. When significant 
differences were found, pairwise comparisons were conducted using the Wilcoxon 
rank-sum test. Additionally, group mean comparisons were conducted to further 
examine differences between functional groups. To assess differences in species 
richness within a specific functional group (e.g., cavity nesters) between the 
treatments, the Kruskal-Wallis test was again used, followed by Dunn’s post-hoc 
test for pairwise comparisons.  

2.5.3 Indicator species analysis 
Indicator species analysis was performed using the “multipatt” function from the 
“indecspecies” package (De Cáceres & Legendre, 2009).  This analysis compares 
the relationship between species occurrence and sites, in this case, “sites” are the 
three different treatments. Species indicator value is derived from two indices: the 
A-index, which represent “specificity”, (i.e., the degree to which a species is 
restricted to a particular group), and the B-index, which reflects “fidelity,” (i.e., the 
frequency of the species within that group). The indicator species index combines 
the A and B indice, identifying species that are both frequent and exclusive to a 
specific treatment.  

2.5.4 Relationship between structural complexity and species 
richness 

To test which structural forest characteristics relate to different levels of bird 
species richness between treatments, generalized linear models (GLMs) with a 
quasi-poisson distribution were fitted to account for overdispersion in count data 
(Warton et al., 2016). Species richness was set as the response variable, with 
structural predictors included total deadwood volume, basal area, and understory 
cover of both conifers and broadleaves. A full additive model, including all 
structural predictors and treatment as fixed effects, was fitted to provide a broad 
overview of the relationships between forest structure and species richness. Based 
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on the most influential variables (deadwood volume, conifer basal area and 
broadleaf basal area), additional models were developed to explore whether the 
effects of these key structural features varied between treatments. The second 
model included all three key structural features, third model focused on the 
composition of basal area (conifer and broadleaf), and the last model, specifically 
assessed the effects of deadwood volume and conifer basal area. Multicollinearity 
was assessed using Variance Inflation Factors (VIF), with a threshold set at < 5, 
and residual deviance was used to evaluate model fit.   
 
All statistical analyses were conducted in R version 2023.12.0+369 using Posit 
Software (formerly RStudio).  
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3. Results  

Overall, forest structural features and bird communities showed variable responses 
to restoration treatments, with clearer effects observed in Hornsö than in 
Käringberget. Restoration promoted similarities between target and restored stands, 
while unrestored stands remained ecologically distinct. Some structural attributes, 
such as deadwood volume and conifer presence, consistently differed between 
treatments. Bird species richness and community composition showed limited 
responses, with only specific functional groups and indicator species reflecting 
treatment-related differences.  

3.1 Forest structural complexity  
3.1.1 Across treatments 
In Hornsö, deadwood volume differed between treatments (x2 = 10.22, df = 2, p = 
0.006) with volumes significantly higher in the target stands compared to restored 
and unrestored ones (Figure 4a). Conifer occurence varied significantly across 
treatments (x2 = 10.13, df = 2, p = 0.006), with higher proportions found in 
unrestored stands. In contrast, the composition of broadleaved tree species did not 
differ significantly between treatments (x2 = 1.586, df = 2, p = 0.453) (Figure 5a). 
In Käringberget, I did not find any evidence for differences in deadwood volumes 
(x2 = 1.82, df = 2, p = 0.403) (Figure 4b), broadleaved tree composition (x2 = 0.14, 
df = 2, p = 0.932), or conifer tree composition, although a tendency was suggested 
(x2 = 4.874, df = 2, p = 0.087) (Figure 5b). Despite being visually apparent, the 
differences did not reach statistical significance. However, broadleaved understory 
cover did differ between treatments, particularly between restored and unrestored 
stands (x2 = 6.085, df = 2, p = 0.048). In general, the large standard deviation in 
Figure 4 and 5 indicates high variability among stands, suggesting that the data is 
widely spread around the mean.  Appendices 6 - 8 provide detailed stand-level data 
on deadwood volumes, tree species, and understory composition, highlighting 
within-stand variation.  
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Figure 4: Deadwood volumes (m3/ha) by treatment type. Panel (a) shows Hornsö, and 
panel (b) Käringberget. 

 

 

Figure 5: Basal area (m2/ha) per tree category by treatment type. Panel (a) shows Hornsö, 
and panel (b) Käringberget. 

3.1.2 Within treatments  
Overall, forests structural composition in Hornsö differed significantly at the plot 
level (PERMANOVA: F = 15.29, R2 = 0.304, p = 0.001), with treatment explaining 
approximately 30.4% of the variation (Figure 6a). Multivariate dispersion was 
homogeneous across treatments (F = 1.000, p = 0.401). When aggregating structural 
features per stand, the treatment effect became even stronger (F = 7.635, R2 = 0.560, 
p = 0.001), with 56% of the variation explained by treatment (Figure 6b). 
Multivariate dispersion remained homogeneous across treatments (F = 0.129, p = 
0.890). In contrast, Käringberget showed a statistically significant but weaker 
treatment effect at plot level (F = 3.147, R2 = 0.080, p = 0.004), suggesting that only 
8% of the variation is explained by treatment (Figure 6c). Dispersion remained 
homogeneous (F = 1.585, p = 0.198). When aggregating data per stand, the 
treatment effect was no longer significant (F = 1.196, R2 = 0.166, p = 0.297), with 
17% of variation explained, and no difference in dispersion was detected (F = 0.773, 
p = 0.487) (Figure 6d). The lack of significant differences in multivariate dispersion 
suggests that this pattern is not driven by unequal variability among treatments but 
by true compositional differences. Unrestored stands in both Hornsö and 
Käringberget were characterized by a higher basal area of coniferous trees, whereas 
target stands were associated with higher basal area of broadleaved species such as 
beech and oak in Hornsö, and birch in Käringberget, as indicated by the envfit 
vectors (Figure 6 a, c).  
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Figure 6: NMDS ordination of forest structural features by treatment. Panels a and b show 
the plot-level and stand-level ordinations for Hornsö, respectively; c and d show for 
Käringberget. Arrows from the envfit indicate which structural variables most strongly 
influence the positioning of the sites in ordination space. Colors represent the treatment 
type: dark green = target stand, medium green = restored stands, and the light green = 
unrestored stands. Ellipsoids illustrate the variability in structural composition within each 
treatment group.  

