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A B S T R A C T   

Structural complexity enhancement (SCE) is a forest restoration approach aiming to maintain or increase 
biodiversity in managed, secondary forests. Whether the diversity of wild bees also benefits from such restoration 
measures in temperate forests is not well studied. We conducted a restoration experiment in secondary spruce 
forests on twelve 50 × 50 m plots in the Black Forest National Park in Baden-Württemberg, Germany. SCE was 
carried out on half of the study plots (six) in 2016 comprised create deadwood through girdling and uprooting of 
20 spruce trees per plot and thus initiating small gaps. The other six plots were used as control plots with no SCE. 
Wild bees were sampled in June 2018 and 2019 using coloured pan traps. We hypothesized that creation of 
deadwood influences bee abundance and richness, especially of aboveground-nesting bees, and thus would also 
change bee community composition at the plot scale. Furthermore, we assessed the influence of bilberry (Vac-
cinium myrtillus L.) cover in the plots and areas of meadows and roads of the intermediate surrounding on wild 
bees. 

Estimated species richness was higher on restored plots than on control plots. Deadwood originating from 
restoration increased the number of aboveground-nesting, solitary and cuckoo bee individuals. In particular 
standing deadwood had a positive impact on bee individuals. Increased bilberry cover and nearby meadow areas 
increased abundance and richness of the bee community. 

We conclude that creation of deadwood in coniferous forest is a promising restoration measure to promote 
solitary, aboveground-nesting bees. Increased light availability through restoration, which promotes bilberry 
flowering, is also beneficial for bees.   

1. Introduction 

In Europe, forests are predominately semi-natural and three quarters 
of the area is available for wood supply (Forest Europe, 2020). As a 
result, most forests are less structurally complex than they would be 
without human intervention and regulation. They typically lack a range 
of structural elements found in unmanaged and old-growth forests that 
support high levels of biological diversity (Bauhus et al., 2009; Dove and 
Keeton, 2015; Keeton, 2006). In addition, they lack early successional 
phases that result from natural disturbances that have not been salvage 
logged and therefore retain the relict structural elements such as 
standing dead trees and downed logs (Hilmers et al., 2018). The key 
factors for this effect appear to be that structurally complex forests offer 
both a higher number and a wider range of microhabitats, in particular if 

they contain dead wood and tall trees (Paillet et al., 2017). Therefore, 
actions to emulate natural disturbances are implemented in forest 
management regimes (Long, 2009) to rehabilitate forest habitats and 
foster natural processes as well as ecosystem dynamics (Kouki et al., 
2012). 

One way to create late successional and disturbance structures in 
forests is through Structural Complexity Enhancement (SCE). This type 
of restoration promotes higher volumes of standing dead trees and 
downed logs, more canopy gaps, as well as the re-allocation of basal area 
to larger trees (Keeton, 2006), which in turn alters the microclimate of 
the forest floor in terms of temperature and moisture conditions (Smith 
et al., 2008). It was shown that SCE increases herbaceous species rich-
ness (Smith et al., 2008) and promotes salamander populations 
(McKenny et al., 2006) as well as fungal diversity (Dove and Keeton, 
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2015). A group of insects which could benefit from SCE restoration in 
forests are wild bees. 

A recent review has indicated the significance of forests as habitat for 
wild bees (Hanula et al., 2016). Bees rank among the most important 
insect pollinators (Klein et al., 2007; Winfree, 2010), and in forests wild 
bees provide pollination services to flowering plants such as bilberry 
(Vaccinium myrtillus L.) (Nuortila et al., 2002) or willow (Salix spp.) 
(Mosseler et al., 2020). Bilberry can be an important nectar and pollen 
resource for bumblebees (Moquet et al., 2017) as well as for solitary bee 
species such as the Bilberry Mining Bee (Andrena lapponica) and the 
Rufous-footed Furrow Bee (Lasioglossum rufitarse) (Westrich, 2018). In 
spring, bilberry is an important flower resource in acidic forests (Devoto 
et al., 2013) and can therefore be crucial for bees adapted to forest 
habitats. 

To ensure pollination services, a diverse and abundant wild bee 
community is important (Garibaldi et al., 2013; Dainese et al., 2019). 
However, worldwide a decline in the abundance and diversity of bees 
can be observed (Bartomeus et al., 2013; Zattara and Aizen, 2021). 
Habitat loss and fragmentation in combination with other factors such as 
pesticides are identified to be the main drivers of wild bee declines 
(Dicks et al., 2020; Potts et al., 2016). Hence, in order to mitigate the loss 
of bee diversity, specific habitat management measures and the opti-
mization of landscape structure are necessary. 

