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Abstract
Small-scale private forests cover large areas in Europe and often contain structures and habitats of high nature conservation value 
that are increasingly put under pressure due to a rising interest in fuelwood and wood products. We investigate the distribution of 
variables like living tree and deadwood volumes, management intensity, diversity and density of tree-related microhabitats recorded 
in 81 small-scale private forest parcels in the Lower Saxon Hills (northwest Germany). We provide an assessment of the influence 
of predictors like the individual forest owners’ goals and activities, as stated by them in a quantitative survey, as well as landscape 
parameters like parcel size, slope, landscape fragmentation and forest continuity. Our results indicate that there are two types of 
structures of conservation value in small-scale private forests: slowly evolving structures (type A) like large-diameter living trees 
and tree-related microhabitats which mostly depend on landscape parameters that act on longer time scales, and fast evolving 
structures (type B) like deadwood that are influenced by both owner attitudes and landscape parameters. The resulting implications 
for integrative forest and conservation management are discussed. When considering the conservation of the slowly evolving type 
A structures, long-term commitments to conservation legislation, financial incentives and generation-spanning education of forest 
owners are necessary. Efforts to promote the faster evolving type B structures might prove particularly advantageous in small-scale 
private forests given the structural diversity of the stands, but also the often strong identification of owners with their land.
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Introduction

When it comes to an effective conservation policy in for-
est landscapes, all types of ownership must be considered 
and integrated. This is especially true for landscapes with 
mixed ownership and a high proportion of privately owned 
forest land (Fischer et al. 2019; Loeb and D’Amato 2020). 
In Germany, half of the country’s forested area is privately 
owned, distributed equally among owners possessing at least 
20 ha, and small-scale private forest (SPF) owners with for-
est parcels smaller than 20 ha (BMEL 2014). While forestry 
in owner groups with larger properties (state and federal 
forests, communal forests, and larger private properties) 
has become more mechanized and commercially oriented 
in the past, SPF owners have often been less inclined to 
harvest timber from their forests. Furthermore, many SPFs 
in Germany are of very small sizes (average private forest 
parcel size of 3 ha) (BMEL 2014), often precluding eco-
nomic use, especially by heavy machinery, and leading to 
significantly different forest structures in SPFs compared to 
other ownership types (Mölder et al. 2021). Most notably, 
SPFs have been shown to be characterized by higher struc-
tural diversity (Maltamo et al. 1997; Rendenieks et al. 2015; 
Schaich and Plieninger 2013) and biodiversity (Torras et al. 
2012). Certain structures and habitats that are considered 
to be of high nature conservation value have been shown to 
occur there more frequently, like tree-related microhabitats 
(TreMs) (Johann and Schaich 2016) and deadwood (Schaich 
and Plieninger 2013).

With changing economic parameters like increasing 
demand for fuelwood, intensified forest management can 
also be expected in many regions with a high share of SPF 
(UNECE 2022). Extension services offered by state and 
private forestry associations are also increasingly encour-
aging wood extraction from small parcels (Takala et al. 
2022), even though this might be questionable consider-
ing the carbon impact (Norton et al. 2019; Sterman et al. 
2022). Another aspect to consider are the consequences 
for habitat structures and the species that depend on them 
(Kjučukov et al. 2022), i.e., the nature conservation values 
of forest lands. TreMs have been recognized as valuable for 
a plethora of species groups (Asbeck et al. 2021a). They 
are relatively easy to survey and can be used as a proxy for 
the occurrence of species groups like saproxylic beetles, 
spiders, bats, birds, fungi and lichens (Martin et al. 2022). 
Many TreMs like different forms of cavities are known to 
develop over long time spans (Kõrkjas et al. 2021) and are 
therefore rare in many conventionally managed forests, 
where trees are mostly harvested before they can develop 
features like accumulated crown deadwood or tree cavities 
(Ranius et al. 2009). Due to lower management intensity, 