3.2 Bird data 
3.2.1 Bird species richness  
Species richness did not differ significantly between treatments in Hornsö 
(ANOVA: F = 1.721, p = 0.22), although the effect size was small (η2 = 0.22), 
suggesting that treatment might influence species richness, but the small sample 
size could restrict the ability to detect significant differences. Similarly, in 
Käringberget, no significant differences were found (ANOVA: F = 1.993, p = 
0.183), although the moderate effect size (η2 = 0.27). Bird species richness tended 
to differ between target and unrestored stands in Käringberget (F = -1.86, p = 
0.089), indicating a potential reduction in species richness in unrestored stands 
(Figure 7).   
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Figure 7: Mean (± standard deviation) of bird species richness across treatment types in 
the two study areas.  

3.2.2 Community composition analysis  
In Hornsö, I did not find any evidence for differences in bird community 
composition between treatments (F = 0.654, R2 = 0.098, p = 0.858), with treatment 
explaining only 9.8% of the variation (Figure 8a). The majority of the variation 
(90.2%) was attributed to within-treatment variability or other unmeasured factors. 
The test for homogeneity of dispersion also revealed no significant differences (F 
= 0.158, p = 0.849), indicating similar variability within treatment groups. In 
Käringberget, bird assemblages likewise did not differ significanlty (F = 1.175, R2 
= 0.176, p = 0.305), although treatment accounted for a slightly higher proportion 
of variation (17.6%) compared to Hornsö (Figure 8b). Again, the dispersion test 
found no significant differences (F = 0.461, p = 0.664), indicating a consistent level 
of within-group variablility.  

 



28 
 

 

Figure 8: NMDS ordination showing bird community composition across treatment types. 
Each point represents a bird assemblage at a stand level. Colors indicate treatment: dark 
green = target stand, medium green = restored stand and light green = unrestored stand. 
Ellipsoids illustrate the variability in bird community composition within each treatment 
group.  

3.2.3 Bird functional groups  
In Hornsö, species richness differed among functional groups (x2 = 125.97, df = 9, 
p < 2.2e-16), suggesting that at least one functional group differs compared to the 
others (Appendix 9, Table 5). Groups with the highest mean across all stands were 
mature forest specialists, off-ground nesters and cavity nesters. In contrast, ground 
nesters and young mixed forest specialists had the lowest mean richness (Figure 9). 
Most functional groups did not differ between treatments, except bark feeders 
(Appendix 9, Table 7). Pairwise comparisons revealed that restored stands 
supported significantly higher bark feeders than in unrestored stands. In contrast, 
no differences were found between restored and target stands, nor between target 
and unrestored stands.  
  

 

Figure 9: Variation in bird species richness across different functional groups in ecopark 
Hornsö, 2024. Statistical support provided in Appendix 9, Table 6.  
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A similarly strong pattern was observed in Käringberget, where species richness 
significantly differed among functional groups (x2 = 111.99, df = 9, p < 2.2e-16), 
again suggesting variation in richness across groups (Appendix 10, Table 8).  The 
highest mean values were found in off-ground nesters, mature forest specialists, and 
crown feeders. Bark feeders, flexible feeders, and young mixed forest specialists 
had the lowest richness (Figure 10). For most groups, species richness did not differ 
between treatments. However, ground nesters displayed a significant treatment 
effect. Both target and restored stands supported higher richness than unrestored 
stands, while no differences were found between target and restored stands. 
Flexbile feeders approached significance, showing a tendency for richness 
differences between target and unrestored stands. Additionally, generalist species 
exhibited lower richness in unrestored stands compared to target stands. No 
differences were found between target and restored stand or between restored and 
unrestored stands (see Appendix 10, Table 10).  
 

 

Figure 10: Variation in bird species richness across different functional groups in 
Käringberget, 2024. Statistical support provided in Appendix 10, Table 9. 

3.2.4 Indicator species analysis   
In Hornsö, the Eurasian nuthatch was identified as a significant indicator species 
for the target and restored stands. Other species like tree pipit, lesser spotted 
woodpecker, and crested tit also showed relatively high IndVal scores (above 0.6), 
even though their associations with specific treatment groups were not statistically 
significant (Appendix 11, Table 11). Similarly, in Käringberget, the tree pipit was 
also identified as a significant indicator species for the target and restored stands. 
The meadow pipit, associated with the restored treatment, nearly reached statistical 
significance and had a high IndVal score, suggesting a potential treatment 
association. Other species such as the spotted flycatcher, black woodpecker, and 
wood warbler also showed moderate IndVal but without statistical significance 
(Appendix 11, Table 12).  
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3.3 Relationship between structural complexity and 
species richness  

In Hornsö, I did not find any evidence that bird species richness was related to 
structural forest characteristics. In Käringberget, bird species richness was 
positively associated with conifer basal area in target stands and was overall 
negatively associated with unrestored stands. Further, all three interaction models 
consistently showed bird species richness having a negative relation to conifer basal 
area in unrestored stands, meaning that species richness decreased with increasing 
conifer basal area. In the model assessing basal area composition, bird species 
richness was marginally positively associated with broadleafs in target stands. 
Deadwood volume was generally not significant on its own, but in the last model 
species richness increased with deadwood volume specifically in unrestored stands 
(Table 2). Other structural features, such as understory cover, showed no significant 
influence on species richness.  

Table 2: GLM assessing the effects of forest structural features and treatment on bird 
species richness in Käringberget. Models use a quasi-poisson distribution. An asterisk (*) 
indicates a statistically significant (p < 0.05), while marginal significance (0.05 < p < 0.1) 
are indicated with a dot (.). Abbreviations: DW_volume = deadwood volume, _ba = basal 
area, SE = standard error, Df = degrees of freedom. Model 1: full model; Model 2: key 
variables with treatments interactions; Model 3: basal area and treatment interactions; 
Model 4: deadwood volume and conifer basal area with treatment interaction.  
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4. Discussion  

In this study, I combined field-based structural measurements and passive acoustic 
monitoring to assess how varying levels of forest restoration influence habitat 
complexity, bird species occurrence and the relationship among these in two 
different ecozones. My findings highlight three main patterns.  