Studies focusing on drivers of bee diversity in managed temperate 
forests, such as conifer forests, are scarce (Rivers et al., 2018). In forest- 
dominated landscapes, early successional habitats, created by natural 
disturbances or forest management are particularly important compo-
nents for bees (Rodríguez and Kouki, 2015). This is due to the micro-
climatic conditions at these sites which promote flowering plants (Taki 
et al., 2013). Likewise, accumulated deadwood or open ground as a 
result of natural disturbances increase nesting options (Hanula et al., 
2016), which make late successional stages equally important for some 
bee species (Taki et al., 2007). Throughout their life cycle wild bees rely 
on a number of different resources. These can roughly be divided into 
three categories: nesting sites like bare ground or hollows in dead wood, 

foraging opportunities in the form of flowering herbs, shrubs and trees 
and nesting materials such as clay, plant materials or plant resins 
(Westrich, 2018). This means wild bees are sensitive to changes to these 
resources in one or more of these categories and implies that active 
restoration measures creating deadwood, and thereby gaps, could 
improve forest habitat for wild bees. 

As wild bees display a wide range of lifestyles and habitat re-
quirements, the inspection of functional guilds is important. A func-
tional classification of bees is based on traits such as floral specialisation, 
nesting mode or behavioural traits like cleptoparasitism (Sheffield et al., 
2013). Cleptoparasitic bees or cuckoo bees rely on the occurrence of 
their specific host species. This is because they do not collect pollen for 
their brood. Instead, in the case of Psithyrus bumblebees, queens enter 
the host nest under a chemical disguise, kill the brood of the host 
bumblebee and sometimes also the host queen. The host bumblebee 
workers then care for the cuckoo bumblebee brood (Lhomme and Hines, 
2019). This and other functional guilds of wild bees might react differ-
ently to structural complexity enhancement (Beyer et al., 2020). 

In this study, we aim to test whether active restoration measures to 
increase structural complexity in secondary even-aged spruce stands 
influences the abundance and richness of wild bees. Furthermore, we 
inspected functional guilds to provide insights into the community 
structure of the bees and their possible changes due to SCE (Normandin 
et al., 2017). In the framework of a restoration experiment within the 
Black Forest National Park (Germany), forest plots were enriched with 
standing and downed dead wood through initial girdling and simulated 
windthrow in autumn 2016 (Pyttell et al., 2019). 

We sampled wild bees, two and three years following the restoration 
measures, to test the following hypotheses:  

(1) Forest restoration enhances wild bee abundance and richness  
(2) Aboveground-nesting bees benefit from an accumulation of 

deadwood while others remain unaffected  
(3) Forest restoration drives changes in the bee community 

Fig. 1. Study region and plots in the Black Forest National Park, Baden-Württemberg. Yellow circle indicates the 300 m radius around one trap where we measured 
meadow and road area (A) and pole with Pan traps (B). © Bundesamt für Kartographie und Geodäsie, Frankfurt am Main. Map Data: Google. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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In addition, we quantified the influence of plot characteristics like 
bilberry cover and the composition of the immediate surrounding area 
including meadows and road verges to disentangle plot scale from sur-
rounding area scale effects on bee communities. 

2. Methods 

2.1. Study region and plots 

The study was conducted between 2016 and 2020 in the Black Forest 
National Park in Baden-Württemberg, Germany; sampling of the wild 
bee community occurred in June 2018 and 2019 (Fig. 1, A). The 
experiment was located in a spruce dominated, even-aged forest that 
prior to the national park declaration of 2014 had been managed for 
wood production. The landscape contains a mosaic of closed canopy and 
smaller gaps. The understory mainly consists of bilberry (Vaccinium 
myrtillus) while the ground layer was dominated by various mosses 
(Pyttell et al., 2019). 

In 2016 twelve 50 × 50 m plots were established in the valley of 
Schönmünzach in order to study the effects of active restoration on 
forest structure development (Pyttell et al., 2019; Benneter et al., 2021). 
On six plots the dieback of 120 trees (20 per plot) was initiated by 
uprooting and girdling to simulate natural disturbances. For each 
treatment plot, 10 trees were selected for each of the two treatments, 
comprising one randomly placed 5-tree group and the remaining 5 trees 
randomly distributed across the plot area. Uprooting was carried out 
with a forest skidder and a winch and trees were pulled over in wind 
direction. Girdling of trees was done through debarking at a height of 
around 60 cm from the ground with a chainsaw, creating a bark-free ring 
around each tree with a width of about 40 cm. As a result of these 
treatments restored plots have a higher canopy openness and a higher 
volume of lying and standing deadwood than control plots (Pyttell et al., 
2019). Vegetation characteristics in the form of bilberry cover of 
restored and control plots are comparable (bilberry cover ~ restoration; 
lm = 0.69). 