TreMs have a higher chance to develop in SPFs, but are 
now experiencing increased pressure with rising timber 
and particularly firewood extraction. This is particularly 
true for TreMs linked to large-diameter trees, which are 
important elements of conservation strategies (Kozák et al. 
2023). Another feature of high importance to multiple for-
est functions and nature conservation value is deadwood, 
which improves forest soils, has a beneficial impact on 
water retention, and serves as medium-term carbon sink 
(Chivulescu et al. 2022; Parisi et al. 2018; Piaszczyk et al. 
2021). Deadwood also provides the substrate and habitat for 
a range of organism groups, many of which are endangered 
and protected. Examples include bryophytes, lichens, fungi, 
invertebrates, small mammals and birds (Bujoczek et al. 
2021). Similar to TreMs, deadwood supplies in SPFs and 
related biodiversity can be put under pressure with increas-
ing forest management intensity.

SPF owners are a heterogeneous group of people with a 
diverse set of motivations and goals concerning their land, 
resulting in a variety of strategies when managing their 
forests (Tiebel et al. 2023; Westin et al. 2023). While SPF 
owners are often assumed to have predominantly economic 
interests, there is actually a large variety in motivations. A 
substantial group of SPF owners is strongly interested in 
nature and cultural heritage conservation (Weiss et al. 2019). 
Likewise, the management activities of SPF owners are 
diverse and may comprise a wide range from industrialized 
wood harvesting, logging by horses, manually extracting 
single small stems as firewood for personal consumption, 
or even ceasing all felling activities for the sake of nature 
conservation, or due to lack of interest or long distances to 
their property (Bieling 2004; Tiebel et al. 2021; Weiss et al. 
2019).

Many structures of conservation value in forests take a 
long time to develop (Kõrkjas et al. 2021) or may depend on 
random, unpredictable events (breaking of stems or parts of 
the crown, injuries, colonization by animals; Larrieu et al. 
(2022)). Therefore, it seems not to be easy to relate struc-
tures and habitats to current motivations and management 
goals of forest owners. The time span during which indi-
vidual forest owners actively influence their forests is often 
short compared to natural processes in the forest ecosys-
tem, and long-term influences for example from landscape 
characteristics of the forest parcels (elevation, slope, water 
and soil parameters) or their surroundings (fragmentation or 
location in large, closed forests) may play an equally impor-
tant role in the development of valuable structures (Bujoc-
zek and Bujoczek 2022; Kapusta et al. 2020; Kennedy et al. 
2008).

To our knowledge, the relationships between small-scale 
private forest owner goals and activities, and structures 
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and habitats in their respective forest parcels have not been 
investigated yet. To address this research gap, we performed 
analyses in SPFs smaller than 5 ha in a model region, the 
Lower Saxon Hills in northwest Germany (see Fig. 1). We 
used the following data sets: (a) quantitative survey data 
about SPF owners’ goals and activities; (b) field data col-
lected on their parcels (data on forest structure and nature 
conservation values); and (c) data on landscape parameters 
of the parcels to address the following research questions:

1. What are the characteristics of the SPF parcels in our 
model region concerning stand structure variables and 
the distribution of valuable habitats?

2. What are the respective influences of owner goals and 
activities, and landscape parameters on these variables?

3. How can the possibly varying influences be explained, 
and which conclusions for integrative forest and conser-
vation management in SPFs can be drawn?

Methods

Study area

Our study area is the Lower Saxon Hills geographic region 
(Fig. 1) in the German federal state of Lower Saxony, which 