 
First, structural differences between treatments were more clearly expressed in 
Hornsö, where target stands showed the highest structural complexity, restored 
stands reflected intermediate conditions, and unrestored stands exhibited the lowest 
structural complexity. Whereas, in Käringberget, structural patterns categorisation 
was more subtle, likely due to higher within-stand variability. Second, while overall 
bird species richness did not differ between treatments, functional group and 
indicator species analysis revealed relevant patterns aligned with habitat features, 
indicating that specific structural elements influence bird assemblages. Third, the 
relationship between forest structure and bird richness was evident only in 
Käringberget. In this area, higher species richness was associated with greater basal 
area of both coniferous and broadleaved trees in target stands, while lower richness 
was linked to conifer dominance in unrestored stands. Deadwood volume also 
emerged as a key factor in structurally simpler areas.  
 
Together, these findings underscore the importance of considering both structural 
and compositional aspects of habitat complexity when evaluating restoration 
outcomes and their ecological impacts.  
 

4.1 Forest structural complexity across and within 
treatments 

 Overall, my results partly support the hypothesis that target and restored stands 
show greater structural complexity. However, restored stands appear to be a mix of 
unrestored and target conditions, rather than closely resembling target stands. 
Contrary to expectations, substantial within-stand variation suggests restoration is 
not applied uniformly, though some general treatment trends are still observable.  
 
Deadwood is a structural feature widely recognized for its role in supporting forest-
dwelling biodiversity. In managed forests, deadwood volumes are strongly shaped 
by the specific forest management practices implemented, as guided by 
management instructions and objectives (Bujoczek et al., 2020). With respect to my 
results, this suggests that the restoration practices applied have likely contributed 
to the differentiation in deadwood volume observed between treatments. Higher 
deadwood volume in target stands may lead to greater biodiversity potential, given 
the close link between deadwood, habitat availability and complexity (Siitonen, 
2001). Both the amount and variety of deadwood are key components in sustainable 
forest management (De Zan et al., 2014). Additionally, deadwood volumes per 
stand rarely exceed 15m3/ha, suggesting that although variation is observed 
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between treatment, the overall levels remain low. This underscores the need for 
increasing deadwood quantities more broadly across the landscape. Previous 
research by Siitonen (2001) and Müller and Bütler (2010) has identified a threshold 
of approximately 20-30m3/ha of deadwood as critical for supporting the majority 
of saproxylic species in boreal coniferous forests. Natural forest reserves often 
contain 60-120 m3/ha, whereas production forests typically hold lower volumes, 
often below 10 m3/ha, highlighting the gap between current management practices 
and biodiversity needs.  

Interestingly, in both ecoparks, broadleaved trees (as indicated by basal area 
(m2/ha)) were generally more abundant than conifers across all treatments and sites. 
This pattern reflects the study design, which specifically selected stands dominated 
by deciduous species, aligned with the management goal of transitioning all stands 
toward conditons found in the target stands. Historically, southern areas like Hornsö 
shifted from hardwood to conifer dominance due to human land use (e.g., fire 
suppression, agriculture) and climate changes (Björse & Bradshaw,1998; 
Lindbladh & Bradshaw, 1998; Östlund et al., 1997; Sykes et al., 1996), while 
northern regions like Käringberget retained conifer dominance through 20th-century 
forestry favoring monocultures (Axelsson et al., 2002; Hellberg, 2004). This 
historical context explain why conifers may still be prominent in certain areas, 
despite the present-day abundance of broadleaves in the region. The relative 
broadleaves tree composition did not vary between treatments, possibly indicating 
that while restoration efforts may have promoted broadleaves, changes in both 
composition and abundance occur gradually over time (Östlund et al., 1997; 
Axelsson et al., 2002). However, broadleaf’s understory cover of Käringberget was 
more developed in target and restored stands compared to unrestored ones. This 
may suggest that restoration indeed has started to promote understory regeneration 
of broadleaved species, an ecologically important component, as changes in this 
layer can influence forest recovery and productivity by acting as a source of new 
growing stock (Metzger & Schultz, 1984; Tappeiner & Alaback, 1989; Burke et al., 
2008, Hekkala et al., 2014). In contrast, unrestored stands contained more conifers 
than target and restored ones, reflecting past silvicultural practices that favored 
conifers over broadleaves (Götmark et al., 2005). The reduced conifer dominance 
in target and restored stands suggests that restoration efforts can effectively shift 
trees composition toward greater structural heterogeneity and broadleaf presence 
(Larson et al., 2012).  

In both Hornsö and Käringberget, structural variation within stands was evident, 
with plots differing in deadwood volume and the dominance of certain tree species, 
contributing to local-scale heterogeneity within stands. Despite this within-stand 
variation, results demonstrate a clear effect of management treatment on forest 
structural composition in Hornsö (but not in Käringberget). These results suggest 
that treatment-related structural differences are more apparent at broader spatial 
scales, likely reflecting cumulative effects of management across all plots and 
stands. Interestingly, restored stands appeared structurally more similar to 
unrestored once in terms of deadwood characteristics, while tree species 
composition more closely resembled that of target stands. This pattern supports the 
idea that restored stands function as transitional areas-partially retaining features of 
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unrestored conditions while gradually developing attributes associated with target 
stands, as seen by Atkinson et al. (2022).  