Altitude of the plots ranges from 710 to 780 m above sea level. Mean 
annual temperature of the study site is 5.1 ◦C (DWDa, 2019). Mean sum 
of annual precipitation is 1953 mm (DWDb, 2019). 

2.2. Bee sampling 

We assessed the bee community with coloured pan traps, which is 
one of the most effective methods to sample wild bees (Campbell and 
Hanula, 2007; Westphal et al., 2008; Montgomery et al., 2021). At every 
plot, one pole (n = 12) was randomly erected in a sunny spot of each plot 
to minimize the effect of microclimate. To take possible colour prefer-
ences of the bees into account, one white, one blue and one yellow 
plastic bowl (500 ml) were fixed randomly on the pole at 30, 60 and 90 
cm height as the elevation of the traps might influence capture rate 
(McCravy & Ruholl, 2017) (Fig. 1, B). Bowls were painted with UV 
colours to increase sampling efficiency (Wilson et al., 2008) and filled 
with a mixture of 70% water and 30% propylene glycol to slow down the 
decay process of the bees (Rubene et al., 2015). Further, a few drops of 
odourless detergent were added to break the surface tension. 

Traps were emptied once a week over a period of one month in June 
2018 with a repetition in June 2019 (=four sampling weeks per year). 
The specimens were stored in 70% ethanol. 

In the laboratory, bees were washed, dried, pinned (Droege, 2015) 
and determined under a binocular (Leica S6 E Stereo Zoom 0.63x −
4.0x) using the identification keys of Amiet (1996) and Amiet et al. 
(1996, 2001, 2004, 2007, 2010). Bombus lucorum, Bombus terrestris, 
Bombus cryptarum and Bombus magnus were aggregated (Bombus luco-
rum-agg.) as they are not clearly distinguishable with the proposed 
identification method (Carolan et al., 2012). Specimens were sent to the 
expert Arno Schanowski (Sasbach) who checked reference specimens of 
all species and identified individuals that were difficult to identify. 

Voucher specimens have been deposited in the collection of the Black 
Forest National Park. 

2.3. Plot characteristics 

To assess nesting potential for aboveground-nesting species, we 
recorded deadwood volume, degree of decomposition and position 
(standing/lying) for all deadwood pieces (diameter > 7 cm) at the plots. 
Decomposition stages were assessed and classified following Albrecht 
(1990): (1) freshly dead; (2) early stage of decomposition; (3) moder-
ately decomposed; (4) advanced stage of decomposition. Height of 
standing deadwood was measured with a tree height meter (Suunto PM- 
5/1520). Length of downed deadwood was measured with a tape mea-
sure. Diameter was calculated with the circumference at chest height. 
Volume was calculated with the formula: 

v =
ab + au

2
× l  

ab = area base, au = area upper part, l = length of deadwood Nagel 
(2001) 

Deadwood of the category “early stage of decomposition” originated 
from the trees that were treated for the experiment in autumn 2016. This 
means, besides decomposition stages, we were able to test whether the 
active accumulation of deadwood influences the bee community. 

To assess the effect of understory vegetation on the bee community, 
we estimated the percentage cover of bilberry shrubs, the dominant 
understorey. In both years, bilberry was flowering from late April to late 
May at our study plots. We also noted the presence of flowering herbs. 
However, no flowering herbs in the herbaceous layer of the forest were 
found at the time of sampling (for flowering herbs of meadows see 
Table A1). Therefore, bees were foraging only outside of the plots. The 
total basal area of living trees within plots was used as a proxy for the 
light availability within the stands (Hanula et al., 2015). 

Additionally, we recorded tree composition to test whether it in-
fluences the bee community composition. 