consists of two discontiguous areas and includes adjacent 
administrative units (in total 14,228  km2). Due to the uni-
form legal situation and consistent governmental forest 
administration, eventual regional differences in the sup-
port and treatment of SPF owners are kept to a minimum 
in this study. The Lower Saxon Hills are 33% forested, with 
European beech (Fagus sylvatica, 35%), Norway spruce 
(Picea abies, 29%) and oaks (Quercus robur and Quercus 
petraea, 11%) as the dominant tree species. Natural veg-
etation would consist mostly of European beech, while the 
admixture of Norway spruce, oaks and other broadleaf 
(e.g., sycamore Acer pseudoplatanus, wild cherry Prunus 
avium, birch Betula pendula, hornbeam Carpinus betu-
lus) and conifer (e.g., Scots pine Pinus sylvestris, Douglas 
fir Pseudotsuga menziesii) tree species is largely due to 
anthropogenic influence. In privately owned forest parcels 
(43% of the forested area), 22% of the area consists of par-
cels with a size between 5 and 20 ha, and 23% of the area 
is occupied by parcels of 5 ha or less (ML 2014). The dis-
tribution of forest ownership classes and small-scale struc-
tural diversity is comparable to many European countries 
(Mölder et al. 2021; Schmithüsen and Hirsch 2010), which 
allows for a transfer of our results.

The study area lies at the border between oceanic and 
humid continental climates (Köppen classifications Cfb and 
Dfb), with average annual precipitation on our research sites 

Fig. 1  The study area is located in the federal state of Lower Saxony 
(Germany) and consists of a set of administrative units (dark blue) to 
closely resemble the Lower Saxon hills geographic region (hatched). 

Data: Lower Saxony Forest Planning Agency (NFP), GADM (https:// 
gadm. org/)

https://gadm.org/
https://gadm.org/
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between 645 and 1,042 mm, and annual mean temperatures 
between 8.2 and 10.3 °C (DWD 2018a, 2018b). Bedrock is 
mostly Mesozoic limestone and sandstone, in part with a 
Quaternary loess cover, and occasionally evaporite (gyp-
sum karst) (LBEG 2022). Despite the relatively high average 
rainfall, the study area has been affected by unusual heat 
and drought periods since 2018. This combined with severe 
storms in 2018 and 2020 led to increased damage by bark 
beetles and widespread tree mortalities in conifer stands 
(Rohde et al. 2021, 2019).

Owner attitudes and forest parcels

To obtain insights into the attitudes of SPF owners in the 
study area, we used data from a quantitative mail survey 
that was conducted among the members of three local pri-
vate forest owner associations. We sent out questionnaires 
by post to all 4,204 members of these associations, and 
1,671 persons (39.8%) returned usable answers by mail or 
online (Tiebel et al. 2021). For the present work, we re-
contacted those participants who had provided their con-
tact details. We asked for the location of their largest forest 
parcel and for their approval to carry out field work. This 
call resulted in 91 answers, of which 81 provided useful 
geographic information about forest parcels (Fig. 1). These 

parcels range in size from 0.1 to 3.8 ha (mean: 1.21 ha, 
median: 1.01 ha, SD: 0.89 ha).

Owner goals concerning their forests were queried in 
the questionnaire with a list of 16 possible goals, with the 
possibility to rate their respective influence on a five-point 
Likert scale (details given in Appendix A1). These goals 
were then categorized into four types (Tiebel et al. 2021), 
namely goals referring to the promotion of certain ecosys-
tem services (regulating, cultural and provisioning), and 
purely financial goals (Table 1). For each goal type con-
sisting of several sub-goals, a value of agreement between 
0 and 1 was calculated. The forest management activities 
of SPF owners (Table 1) were captured using a checklist 
of 26 possible choices and categorized into five activity 
types (1. classical silvicultural, 2. close-to-nature silvicul-
tural, 3. traditional silvicultural, 4. active conservation, 
and 5. passive conservation activities). Agreement with 
each type of activity was again expressed as a fractional 
value between 0 and 1.

Landscape parameters

Based on the literature and expert knowledge, we identified 
landscape parameters (Table 1) that were expected to influ-
ence forest structure and the distribution of valuable habitats. 
Elevation, slope and aspect of the individual parcels were 

Table 1  Predictors: Owner attitudes and landscape parameters

Owner attitude Min Max Mean SD

Identification with regulating goals 0 1 0.860 0.245
 with cultural goals 0.350 0.900 0.660 0.118
 with provisioning goals 0.200 1 0.651 0.212
 with financial goals 0.200 1 0.519 0.217