An important finding in my work is that the differences across stands and ecoparks 
underscore the variable outcomes of management interventions. While restoration 
is being applied coherently to guild forests toward desired conditions, such 
disparities demonstrate that it is not an one-size-fits-all process; rather, it is shaped 
by historical management, local environmental conditions, and broader ecological 
contexts, as shown by Bujoczek et al. (2020). However, the application of fixed 
treatment categories (target, restored, unrestored) may oversimplify or overestimate 
an ecological reality. Instead of categorical differences, considering gradual 
changes might be more appropriate within restoration work (Atkinson et al. 2022). 
Each stand and ecopark has its own legacy, management timeline, structural 
characteristics and objectives, making such categorical labels insufficient to capture 
the nuances of restoration process with respect to habitat complexity. As 
demonstrated by Munteanu et al. (2015), historical land use can leave strong legacy 
effects, with long-lasting impacts on ecosystems that influence forest structure and 
disturbance regimes for centuries. This calls for a more nuanced classification 
system; one that is more context-dependent, stand-specific or structure-specific. 
Further, establishing ecological baselines, both pre- and post-restoration, would 
also improve the capacity to track progress and inform adaptive management 
strategies.  

4.2 Bird species richness, community composition and 
their relationships with forest structure  

Overall, my results show no differences in bird species richness, species 
composition or community dispersion across treatments in either ecopark. This 
suggest that bird assemblages are relatively resilient to the structural changes 
introduced by restoration efforts at the time of investigation. Consequently, these 
findings do not support my initial hypothesis. Previous research has shown that 
vegetation structure is a critical component of forest health and a key driver of 
species assemblages (Trumbore et al., 2015). The lack of observed differences 
might imply that current forest management interventions have not yet resulted in 
sufficient structural differentiation, or that high variation among stands within 
treatments may have obscured clear distinctions in community composition.  
Structural features such as mature trees, canopy cover, the density of seedlings and 
saplings play an important role in shaping preferences of vertebrate species in 
forests (Kreurzweiser et al., 2020). Many species depend on wooded vegetation for 
food, shelter and breeding (Larrieu et al., 2014). It is also possible that more 
complex structural features or simply a greater quantity of existing features would 
be necessary to detect changes in community composition. Additionally, spatial 
context, forest connectivity, and the ecological quality of surrounding areas can 
significantly affect the perceived and actual value of a given stand. As shown by 
Hekkala et al. (2023), Kallimanis et al. (2008), and Whittaker et al. (2001), forest 
heterogeneity and the availability of habitat over larger areas often amplify 
biodiversity outcomes. In this sense, some stands may hold greater or lesser 
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ecological value depending on their surroundings or individual size. However, this 
remains uncertain due to the lack of data on the structural condition of nearby 
forests.  

Notably, and in support of my hypothesis, clearer patterns emerged when analyzing 
functional bird groups. These groups offered detailed insights into species presence 
and responses to forest conditions, revealing a general pattern across the study 
areas. These differences highlight the varying habitat preferences and structural 
dependencies among bird groups. Traits, defined as any morphological, 
physiological or phenological characteristics measurable at the individual level 
(Díaz & Cabido, 2001), play a crucial role in habitat selection and influence how 
species respond to different forest structures. The presence or absence of a certain 
species or group can serve as indicators of baseline environmental conditions and 
help assess the extent to which communities are influenced by environmental 
changes (Gumede et al., 2022).    

For instance, the presence of species associated with mature forests suggests that 
some stands may already support well-developed structural features, aligning with 
findings that mature forests, with their large, old trees, and substantial deadwood 
volumes, provide key conditions for specialized species (Bergner et al., 2015; 
Nikolov, 2008). Such forests contribute to small-scale environmental heterogeneity 
and create a diverse set of structural characteristics (Kuuluvainen, 2002; Balestrieri 
et al., 2015), which in turn support the presence of off-ground, cavity nesting and 
crown feeding birds. Additionally, the low richness of early successional species 
supports the idea that the forest stands in both ecoparks more closely resemble 
mature forest conditions. The observed richness of cavity nesters in Hornsö may 
reflect the availability of suitable deadwood in terms of both quantity and quality, 
consistent with findings that deadwood provides critical habitat for many 
organisms, including top predators like woodpeckers (Tranberg et al., 2024; 
Siitonen, 2001). In contrast, bark feeders were notably less represented in 
unrestored stands, likely due to a lack of suitable foraging substrates such as high-
quality deadwood with intact bark (Whelan & Maina, 2005).  

The situation in Käringberget presents another layer of complexity. Both cavity 
nesters and bark feeders exhibit lower richness across all stands, suggesting poorly 
developed deadwood conditions, a conclusion supported by field observations. 
Ground nesting birds also show low richness, likely due to suboptimal ground level 
conditons. Given that nest failure among ground nesters is often linked to high 
predation pressure (Shipley et al., 2013), it is possible that these forests lack the 
dense vegetation or hiding spots required to protect nests, further limiting these 
species success. Richness is especially lower in the unrestored stands. Generalist 
species showed higher richness in target stands compared to unrestored ones, 
suggesting that Käringberget may lack the specific structural features required by 
more specialized birds and instead provide more uniform habitat that favor 
generalist species (Hinsley et al., 2009; Öckinger et al., 2010; Dondina et al., 2015; 
Porro et al., 2019). Even flexible feeders, typically less dependent on specific 
habitat structures, showed higher richness in the target stands. Although both 
generalists and flexible feeders are poorly represented, their greater richness in 
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target stands may indicate that key habitat requirements are better fulfilled for a 
wider range of species under the target treatments. Overall, the observed patterns 
likely reflect how landscape configuration and resource availability, shape 
colonization, dispersal, and comunity composition (Fahrig, 2002; Kupfer et al., 
2006; Niebuhr et al., 2015; Gumede et al., 2022). Trends among functional groups 
support the idea that structural complexity is a key driver of bird assemblages, 
shaping species interactions and filtering communities based on ecological traits 
(Lavorel et al., 2007; Biswas & Mallik, 2011). It further also reinfornced the 
structural contrast between target, restored and unrestored stands within the same 
area.  