2.4. Surrounding plot characteristics 

Depending on their flight and foraging range and the forage avail-
ability at the plot scale, wild bees are affected by the intermediate sur-
rounding area of the plots (Rubene et al., 2015). For small bees 300 m is 
the maximum flight distance (Hofmann et al., 2020). Although the 
maximum flight distance of bumblebees exceeds 1 km (Walther-Hellwig 
and Frankl, 1999), studies suggest a mean foraging distance of 270 m 
(Wolf and Moritz, 2008). Besides species-specific differences in foraging 
distance (Knight et al., 2005), foraging ranges are also influenced by 
habitat context and might be different in forests compared to open, 
non-forested habitats (Bartomeus and Winfree, 2011). Therefore, to 
gauge the influence of the intermediate surrounding area on smaller 
solitary- and bigger bumblebees we assessed two variables which could 
have an effect on the wild bee community: the area covered by meadows 
and areas covered by forest roads within 300 m. Open spaces like forest 
roadsides as well as meadows can provide a more diverse plant 
composition than the forest (Avon et al., 2010) and could provide re-
sources for foraging pollinators. Assessing larger distances will result in 
a high level of overlapping meadows and roads because study plots were 
a maximum of 200 m away from each other. To obtain meadow and road 
areas, we conducted a Vector Spatial Analysis with QGIS (QGIS, 2020, 
Map Data: Google) and created buffered polygons with a 300 m radius 
around each pan trap. The area of roads was calculated with a width of 
2.5 m. 

2.5. Data analysis 

To better understand fundamental ecological processes in the bee 
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community, we identified traits like behaviour (cuckoo, eusocial, soli-
tary) and nesting mode (aboveground, belowground) which were ob-
tained from the literature (Westrich, 2018). Bombus hortorum (n = 7), 
Bombus pascuorum (n = 8) and cuckoo bees were not considered for 
further calculations on nesting mode due to a lack of information. 

All analyses were conducted with R (R Core Team 2020; Version 
4.03). To test for differences in bee community structure between 
restored and control plots, non-metric multidimensional scaling (NMDS) 
ordination was performed using the vegan-package (Oksanen et al., 
2019). NMDS is an ordination technique which allows the visual in-
spection of the community. Points in close proximity to each other are 
more similar in terms of community structure. We used the Bray-Curtis 
index to calculate dissimilarity. Further, to gauge the effects of the 
categorical (restoration and year) and environmental variables (dead-
wood (m3), bilberry cover (%), percent of spruce, basal area (m2), fields 
and roads (ha) on the community structure, a PERMANOVA was done 
with the adonis2-function of the vegan-package. 

As species richness is known to be highly sensitive to sample size 
(Chao et al., 2014) and to check whether two years after restoration we 
already reached a saturation point of species richness, we inspected the 
rarefaction curves of restored and control plots. As we did not reach the 
asymptote, we calculated the estimated species richness (Chao1) using 

the iNext-Package (Hsieh et al., 2020). With mean estimations, standard 
deviation, and sample size of the estimated richness, data were simu-
lated and tested with ANOVA to compare the estimated species richness 
for restored and control plots. Afterwards a Post-Hoc Test was done with 
the emmeans-Package (Lenth, 2020). 

2.6. Model building and selection 

We build generalized linear mixed-effect models (GLMM) with the 
glmmTMB-Package (Brooks et al., 2017) to test the effects of the 
following restoration-(manipulated) variables: restoration (yes/no), 
deadwood at an early stage of decomposition (in m3), standing or 
downed deadwood at an early stage of decomposition (in m3) as well as 
not manipulated variables: moderately (3) and advanced decomposed 
(4) deadwood (in m3), tree basal area (in m2), shrub cover (in %), pro-
portion of spruce (in %). In addition, we quantified the following vari-
ables of the intermediate surrounding: meadow area (in ha) within a 
300 m radius, and forest road area (in ha) within the 300 m radius 
around the trap. Response variables were the abundance, species rich-
ness and the abundance of behaviour and nesting modes of the sampled 
bees. Prior to model-building, we tested collinearity between variables 
with the “cor function” in R (Fig. A1). Variables for model building were 

Fig. 2. Number of bees (A), bee species richness (B) and estimated species richness for the double sample size (C) on restored (6 plots) and control forest plots (6 
plots) (two years combined). Boxes represent the interquartile range, bold line represents the median, lower, and upper whiskers correspond to the 25th and 75th 
percentile, respectively. Dots show the aggregated values of the capture intervals for respective pan traps. Significance was tested with ANOVA, p-value = 0.005. (D) 
Non-metrical dimensional scaling (NMDS) of bee communities on restored (triangles) and control (circles) for both years. We used the bray-curtis distance. Stress 
factor is 0.16. 
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used in the same model only when low to moderate correlation appeared 
(r < 0.7). 