Implementation of classical silvicultural activities 0 1 0.520 0.269
 of close-to-nature silvicultural activities 0 1 0.504 0.214
 of traditional silvicultural activities 0 0.500 0.062 0.166
 of active conservation activities 0 0.857 0.215 0.235
 of passive conservation activities 0 0.750 0.315 0.249

Landscape parameter Min Max Mean SD

Parcel size (ha) 0.14 3.80 1.21 0.886
Elevation (m a.s.l.) 55 403 194 83.8
Slope (%) 0.2 55.3 13.8 10.8
Water availability (0–3) 0 3 1.01 0.461
Nutrient availability (0–2) 0 2 1.26 0.628
Distance to paved road (m) 0 1096 299 275
Ancient broadleaf forest 0 1 0.165 0.367
Ancient mixed forest 0 1 0.277 0.436
Ancient conifer forest 0 1 0.162 0.362
Open land within 2 km radius 0.011 0.998 0.716 0.312
Proportion of border with open land 0 1 0.650 0.357
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derived from a digital terrain model (LGLN 2022). We used 
data about water availability (given on a scale from 0 = dry to 
3 = wet) and nutrient availability (0 = oligotrophic, 1 = mes-
otrophic, 2 = eutrophic) to further characterize the parcels 
(LBEG 2022). Connection to infrastructure was expressed 
by the distance to the nearest paved road (OpenStreetMap, 
2022). Corine land cover data (European Environment 
Agency 2018) was used to calculate the proportion of open 
land surrounding a parcel within a radius of 2 km (Verga 
et al. 2021); this value was pre-selected from a series of 
logarithmically scaled possible radii of 50–5000 m, based 
on correlations of the predictor with the response variables 
(Jackson and Fahrig 2015). The percentage of each forest 
parcel border that coincides with open land was calculated 
from Corine data. We used data about the presence of forests 
in Lower Saxony on historical maps (NFP 2010) to classify 
the parcels as either recent forest, or ancient forest (more than 
200 years of continuous forest cover) of broadleaf, conifer or 
mixed character, respectively.

Forest structure and valuable habitats

Forest structural data (Table 2) were collected on circu-
lar plots of 500  m2 (r = 12.62 m), generally following the 

methodology in Meyer and Fricke (2018). Parcels below 
1.5 ha were equipped with one plot, larger plots received two 
(below 3 ha) or three plots. The center of a single plot was 
placed at the centroid of the forest parcel in a Geographic 
Information System (with some leeway for concavely shaped 
parcels), while two or three plots were placed to provide the 
maximum distance from one another and the border of the 
parcel. Standing trees (living or dead) with a diameter at 
breast height (dbh) of at least 7 cm were recorded with dbh 
and tree species. For each tree species and each plot, nine 
height measurements were taken if possible from trees in 
three different height classes using a handheld laser range-
finder (LTI TruPulse 360B). Stumps with a diameter of at 
least 7 cm and lying deadwood with a diameter of at least 
20 cm were recorded, too. Deadwood was classified as either 
broadleaf or conifer deadwood and as sawn and non-sawn. In 
addition, the stage of decay (four classes: 1 = freshly dead to 
4 = identifiable, but completely soft) was determined.

After data collection on the plots, the whole forest 
parcel was assessed for disturbances (for example, exces-
sive logging trails, signs of recreational use, storm dam-
age; each classified on a scale from 0 = not present, to 
3 = strong influence). Trees of at least 50 cm dbh were 
recorded and assessed for TreMs following the field key 

Table 2  Response variables: Forest structure and nature conserva-
tion values. To describe forest management intensity on the parcels, 
we use the index ForMI (Kahl and Bauhus 2014), consisting of three 

components (iHarv = proportion of harvested volume to total volume; 
iNonat = proportion of volume of non-natural species to total volume; 
iDwcut = proportion of sawn deadwood to total deadwood volume)

Forest structural parameters Min Max Mean SD

Living tree volume  (m3  ha−1) 0 990 258 227
 Broadleaf 0 877 210 227
 Conifer 0 580 48.1 110