The influence of forest structures on bird communities showed contrasting patterns 
between the two ecoparks. No clear relationship was found in Hornsö, which may 
suggest that the measured forest attributes do not strongly influence bird 
communities. This absence of effect could indicate that other unmeasured factors 
are playing a larger role in shaping avian assemblages. In Käringberget, bird species 
richness was positively associated with conifer basal area in target stands, 
suggesting that coniferous trees can provide valuable habitat features when 
embedded within a structurally complex environment. This aligns with findings 
from Juchheim et al. (2020), who showed a link between stand structural 
complexity and tree species diversity. However, this relationship shifted in 
unrestored stands, where lower species richness was associated with higher conifer 
dominance, likely due to simplified structures that reduce habitat quality and 
resource availability (Felton et al., 2021). Bird species richness showed a 
marginally positive association with broadleaf basal area in target stands, indicating 
that promoting mixed-species forests may help mitigate biodiversity loss and 
enhance ecosystem services (Huuskonen et al., 2020; Felton et al., 2021). Although 
deadwood volume did not show consistent effect overall, species richness was 
positively associated with deadwood volumes in unrestored stand, supporting the 
idea that deadwood can enhance biodiversity in structurally poorer habitats 
(Bujoczek et al., 2020). 

4.3 Indicator species as reflections of ecological 
conditions and site associations 

Indicator species are selected based on their ability to reflect the biotic or abiotic 
state of the environment. This method helps identify individual species that are 
strongly associated with particular habitat types (Severns & Sykes, 2020). While 
community-wide differences may be subtle, indicator species analysis did reveal 
fine-scale responses to restoration measures that where not apparent at the 
assemblage level. This supported my hypothesis that certain species are closely 
associated with specific treatment types. The Eurasian nuthatch serves as a clear 
example, emerging as a significant indicator species for target and restored stands 
in Hornsö. This species is a bark feeder and cavity nester, closely tied to mature, 
structurally complex forests, often preferring area with broadleaved trees 
(especially oak trees) and ample deadwood (Matthysen & Adriaensen, 1998; 
Dondina et al., 2015; Porro et al., 2019). The presence of the Eurasian nuthatch as 
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an indicator species suggests that restoration is successfully fostering key forest 
attributes (e.g., deadwood presence, tree diversity) that favours the presence of the 
Eurasian nuthatch (Matthysen et al., 1995; Bellamy et al., 1998).  

In Käringberget, the tree pipit was identified as an indicator species for target and 
restored stands, and was largely absent from unrestored stands. The tree pipit is a 
ground feeder and nester, and is classified as a generalist (Mikusinski et al., 2018; 
Versluijs et al., 2020). The tree pipit typically avoids stands with heterogeneous 
tree age structure and prefers areas, with relatively high canopy openness, low shrub 
density, and a dense field layer (Loske, 1987). In conclusion, this analysis 
emphasizes that restoration can enhance habitat quality in ways that benefits 
indicator species, even if broader community shifts are not yet strongly apparent. 
These findings also align with differences observed across functional groups, 
reinforcing the idea that structural restoration is already benefiting species with 
specific ecological requirements.  

4.4 Regional consistency in bird assemblage 
responses to restoration 

My findings show that bird assemblage responses to restoration efforts are not fully 
consistent across regions. This challenges my initial hypothesis that similar 
restoration efforts would be observed across sites. In Käringberget restoration 
appears to be less uniformly implemented, possibly due to environmental 
variability, differing baseline conditions or a longer time frame for impacts to 
become apparent. It is also possible that of Hornsö’s overall condition is more 
advanced than Käringberget’s, making restoration measures appear less effective. 
Given that forest structural complexity is known to influence species and trait 
diversity (Massicott et al., 2013; Biswas et al., 2018), this implies that regional 
variation in forest structure may generate unique bird responses in each ecopark.  
 
Numerous taxonomic groups, including bird, mammals, fish, etc. exhibit 
geographic patterns in their biological variation (McCain, 2005; Brown, 2013; 
Loewen et al., 2022; Terborgh, 1977). Therefore, bird responses to restoration 
cannot be generalized. As demonstrated by Hewitt and Cummings (2012), 
restoration outcomes are strongly context-dependent. The comparison may be 
limited in relevance, as only one site represents each ecozone. Including additional 
sites could help reveal clearer spatial patterns and provide a more robust foundation 
for future research on regional differences.   
 

4.5 General implications and limitations  

Species richness represents a measure of species variety, based simply on counting 
the number of species in a given sample (Kiester, A., 2013). While it is commonly 
used as an indicator of biodiversity, it has limitations (Gotelli & Colwell, 2001; 
Magurran, 2004, Chase & Knight, 2013). Relying solely on richness can 
underestimate the scale of biodiversity change, as it often fails to capture species 
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turnover or underlying ecological dynamics. Therefore, trends in species richness 
may not accurately reflect the outcomes of conservation or management actions 
(Hillebrand, et al., 2017; Fedor & Zvaríková, 2019; Jarrett & Willis, 2024). As this 
study focused on species richness, the findings likely reflect variations in habitat 
and community structure rather than absolute species abundance. Interpretation 
should be approached with caution, acknowledging that more complex dynamics 
are likely present but not fully explored. For these reasons, a more comprehensive 
dataset, including measures such as α- and β- diversity, species abundance or other 
community-level indicators, would provide greater insight into biodiveristy 
differences.  

One possible extension of this research would be to incorporate methods that 
estimate territory or species density based on vocal activity. Various approaches 
have been developed that use the frequency of calls or detections per recording 
period at a single point as proxies for territory density. Among these, the most 
widely used is the vocal activity rate, which calculates the number of calls per time 
unit (Pérez-Granados & Traba, 2021). A related method is the detection rate, which 
quantifies how often a species vocalization is detected, typically using automated 
classifiers, within specific time intervals, regardless of the number of individual 
calls (Hutschenreiter et al., 2024). Additionally, species richness is sensitive to 
sampling effort, increased sampling effort often leads to higher observed richness 
values (Azovsky, 2011; Fedor & Zvarìková, 2019). The relatively small sample size 
(n = 5) may have limited the ability to detect broader patterns. Another important 
extension of this research would be to incorporate pre- and post-restoration data, 
enabling a more robust evaluation of treatment effects and potentially provide a 
clearer representation of how bird communities respond to restoration over time. 