To account for different capture intervals and years we aggregated 
the data. For models we used a Poisson or a negative-binomial distri-
bution to account for overdispersion. The final models were built using 
stepwise backwards selection, where we excluded non-significant vari-
ables step by step from a full model. To account for plot proximity, 
which could possibly influence our results, we included a spatial 
component in the models. It was implemented using the available 
covariance structures of the glmmTMB-package. We chose the spatial 
exponential structure after comparing the model validation plots for all 
available spatial structures. The spatial structure requires the co-
ordinates of the plots. With them an Euclidian distance matrix was 
calculated. Furthermore, a dummy variable was used following Brooks 
et al. (2017). We used plot identity as a random effect for every model to 
account for variation in abundance and diversity among plots. We 
validated the models using the DHARMa-package following Hartig 
(2020). To test for spatial autocorrelation, Moran’s I tests were applied 
to model residuals with the DHARMa-package, which uses the ape- 

package (Paradis and Schliep, 2019). The residuals showed no signifi-
cant spatial relation in all models. Benjamini-Hochberg correction was 
used to account for the multiple testing problem as it is not as conser-
vative as the traditional Bonferroni correction and better suited for 
ecological questions (Pike, 2011). 

3. Results 

3.1. Bee community 

Overall, 888 bees representing 38 wild bee species were sampled 
within both years. With 448 individuals (50% of the catches) Bombus 
pratorum was the most common species, followed by Bombus lucorum 
agg. with 188 individuals (~21%) (Table A2). The genus Bombus 
compromised 85% of all sampled bees. The most common aboveground- 
nesting solitary bee was Hylaeus communis with 26 individuals. Lasio-
glossum fratellum was the most common belowground-nesting bee with 
27 individuals. Nomada panzeri was the most common cuckoo bee, 
which lives as a cleptoparasite of solitary bees. 

Fig. 3. Relationship between manipulated standing snags (A) and downed logs (B) deadwood at an early stage of decomposition and aboveground nesting bees. 
Relationship between manipulated deadwood at an early stage of decomposition and solitary (C) and cuckoo bees (D) for both years on restored (n = 6) and control 
(n = 6) forest plots. Black lines show the linear regression line for both years combined. Grey area represents the 95% confidence interval. 
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3.2. Effects of forest restoration on bee abundance and richness 

We sampled more individuals on restored (n = 537, mean = 100 ±
65) than control plots (n = 351, mean = 48 ± 42) and found a higher 
number of bee species on restored (n = 36, mean = 14 ± 4.47) than on 
control plots (n = 26, mean = 10.6 ± 4.17) (Fig. 2, A and B). However, 
these differences were not significant, whereas the estimated species 
richness (Chao1) was significantly higher at restored (mean = 64.07 ±
20.86) than at control plots (mean = 32.73 ± 5.87) (ANOVA, F1,10 =

12.49, p = 0.005) (Fig. 2, C). 
Abundance of aboveground-nesting (Fig. 3, A) and solitary (Fig. 3, C) 

bees was positively influenced by the overall amount of both downed 
and standing deadwood at an early stage of decomposition (Table 1). 
While downed deadwood at an early stage of decomposition did not 
influence the number of aboveground-nesting (Fig. 3, B) or solitary bees, 
the number of cuckoo bees was promoted by the overall amount of 
deadwood at an early stage of decomposition (Table 1) (Fig. 3, D). In 
addition, we observed an increase of species from three to eight cuckoo 
bee species between 2018 and 2019. 

The visual inspection of the two-dimensional ordination space of 
restored and control plots indicated no clustering of bee communities 
(Fig. 2, D). Bilberry cover was the dominant driver of the bee community 
composition (PERMANOVA, p = 0.001). Sampling year also influenced 
the bee community composition (PERMANOVA, p = 0.029). Restoration 
did not directly influence community composition (PERMANOVA, p =
0.72). 

3.3. Environmental effects on wild bees 

Increasing bilberry cover at the plot scale (Fig. 4, A) and the meadow 
area in the plot surrounding area (Table 1) increased the total abun-
dance of wild bees. We also found higher species richness with 
increasing bilberry cover (Table 1) (Fig. 4, C) and increasing meadow 
area (Table 1). Solitary bees were the only guild neither influenced by 
bilberry cover nor meadow area (Table 1). Abundance of aboveground- 
nesting bees increased with higher stand basal area of trees (Table 1). 
Road area and proportion of spruce did not influence single bee guilds 
(Table 1). The amount of moderately decomposed deadwood decreased 
the overall abundance and richness of wild bees (Fig. 4, B, D) as well as 
all bee guilds (see Table 1). 

4. Discussion 

Ecological restoration by Structural Complexity Enhancement (SCE) 
of spruce plantations enhanced estimated wild bee richness. A particular 
benefit of recently created standing deadwood was observed for 
aboveground-nesting species. We also found a positive influence of 
bilberry cover on wild bee abundance, richness, and species 
composition. 