Deadwood  (m3  ha−1) 0 276 30.4 44.5
 Broadleaf 0 124 11.2 22.1
 Conifer 0 204 19.2 38.8
 Sawn 0 65.4 11.1 13
 Non-sawn 0 239 19.3 40.5

Accumulated harvested volume  (m3  ha−1) 0 1087 260 272
 Broadleaf 0 1029 94.2 169
 Conifer 0 1087 166 274

ForMI index value (0–3) 0 2.95 1.39 0.869
 iHarv component (0–1) 0 0.978 0.41 0.328
 iNonat component (0–1) 0 1 0.406 0.436
 iDwcut component (0–1) 0 1 0.574 0.394

Other nature conservation parameters Min Max Mean SD

Biotope value points (0–24) 6 23 14.1 4.28
Number of tree and shrub species on plot 0 10 3.77 2.07
Mean stand age (years) 12.5 112.5 46.5 31.9
TreM density  (ha−1) 0 118 12.6 22.7
TreM trees  (ha−1) 0 72.3 10 17.3
Trees dbh ≥ 50 cm  (ha−1) 0 163 18.1 30
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by Larrieu et al. (2018) to calculate TreM density (per 
ha), the abundance of trees with TreMs (per ha), and the 
abundance of trees with a dbh ≥ 50 cm (per ha). For each 
forest parcel, the prevailing stand age was classified into 
25-year classes (0–25 yrs, 26–50 yrs, and so on) by expert 
estimation in the field. Height and dbh data from the trees 
with measured heights were used to calculate individual 
Näslund height curves for each tree species on each plot 
(Mehtätalo et al. 2015) in order to interpolate the heights 
of the remaining trees from dbh measurements alone. 
Wood volumes were calculated from dbh and height data 
using species-specific form factors. Accumulated har-
vested volumes were calculated from stump data: To this 
aim, stump diameters were first extrapolated to dbh using 
a uniform tapering value of 1 cm/m, and then standard 
form factors were applied. Harvested volumes therefore 
constitute an integral over the stump persistence time of 
the wood volume that was taken from the forest.

To quantify human influence on forest development, we 
calculated the forest management intensity index (ForMI) 

(Kahl and Bauhus 2014). Non-native tree species as used 
in the context of the ForMI were understood to also encom-
pass species planted outside their natural range, for example 
Picea abies (Norway spruce). On each parcel, the three most 
important biotope types in terms of surface area were iden-
tified (Drachenfels 2021) and translated to area-weighted 
biotope values ranging from 0 to 24 points (low to high, see 
Table A2 in Appendix) according to the German federal 
regulation on the avoidance and compensation of interven-
tions into nature and landscape (BKompV 2020). An impres-
sion of the diverse situations encountered in SPFs is given 
in Fig. 2.

Data analysis

To assess the respective influence of owner attitudes and 
landscape parameters on the response variables forest struc-
ture and nature conservation values, we used ordinary least 
squares (OLS) regression analysis (compare Lange et al. 
(2022), Przepióra and Ciach (2022)). For each response 

Fig. 2  Selection of structural features and management situations 
found in SPFs in the study area. a Remnants of historical usage:  
old coppice stool in a formerly coppiced European beech (Fagus  
sylvatica) stand. b Extreme habitats: European beech forest on  

shallow soil over limestone in steep terrain. c Habitat trees: limb 
breakage with exposed heartwood (pedunculate oak, Quercus robur). 
d Small-scale harvesting of firewood, mainly European beech. Photo-
graphs: Peter Hansen



1017European Journal of Forest Research (2023) 142:1011–1028 

1 3

variable (Table 2), we calculated a linear model using all 
predictors from landscape parameters and owner attitudes 
(Table 1). Multicollinearity among the predictors was rela-
tively weak, with variance inflation factors below 4, and we 
decided not to remove any predictors (Naimi et al. 2014; 
Wooldridge 2013). We calculate semipartial correlations 
(Grömping 2015) as a measure of the effect size of indi-
vidual predictors, and quote R2 values to assess the relative 
explanatory power of the models. All analyses were carried 
out using R 4.0.3 (R Core Team 2020).