An important consideration with passive acoustic monitoring is that the distance 
between a vocalizing bird and the recording device can significantly affect the 
detection probability (Winiarska et al., 2024). Some bird species produce loud, far-
carrying calls that can be detected from considerable distances, while others emit 
softer calls that are only recorded when the bird is in close proximity to the recorder. 
This variation can introduce detection biases, with distant individuals potentially 
underrepresented due to sound attenuation (Jarrett & Willis, 2024). Background 
noise, overlapping bird songs and the structural openness of the forest can all 
influence sounds transmission and detection range, potentially causing variation in 
detectability across recordings and forest stands (Haupert et al., 2022; Winiarska et 
al., 2024). Another important factor to consider is the home range size and 
movement patterns of different bird species. Highly mobile species or those with 
large territories may be detected by multiple recording units. This can lead to 
inflated detection rates and potential pseudoreplication, especially in forest stands 
that are close to one another. As a result, some detections may not be independent, 
which is crucial to consider when comparing bird assemblages.  
 
Moreover, the spatial context of each stand, including the surrounding forest and 
landscape features, can influence bird community composition. The quality and 
structure of adjacent habitats may attract additional species, contributing to higher 
diversity within a stand. This landscape-level habitat heterogeneity, defined by 
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variation in structural complexity, resource availability, and niche diversity, is often 
positively correlated with species richness (Hekkala et al., 2023). Additionally, the 
species-area relationship indicate that species richness increases with habitat area 
(Sand-Jensen, 2001; Lewinsohn & Jorge, 2023; Connor & McCoy, 2023). 
Therefore, I suggest future research to consider both the internal characteristics of 
stands and their broader landscape context when interpreting patterns of bird 
diversity based on acoustic data. 
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5. Conclusion 

This study highlights how forest restoration efforts have begun to shape structural 
and avian community characteristics, though with varying outcomes across our 
ecoparks and treatments. Deadwood volumes were highest in target stands, with 
restored and unrestored stands showing similar lower levels. Broadleaved trees 
dominated across all treatments, and conifers were more abundant in unrestored 
stands. In Hornsö, treatment-related structural differences were evident at the stand 
level, with restored stands functioning as transitional stages between unrestored and 
target conditions. By contrast, Käringberget exhibited more subtle trends, likely due 
to higher within-stand variability and heterogeneous restoration conditions, 
resulting in less distinct treatment effects. Structural variation within stands was 
pronounced, suggesting that treatment categories (target, restored, unrestored) may 
oversimplify a more complex ecological reality. These patterns highlight the 
ongoing nature of restoration in our study area, in which structural and 
compositional changes may progress at different rates.  
 
Bird species richness did not differ between treatment, yet functional group analysis 
revealed patterns aligned with structural features. Variation within a functional 
group across treatments was observed, with higher richness and the presence of 
strong indicator species primarly associated with target and restored stands, 
suggesting a preference of these conditions over those found in unrestored stands. 
This pattern may reflect the presence of key structural features already influencing 
species occurrence and habitat selection. The influence of forest structure on bird 
communities was most apparent in Käringberget, where features like deadwood 
volumes and conifer basal area were closely linked to bird diversity and habitat use. 
This suggests that increasing structural heterogeneity and key habitat features could 
boost species richness in unrestored areas. These findings highlight that the 
ecological role of specific forest components depends on the broader structural 
context, underscoring the need to consider all habitat features collectively. 
 
While restoration has not yet led to clear shifts in overall avain richness, it appears 
to benefit species with specific ecological requirements. However, limitations in 
sample size, passive acoustic monitoring, and the lack of spatial forest context 
constrain broader interpretations. To fully understand restoration outcomes, future 
research should adopt more nuanced, stand-specific approach that considers forest 
legacy, management timeline, structural characteristics and objectives. 
Complementing structural indicators with data on, α- & β-diversity, species 
abundance, community-level indicator, food availability, canopy age and density, 
live tree biomass, forest continuity and a deeper understanding of understory cover 
would strengthen assessments of biodiversity recovery and bird community 
responses in our study area.   
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Appendix 1. Sampling design in Käringberget 
Ecopark (2024)  

 

 

Figure 11: Sampling design in Käringbergt Ecopark (2024), showing the distribution of 
random sampling plots (orange dots) and the placement of the acoustic box (pink dot). 
Forest stand boundaries and locations are shown in green. Treatment classifications 
include: target stands – 3, 6, 10, 11, 15; restored stand - 4, 7, 8, 13, 14; unrestored stand 
– 1, 2, 5, 9, 12.   
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Appendix 2. Calculation formulas for 
deadwood volumes for coniferous and 
broadleaved trees  

Volume formula for conifers (Pine & Spruce) 
(Vc) = 0.09314 * D^2 + 0.03069 * D^2 * H + 0.002818 * D * H^2 
 
Volume formula for broadleaves (Alder & Ash & Aspen & Beech & Birch & Hazel 
& Lime & Oak & Rowan & Salix)  
(Vb) = 0.03715 * D^2 + 0.02892 * D^2 * H + 0.004983 * D * H^2 
 
Volume formula to calculate logs 
(Vt) = 1

3
  * 𝜋𝜋 * L (r max 

2 + rmax * rmin + rmin
2)   

 
 
D = Diameter at breast height 
H = Height 
V = Volume  
L = length 
rmax = maximum radius 
rmin = minimum radius 
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Appendix 3. List of bird species detected in each acoustic box   

Table 3: List of all bird species detected per acoustic box in Hornsö (red closs, left) and Käringberget (black cross, right). Box labels are indicated below.  
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Appendix 4. List of excluded non-forest bird 
species  

The following species were excluded from the analysis due to their weak 
association with forest habitats:  

• Barnacle Goose (Branta leucopsis) 
• Black-headed Gull (Chroicocephalus ridibundus) 
• Common Buzzard (Buteo buteo) – Excluded due to uncertain habitat 

association  
• Common Gull (Larus canus) 
• Common Crane (Grus grus) 
• Eurasian Coot (Fulica atra) 
• Greylag Goose (Anser anser) 
• Mallard (Anas platyrhynchos) 
• Red-throated Loon (Gavia stellata),  
• Whooper Swan (Cygnus cygnus) 