4.1. Effect of restoration on the wild bee community 

We hypothesized that forest restoration in the form of SCE promotes 
wild bee abundance and richness. After restoration, restored plots in our 

Table 1 
Final models showing relationships between wild bee community attributes and environmental variables. moderate_d_DW = moderate decomposed deadwood, 
early_d_DW = early decomposed deadwood. All models are built with (1| Plot) as random effect and exp (pos + 0 | group) as a spatial covariance structure to account 
for plot proximity.  

Model Predictor Est. SD z -value p -value 

Number of all Bees ~ Bilberry cover + moderate_d_DW + Meadows Bilberry cover 0.0391 0.007 4.469 <0.001  
moderate_d_DW − 0.6300 0.1422 − 4.429 <0.001  
Meadows 0.6528 0.2181 2.992 0.0027  

Number of all species ~ Bilberry cover + Meadows Bilberry cover 0.0175 0.0054 3.206 0.0013  
Meadows 0.5018 0.2027 2.475 0.0133 

Number of eusocial Bees ~ Bilberry cover + moderate_d_DW + Meadows Bilberry cover 0.03414 0.0064 5.291 <0.001  
moderate_d_DW − 0.6101 0.1511 − 4.036 <0.001  
Meadows 0.6295 0.1979 3.181 0.001  

Number of solitary Bees ~ moderate_d_DW + early_d_DW moderate_d_DW − 0.7810 0.2254 − 3.464 <0.001   

Manipulated      
early_d_DW 0.0080 0.0038 2.070 0.0384 

Tested in separate model early_d_DW_standing 0.0112 0.0043 2.588 0.0096  

Number of belowground-nesting Bees ~ Bilberry cover + moderate_d_DW + Meadows Bilberry cover 0.0348 0.0051 6.743 <0.001  
moderate_d_DW − 0.5151 0.1683 − 3.059 0.002  
Meadows 0.7220 0.1819 3.968 <0.001  

Number of aboveground -nesting Bees ~ Bilberry cover + Meadows + m_DW + Basal Area Bilberry cover 0.0325 0.0047 6.896 <0.001  
moderate_d_DW − 0.4496 0.1360 − 3.304 <0.001  
Basal_area 0.0348 0.0101 3.440 0.0018  
Meadows 0.6406 0.1383 4.633 <0.001   

Manipulated      
early_d_DW 0.0064 0.0020 3.126 0.0017 

Tested in separate model early_d_DW_standing 0.0084 0.0026 3.228 0.0012 
Number of cuckoo Bees ~ Bilberry cover + + moderate_d_DW + Meadows + early_d_DW Bilberry cover 0.4130 0.1476 2.798 0.0051  

moderate_d_DW − 0.3528 0.1669 − 2.114 0.0345  
meadows 0.3265 0.1377 2.370 0.0177   

Manipulated      
early_d_DW 0.2044 0.1042 1.961 0.0498  
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study had a higher structural heterogeneity through standing and 
downed deadwood and a higher canopy openness compared to control 
plots. Hence, the higher abundance of bees on restored plots is probably 
related to increased nesting opportunities in the form of deadwood and 
open ground (Hanula et al., 2016). The canopy gaps might also result in 
elevated foraging resources from flowering bilberries (Eckerter et al., 
2019) and flowering herbs (Taki et al., 2013). This is also highlighted by 
the estimated higher species richness on restored plots compared to 
control plots. Our results therefore emphasize the importance of early 
successional habitats in forest after disturbance (for artificial distur-
bance Bogusch et al., 2015; for natural disturbance Foote et al., 2020). 
Restoration actions such as artificial creation of deadwood and pre-
scribed burning have been shown to successfully increase the diversity 
of deadwood-dependent organisms (Komonen et al., 2014; Heikkala 
et al., 2017). A meta-analysis on the effect of several restoration prac-
tices such as grazing or seeding in different habitats suggests restoration 
can be beneficial for bee abundance and richness (Tonnieto and Larkin, 
2017). In forests it is known that bees show a positive response to pre-
scribed burning (Rodríguez and Kouki, 2015). Previous research of 

forest restoration focused mainly on the effects of prescribed burning 
because this is an important ecological agent of natural disturbance in 
boreal forests (Thom and Seidl, 2016). Our results show that restoration 
actions other than prescribed burning can be used as a tool for bee 
conservation in forests. 