Results

Descriptive statistics of the response variables are presented 
in Table 2. In this section, we focus on the OLS regression 
analysis. Relevant results are summarized in Table 3. Each 
row corresponds to an individual OLS regression computed 
for a single response variable (first column). To compare 
the explanatory power of the models, we used R2 values, as 
stated in column 2. The remaining columns express the indi-
vidual contributions of the predictors to the model at hand. 
In the following, we group the results concerning living tree 
volumes, deadwood, harvested volumes, management inten-
sity, and nature conservation values.

Living tree volumes

The model for broadleaf, conifer and total living tree vol-
umes showed relatively high R2 values (Table 3). Owner atti-
tudes had no significant influences on the response variables, 
while several landscape parameters exhibited significant 
influences. Living broadleaf tree volume was positively con-
nected to ancient broadleaf and ancient mixed forest sites. 
The proportion of border length with open land also showed 
a positive correlation. For living conifer tree volumes, the 
amount of open land within a 2 km radius displayed a strong 
negative influence. The total living tree volume was strongly 
positively influenced by ancient mixed forest sites, while 
there was only a weak positive influence of broadleaf forest 
sites and the border length with open land.

Deadwood volumes

The picture for deadwood volumes as an important nature 
conservation value was different (Table 3), with forest owner 
attitudes acting as relevant influences. Deadwood was found 
in all decay stages, but recent deadwood prevailed (decay 
stage 1: 66.4%, stage 2: 21.3%, stage 3: 10.1%, stage 4: 2.1% 
of the volume). Total deadwood volume showed a strong 
dependency on the slope of the forest parcels, with addi-
tional influence by the implementation of close-to-nature 
silviculture. The respective influences became clearer if 

we discerned between broadleaf (63.2% of the deadwood 
volume) and conifer (36.8%) deadwood volumes. Broadleaf 
deadwood showed a slight positive influence by close-to-
nature silviculture, the slope and ancient broadleaf forest 
sites, while parcel size had a negative influence. For conifer 
deadwood, we found a strong positive effect of slope. We 
also discerned between deadwood of anthropogenic (sawn) 
and natural origin (deadwood without saw marks). The 
occurrence of anthropogenic deadwood was highly depend-
ent on owners’ attitudes. We found a strong positive influ-
ence of close-to-nature silviculture activities, a slight posi-
tive influence of the identification with regulating goals, and 
a slight negative influence of the implementation of active 
conservation measures. Landscape parameters played an 
important role as well, with a strong positive influence of 
ancient conifer forest sites. For deadwood of natural origin, 
slope was the sole but strong positive driver.

Accumulated harvested wood volumes 
and management intensity

For accumulated harvested wood volumes and the closely 
related management intensity, owner attitudes showed sig-
nificant effects (Table 3). Total harvested wood volume, 
while most strongly influenced by ancient conifer forest 
sites, was fostered by the implementation of classical silvi-
cultural activities (and slightly influenced by close-to-nature 
forestry activities). For broadleaf harvested volumes, ancient 
mixed forest sites had a strong positive influence, while the 
distance to the next paved road and the adoption of close-
to-nature silvicultural activities also had positive influences. 
We saw a more pronounced influence of owner attitudes on 
harvested conifer volumes. Classical silvicultural activities 
were promotors, while the identification with provisioning 
goals and the pursuit of passive nature conservation ham-
pered them. The strongest effect was a positive influence of 
ancient conifer forest sites.