 
Non-forest bird specialists retained in the dataset due to their association with 
forests during the nesting period, as they may nest in or utilize tree habitats:  

• Common Snipe (Gallinago gallinago) 
• Common Goldeneye (Bucephala clangula) 
• Greenshank (Tringa nebularia) 
• Curlew (Numenius arquata) 
• Sandpiper species (Actitis hypoleucos)  

Appendix 5. Functional group classification.  
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Appendix 5. Functional group classification  

Table 4: Overview of functional traits assigned to bird species detected in the study, 
including IUCN red-listed status, foraging strategy, nesting behaviour, and habitat 
preferences.  
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Appendix 6. Deadwood volumes per stand 
in each study area  

  

Figure 12: Deadwood volume (m3/ha) across forest stands within Hornsö Ecopark. Each 
bar represents the total deadwood volume of a single stand, average across plots. 
Treatments are categorized to illustrate variation in deadwood volumes among stand.   
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Figure 13: Deadwood volume (m3/ha) across forest stands within Käringberget Ecopark. 
Each bar represents the total deadwood volume of a single stand, average across plots. 
Treatments are categorized to illustrate variation in deadwood volumes among stand. 
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Appendix 7. Tree species composition 
(basal area) per stand in each study area  

 

Figure 14: Basal area (m2/ha) per tree species across forest stands within Hornsö Ecopark. 
Each bar represents the total basal area of a single stand, average across plots, with colors 
showing the contribution of each tree species. Treatments are categorized to illustrate 
variation in species dominance among stand. 
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Figure 15: Basal area (m2/ha) per tree species across forest stands within Käringberget 
Ecopark. Each bar represents the total basal area of a single stand, average across plots, 
with colors showing the contribution of each tree species. Treatments are categorized to 
illustrate variation in species dominance among stand. 
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Appendix 8. Understory composition (basal 
area) per stand in each study area   

 

Figure 16:  Basal area (m2/ha) of understory cover across forest stands within Hornsö 
Ecopark. Each bar represents the total basal area of a single stand, average across plots, 
with colors showing the contribution of each tree species. Treatments are categorized to 
illustrate variation in species dominance within the understory layer among stand.  
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Figure 17: Basal area (m2/ha) of understory cover across forest stands within 
Käringberget Ecopark. Each bar represents the total basal area of a single stand, average 
across plots, with colors showing the contribution of each tree species. Treatments are 
categorized to illustrate variation in species dominance within the understory layer among 
stand. Missing stands K07 and K11 are due to the absence of understory cover in those 
areas.  
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Appendix 9. Results of the functional groups 
analysis conducted in Hornsö   

Table 5: Pairwise comparisons of bird species richness between functional groups in 
Hornsö, based on Wilconxon rank-sum tests. An asterisk (*) indicates a statistically 
significant difference (p < 0.05).  
 

 Cavity Ground Off 
ground 

Bark 
feeders 

Crown 
feeders 

Ground 
feeders 

Flexible 
feeders 

Generalist Mature 
forest 

Ground 0.0007*         
Off ground 1 0.0008*        
Bark feeders 0.0002* 0.0045* 0.0001*       
Crown feeders 0.0081* 0.0008* 0.0029* 0.0288*      
Ground feeders 0.0004* 0.0013* 0.0003* 1 0.2712     
Flexible feeders 0.0001* 0.0369* 0.0001* 1 0.0003* 0.1718    
Generalist           0.0105* 0.0007* 0.0063* 0.0024* 1 0.0332* 0.0002*   
Mature forest  0.0981 0.0008* 0.2379 0.0001* 0.0002* 0.0001* 0.0001* 0.0002*  
Young mixed forest  0.0001* 1 0.0001* 0.0018* 0.0001* 0.0003* 0.0207* 0.0001* 0.0001* 

 

Table 6: Table includes the mean, median, and standard deviation (SD) of bird species 
richness for each fucntional group in Hornsö.  
 
Guild Mean Median SD n 
Mature forest  11.3 12 1.68 15 
Off ground 9.47 10 1.30 15 
Cavity  9.27 9 1.44 15 
Generalist  7.33 8 1.05 15 
Crown feeders  6.8 7 1.26 15 
Bark feeders 4.73 5 1.33 15 
Ground 
feeders 

5.33 5 1.40 15 

Flexible 
feeders 

3.8 4 1.01 15 

Ground 2 2 1 11 
Young Mixed 
Forest 

2 2 1.13 15 
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Table 7: Differences between treatments within a functional group (Hornsö Ecopark). 
Kruskal-wallis test to assess differences among treatments, followed by pairwise post-hoc 
Dunn’s tests. X2(2) = Kruskal-Wallis chi-square value with 2 degrees of freedom, T = 
target stand, R = restored stand, U = Unrestored stand, p = p-value (* significant at p < 
0.05). 
 
Functional 
group 

 Kruskal-Wallis Post-hoc Dunn’s Test Mean 

Nesting  Cavity  X2(2) = 1.917,  
p = 0.384 

  

 Ground  X2(2) = 0.614,  
p = 0.736 

  

 Off-ground  X2(2) = 2.210,  
p = 0.331 

  

Foraging  Bark  X2(2) = 6.203,  
p = 0.045* 

T - R:  
X2 = 1.557; p = 0.179  
R - U:   
X2 =2.462; p = 0.021* 
U - T:  
X2 = 0.905; p = 0.548 

T: 3.6 
 
R: 3.8 
 
U: 2.0 

 Crown  X2(2) = 0.574,  
p = 0.751 

  

 Ground  X2(2) = 3.654,  
p = 0.161 

  

 Flexible  X2(2) = 2.784,  
p = 0.249 

  

Habitat Generalist X2(2) = 1.658,  
p = 0.436 

  

 Mature forest  X2(2) = 4.221,  
p = 0.121 

  

 Young mixed 
forest  

X2(2) = 2.647,  
p = 0.266 
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Appendix 10. Results of the functional groups 
analysis conducted in Käringberget  

Table 8: Pairwise comparisons of bird species richness between functional groups in 
Käringberget, based on Wilconxon rank-sum tests. An asterisk (*) indicates a statistically 
significant difference (p < 0.05), while results with marginal significance (0.05 < p < 0.1) 
are indicated in with a dot (.). 
 