In another study deadwood volume showed no influence on 
aboveground-nesting bees. It was argued that this was caused by the 
freshness of the deadwood (Rubene et al., 2015). We hypothesized that 
only aboveground-nesting bees will be influenced by deadwood. How-
ever, solitary and cuckoo bees were also promoted by the amount of 
deadwood. Aboveground-nesting and solitary bees were promoted 
especially by the standing and overall amount of deadwood at an early 
stage of decomposition. This could be explained with increased nesting 
opportunities in deadwood for aboveground-nesting species (Hylaeus 
spp., Osmia spp. or Bombus hypnorum) (Westrich, 2018). Neither 
aboveground-nesting nor solitary bees were affected by the volume of 
newly created downed logs of deadwood. In comparison to standing 
deadwood, logs have a higher moisture content and decay slower 
(Yatskov et al., 2003). In addition, since trees were pulled over, they 

Fig. 4. Relationship between non manipulated environmental variables like bilberry cover, moderately decomposed deadwood, and number of bees - (A, B) and 
number of species (C, D) for both years on restored (n = 6) and control (n = 6) forest plots. Black line shows linear regression line for both years combined. Grey area 
represents the 95% confidence interval. 
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maintained a partial soil contact with their root systems and thus did not 
die immediately. Both factors would reduce their suitability as substrate 
for aboveground-nesting bees. 

Cuckoo bees showed a positive response to newly created deadwood. 
As they are dependent on specific hosts, the relationship between host 
and parasite is influenced by different variables such as nutrition and 
foraging distance of host bees (Goodell, 2003) but also host availability 
(Mahmoudi et al., 2010). Hence, the positive response of cuckoo bees 
might be explained by better habitat conditions for host species. This 
could also explain why we found more cuckoo bee species in 2019 than 
in 2018. 

Our findings did not show bee community structure differences be-
tween restored and control plots. Restoration has been shown to in-
crease community heterogeneity at restored in comparison to control 
plots (Ponisio et al., 2017). Even adjacent plots can harbour variable 
communities of wild bees in restored heathland compared to remnant 
habitats (Forup et al., 2007). Variability might therefore be driven by 
local landscape characteristics like foraging or nesting sites but could 
also be due to natural fluctuations in the population (Williams, 2011). 
However, changes in pollinator composition have also been shown to be 
strongly related to the diversity of flowering plants (Albrecht et al., 
2010), which reflects the findings of our PERMANOVA showing that 
bilberry cover is the main driver of bee community structure. The fact 
that year also had an effect might point to a slow change in community 
structure from restoration. 

4.2. Effect of non-manipulated environmental variables on bees 

Our results show that the bee community as a whole is influenced by 
bilberry cover at the plot scale and availability of meadows in a 300 m 
radius. Hanula et al. (2016) suggest shrub removal as a management 
strategy for bee habitat enhancement in forests. They, however, iden-
tified large native and invasive shrubs as detrimental for bees. Bilberry is 
a native dwarf shrub which only grows to around 60 cm in height and 
yields flowers for pollinators. We therefore suggest that the reaction of 
the bee community depends on the type of shrub or other understory and 
the management actions should be planned accordingly. 

The amount of moderately decomposed deadwood had a negative 
influence on almost all guilds. For aboveground-nesting bees this could 
be related to unfavourable nesting conditions of this kind of deadwood. 
This is in accordance with findings in boreal forests where most natural 
cavities were found in heavily decayed wood but only few of them were 
occupied as they often offered inferior conditions for offspring (West-
erfeld et al., 2015). 

5. Implications for forest management 

Ecological restoration through artificial creation of downed and 
standing dead wood and concomitant formation of small gaps proved to 
be a suitable conservation measure for wild bees. While spruce planta-
tions provide habitat for only a small number of wild bee species, the 
estimated species richness revealed that restored plots support a higher 

species richness of wild bees. Therefore, our study adds to a growing 
body of evidence indicating that wild bees benefit from the enhance-
ment of structural complexity in forests. We found convincing evidence 
that the active accumulation of standing deadwood can enhance nesting 
potential for aboveground-nesting wild bees. In Germany ~24% of wild 
bees are aboveground nesters and ~40% of these are threatened 
(Westrich et al., 2011). The restoration measures examined here can 
improve habitat conditions in spruce plantations for this bee guild and 
help with the conservation of threatened species. Girdling of spruce trees 
in spruce-dominated stands might be problematic because it attracts 
bark beetles and hence can lead to unintended increased mortality of 
additional trees in managed stands. However, the same positive effects 
can be achieved by retaining dead standing spruce trees that no longer 
serve as a source of bark beetles instead of salvage harvesting these trees. 
We recommend leaving such trees in the forest as they support wild bees 
and other species which depend on deadwood in forests. Restoration 
measures which increase flowering of bilberry, such as the creation of 
small gaps to increase light availability (Eckerter et al., 2019) could 
benefit wild bees in coniferous forests and should therefore be consid-
ered in conservation efforts. 