For management intensity, we found positive effects of 
the support for cultural goals and the implementation of 
classical silvicultural activities. Passive conservation meas-
ures showed a negative influence. We additionally identi-
fied a strong positive effect of ancient conifer forest sites. 
The proportion of harvested to total wood volume (Iharv) 
showed a similar pattern. The volume proportion of non-
natural tree species (Inonat) was slightly negatively influ-
enced by ancient broadleaf forest sites and the amount of 
open land within a 2 km radius, while ancient conifer sites 
showed a positive effect. The volume proportion of anthro-
pogenic deadwood (Idwcut) showed a different pattern: It 
was slightly positively influenced by the identification with 
cultural goals and the adoption of classical silvicultural 
activities.
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Other nature conservation values

Within the group of nature conservation values apart from 
the various wood volumes, landscape parameters showed 
strong influences. Ancient broadleaf forest sites and the 
amount of open land within a 2 km radius exhibited a posi-
tive influence on biotope values. The mean stand age showed 
positive influences by both ancient broadleaf and mixed for-
est sites. Regarding TreMs, the most abundant TreM catego-
ries found in the field were crown deadwood and concavities 
(see table A3 in Appendix), and European beech (61.2%) 
and oaks (28.4%) were the main TreM-bearing trees. The 
mean diameter of the inventoried TreM-bearing trees was 
65.0 cm (median 60.0 cm). Concerning the abundance of 
TreMs, the models showed patterns similar to the mean 
stand age model. Parcel size had a slightly negative effect, 
while the location on ancient broadleaf and mixed forest 
sites was positively correlated. Note the positive influence 
of the border length with open land for the density of large-
diameter trees. Owner attitudes were only sparsely corre-
lated with nature conservation values. Except for the model 
for the number of tree species (which reached only marginal 
explanatory power), almost no owner attitude variable exhib-
ited significant influence on these models.

Discussion

In this study, we adopted a novel methodological approach to 
shed light on the effect of small-scale private forest owners’ 
attitudes on the structures of their forest stands, especially 
taking into account nature conservation values. Since we 
expected owner attitudes to only partly explain the variance 
seen in the response variables (note that the survey cast only 
a spotlight on a single time point in the long history of a 
parcel’s owners and their attitudes), several landscape param-
eters were included as well. We found that landscape parame-
ters played an important role as predictive variables in almost 
all of the models that we considered. Such patterns are simi-
lar to those found in previous studies (Asbeck et al. 2021b; 
Kapusta et al. 2020; Kennedy et al. 2008; Levers et al. 2014). 
Concerning the influence of owner attitudes in the models, 
we found that some response variables are indeed correlated 
with forest owner attitudes, while others are mostly unrelated 
to the owners’ goals and activities. We propose that these 
two groups of response variables describe two underlying 
types of structures with distinct characteristics. We sort these 
structures as belonging into either “type A” or “type B”, as 
described as in the following (Fig. 3):

• Type A Structures addressed as belonging to type A 
show strong correlations with several landscape param-
eters, but are mostly unrelated to owner attitudes. We 

postulate that these structures are evolving very slowly, 
such that the goals and activities of the current forest 
owner play only a minor role. Landscape parameters con-
tinuously persist over long time spans and are therefore 
plausible influence factors for the development of type A  
structures.

• Type B Structures of this type show correlations with 
landscape parameters, but they are also prominently cor-
related with owner attitudes. We regard such structures 
as fast evolving and readily susceptible to the individual 
forest owner’s influence.

In the following, we take a closer look at the individual 
response variables and propose a classification into either 
type A or type B and finally highlight crucial points con-
cerning the integration of our results in forest conservation 
planning.

Wood volumes and valuable habitats (type A, slowly 
evolving structures)

The amount of living tree volume is determined mostly by 
high-diameter trees which take long time spans to mature. 
Consequently, current forest owner attitudes show minimal 
influence on wood volumes, supporting a classification of 
all response variables concerning living tree volumes into 
type A (slowly evolving structures). While the total living 
tree volume already shows correlations with ancient forest 
sites, it proved beneficial to discern between broadleaf and 
conifer volumes (which is also reasonable given their differ-
ent habitat properties).

Ancient conifer sites do not seem to promote today’s 
conifer volume, in line with evidence for greater climate 
resilience of mixed stands (Honkaniemi et al. 2020). The 
dwindling of conifers on ancient conifer sites might be due 
to water stress and extensive damage by storms and bark 
beetles in spruce monocultures often present on such sites 
(Bujoczek et al. 2021; Kharuk et al. 2016). The strongest 
correlation of conifer wood volume is a negative one with 
the amount of open land within a 2 km radius. Historically, 
conifer plantations in the study area tended to cover large, 
contiguous areas and were planted on less valuable land. 
Smaller conifer patches in open land are more exposed to 
adverse climatic and biotic conditions like storm gusts, bark 
beetle swarming (Stříbrská et al. 2022), and drought (Buras 
et al. 2018).