 Cavity Ground Off 
ground 

Bark 
feeders 

Crown 
feeders 

Ground 
feeders 

Flexible 
feeders 

Generalist Mature 
forest 

Ground 1         
Off ground 0.0004* 0.0003*        
Bark feeders 0.0289* 0.2518 0.0004*       
Crown feeders 0.0581. 0.0004* 0.1373 0.0004*      
Ground feeders 1 0.0011* 0.0009* 0.0004* 0.7524     
Flexible feeders 0.3154 1 0.0002* 0.5075 0.0002* 0.0002*    
Generalist 1 0.0033* 0.0004* 0.0004* 0.3656 1 0.0003*   
Mature forest  0.0007* 0.0003* 1 0.0004* 0.8266 0.0032* 0.0002* 0.0007*  
Young mixed forest  0.6237 1 0.0003* 0.5661 0.0003* 0.0002* 1 0.0006* 0.0003* 

 

Table 9: Table includes the mean, median, and standard deviation (SD) of bird species 
richness for each functional group in Käringberget.  
 
Guild Mean Median SD n 
Off ground 9.64 10 1.34 14 
Mature forest  9.5 8.5 2.28 14 
Crown feeders 7.75 7 1.91 14 
Ground 
feeders 

6.07 6 1.21 14 

Generalist 5.79 6 1.12 14 
Cavity 4.64 5 2.02 14 
Ground  3.21 3 1.19 14 
Young Mixed 
Forest 

2.86 3 0.86 14 

Flexible 
feeders 

2.71 3 0.61 14 

Bark feeders  1.92 2 0.76 13 
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Table 10: Differences between treatments within a functional group (Käringberget 
Ecopark). Kruskal-wallis test to assess differences among treatments, followed by pairwise 
post-hoc Dunn’s tests. X2(2) = Kruskal-Wallis chi-square value with 2 degrees of freedom, 
T = target stand, R = restored stand, U = Unrestored stand, p = p-value (* significant at 
p < 0.05), while results with marginal significance (0.05 < p < 0.1) are indicated with a 
dot (.). 
 
Functional 
group 

 Kruskal-Wallis Post-hoc Dunn’s Test Mean 

Nesting  Cavity  X2(2) = 2.814,  
p = 0.245 

  

 Ground  X2(2) = 7.026,  
p = 0.029* 

T - R:  
X2 = 0.079; p = 1  
R - U:  
X2 = 2.374; p = 0.026* 
U - T:  
X2 = 2.300; p = 0.032* 

T: 3.6 
 
R: 3.8 
 
U: 2.0 

 Off-ground  X2(2) = 2.480,  
p = 0.289 

  

Foraging  Bark  X2(2) = 1.092,  
p = 0.579 

  

 Crown  X2(2) = 0.877,  
p = 0.645 

  

 Ground  X2(2) = 3.981,  
p = 0.137 

  

 Flexible  X2(2) = 5.697,  
p = 0.058. 

T - R:  
X2 = 1.500; p = 0.198 
R - U:  
X2 = 1.567; p = 0.534 
U - T:  
X2 = 2.343; p = 0.029* 

T: 3.20 
 
R: 2.60 
 
U: 2.25 

Habitat Generalist X2(2) = 7.800,  
p = 0.020* 

T - R:  
X2 = -1.783; p = 0.112 
R - U:  
X2 = 1.055; p = 0.437 
U - T:  
X2 = 2.736; p = 0.009* 

T: 6.80 
 
R: 5.60 
 
U: 4.75 

 Mature forest  X2(2) = 1.101,  
p = 0.577 

  

 Young mixed 
forest  

X2(2) = 1.469,  
p = 0.480 
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Appendix 11. Results of indicator species 
analysis (ISA) in each study area 

Table 11: ISA for Hornsö Ecopark. Group codes: 1 = Target stand, 2 = Restored stand, 3 
= Unrestored stand. Indval = Indicator Value; α- Specificity = probability that the species 
is exclusive to the group; β-Fidelity = frequency of occurrence within the group. An 
asterisk (*) indicates a statistically significant difference (p < 0.05), while results with 
marginal significance (0.05 < p < 0.1) are indicated in with a dot (.). 
 

 Group IndVal P-value α-Specificity β-Fidelity 
Tree Pipit  1  0.730 0.185   
Lesser Spotted 
Woodpecker 

1 0.671 0.248   

Green 
Woodpecker 

2 0.600 0.526   

Eurasian Curlew 3 0.632 0.290   
Eurasian 
Nuthatch 

1 + 2 0.953 0.012* 0.909 1 

Crested Tit 2 + 3 0.837 0.077.   
Long Tailed Tit  2 + 3 0.783 0.301   
Common Wood 
Pigeon  

2 + 3  0.645 0.811   

 
 
Table 12: ISA for Käringberget Ecopark. Group codes: 1 = Target stand, 2 = Restored 
stand, 3 = Unrestored stand. Indval = Indicator Value; α- Specificity = probability that 
the species is exclusive to the group; β-Fidelity = frequency of occurrence within the group. 
An asterisk (*) indicates a statistically significant difference (p < 0.05), while results with 
marginal significance (0.05 < p < 0.1) are indicated in with a dot (.). 
 

 Group IndVal P-value α-Specificity β-Fidelity 
Bohemian 
Waxwing 

1  0.632 0.276   

Meadow Pipit 2 0.775 0.071.   
Black 
Woodpecker 

2 0.671 0.163   

Common Snipe 2 0.632 0.289   
Tree Pipit 1 + 2 0.943 0.013* 0.889 1 
Spotted 
Flycatcher 

1 + 2 0.832 0.135   

Common Wood 
Pigeon 

1 + 2 0.632 0.447   

Wood Warbler  1 + 2  0.632 0.457   
Eurasian Wren 1 + 3 0.667 0.355   
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