CRediT authorship contribution statement 

Tristan Eckerter: Writing - original draft. Jörn Buse: Formal anal-
ysis, Visualization. Jürgen Bauhus: Resources, Formal analysis, Writing 
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Appendix 

See Tables A1 and A2 and Fig. A1. 

Table A1 
Flowering plants on the meadows and edge of the forest roads in June 2018 and 2019.  

Species   

Ajuga reptans Digitalis purpurea Prunella vulgaris 
Alchemilla vulgaris Fragaria vesca Ranunculus spp. 
Apiaceae gen. Geranium sylvaticum Trifolium pratense 
Bellis perennis Geranium robertianum Trifolium repens 
Campanula rotundifolia Hieracium spp. Veronica chamaedrys 
Centaurea spp. Leucanthemum ircutianum Veronica officinalis 
Cirsium spp. Lotus corniculatus Vicia cracca 
Crepis spp. Myosotis sylvatica  
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Table A2 
Wild bees captured in the Black Forest Nationalpark in June 2018 and 2019. Endangerment Status: “n.e” not endangered, “1” threatened with extinction, “2” severely 
endangered, “3” endangered, “e.p” endangerment probable, “r” rare, “w.l” warning list (Westrich, 2011).  

Species Nesting Behaviour Endangerment Status Number of Individuals 

Andrena chryosceles Belowground Solitary n.e 1 
Andrena coitana Belowground Solitary 3 2 
Andrena fucata Belowground Solitary n.e 2 
Andrena humilis Belowground Solitary w.l 1 
Andrena lapponica Belowground Solitary n.e 4 
Andrena minutula Belowground Solitary n.e 1 
Andrena subopaca Belowground Solitary n.e 1 
Andrena wilkella Belowground Solitary n.e 1 
Apis mellifera – Social – 5 
Bombus bohemicus – Cuckoo n.e 63 
Bombus campestris – Cuckoo n.e 4 
Bombus hortorum Aboveground, Belowground Eusocial n.e 7 
Bombus hypnorum Hollow, Aboveground Eusocial n.e 7 
Bombus lapidarius Aboveground Eusocial n.e 1 
Bombus lucorum agg. Belowground Eusocial n.e 188 
Bombus norvegicus – Cuckoo n.e 3 
Bombus pascuorum Aboveground, Belowground Eusocial n.e 8 
Bombus pratorum Aboveground Eusocial n.e 448 
Bombus quadricolor – Cuckoo 2 1 
Bombus sylvestris – Cuckoo n.e 23 
Halictus rubicundus Belowground Eusocial n.e 1 
Halictus tumulorum Belowground Eusocial n.e 6 
Hylaeus communis Hollow, Aboveground Solitary n.e 26 
Hylaeus confusus Hollow, Aboveground Solitary n.e 5 
Hylaeus difformis Hollow, Aboveground Solitary n.e 2 
Lasioglossum albipes Belowground Solitary n.e 15 
Lasioglossum bluethgeni Belowground Solitary e.p 6 
Lasioglossum fratellum Belowground Solitary n.e 27 
Lasioglossum lativentre Belowground Solitary n.e 3 
Lasioglossum leucopus Belowground Solitary n.e 1 
Lasioglossum leucozonium Belowground Solitary n.e 4 
Lasioglossum majus Belowground Solitary 3 1 
Lasioglossum rufitarse Belowground Solitary n.e 6 
Lasioglossum subfulvicorne Belowground Solitary r 5 
Nomada flava – Cuckoo n.e 2 
Nomada panzeri – Cuckoo n.e 5 
Nomada sheppardana – Cuckoo n.e 1 
Osmia leaiana Hollow, Aboveground Solitary 3 1  

Fig. A1. Correlation of fixed effects. Correlations are shown at correlation of ±0.7. Crossed out boxes imply they have a 
correlation under 0.7 and can be used in the same model. early_d_DW_downed = logs at early stage of decomposition; 
early_d_DW_standing = snags at early stage of decomposition; early_d_DW = deadwood early stage of decomposition; 
moderate_d_DW = deadwood moderate decomposition; heavy_d_DW = deadwood heavily mouldered. 
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