Living broadleaf tree volumes are closely interrelated 
with the occurrence of TreMs and large-diameter trees 
(dbh ≥ 50 cm), and both benefit from a long continuity of 
forest cover (ancient broadleaf or mixed forest sites). Broad-
leaf wood volume correlated with parcels’ direct borders 
with open land, which also holds for large-diameter trees. 
The positive influence of forest border structures can be 
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explained by the occurrence of old, large-diameter trees 
that were intentionally left in place and historically marked 
the border between forest and agricultural land. Such trees 
are prone to develop a variety of TreMs, and today belong 
to the oldest individuals (‘champion trees’) on many par-
cels, making forest borders and forest patches in agricultural 
landscapes a highly valuable habitat (Froidevaux et al. 2022; 
Orłowski and Nowak 2007). This is further supported by 
TreM density being negatively correlated with parcel size. 
In contrast to findings by Larrieu et al. (2022), neither eleva-
tion nor slope showed any significant correlation with TreM 
densities.

Biotope values as defined by BKompV (2020) can also be 
classified as type A structures. They lack correlations with 
owner attitudes but show correlations with ancient broadleaf 
sites and the amount of open land around the parcels. This 
is not surprising, as sites embedded in a fragmented land-
scape are likely to be covered by broadleaf forest, reaching 
high biotope values (Table A2 in Appendix). Such sites have 
already been identified to be promising ecosystem service 
providers (Decocq et al. 2016; Varela et al. 2018). Lastly, 
the number of tree species did not fit in any of the type A or 
type B categories.

Deadwood, harvested volume and management 
intensity (type B, fast evolving structures)

The mean amount of deadwood (30.4  m3  ha−1) reached 
several threshold values for the survival of different forest 
species groups as evaluated by Müller and Bütler (2010), 

who for instance recommend to establish forest stands 
with deadwood amounts > 20–50  m3  ha−1 in a network of 
forest landscapes. Variables related to deadwood amounts 
show significant influences of owner attitude variables 
and can be classified as type B (fast evolving structures). 
Across the models, we see positive influences of the for-
est owners’ implementation of close-to-nature silvicul-
ture, especially on sawn deadwood. Doerfler et al. (2017) 
found management intensity to be a driver of deadwood 
volume, with deadwood increasing up to a certain maxi-
mum and then decreasing with management intensity. We 
observed this behavior only for conifer deadwood, while 
broadleaf deadwood was uniformly negatively correlated 
to management intensity. Concerning the landscape 
parameters, consistent with Bujoczek et al. (2021), slope 
plays a major role for non-sawn (conifer) deadwood, but 
an influence of elevation as proposed in Kennedy et al. 
(2008) was not observed (possibly due to a lower eleva-
tion range among our sites). The influence of slope can be 
explained by more difficult access to steep, wind-thrown 
parcels, where accumulating deadwood cannot be easily 
extracted.

When looking at harvested wood volumes, strong 
influences by owner attitudes lead to a classification in 
type B as well. Especially conifer harvested volume is 
affected by owner attitudes like the implementation of 
classical silvicultural measures. The related forest man-
agement intensity index also shows a distinct type B pat-
tern, with forest owner attitudes playing a major role in 
the models’ ability to explain variance in the response 
variables. Provisioning goals are negatively correlated 
with the sub-index Iharv (the proportion of harvested to 
total wood volume). It can be assumed that provisioning 
goals become less important as owners’ stands are more 
affected by storm damage. The implementation of passive 
conservation measures exerts a strong negative influence 
on management intensity. This is in line with research 
pointing at high management intensities being negatively 
correlated with most forest ecosystem services except for 
the production of biomass (Sing et al. 2018). High agree-
ment with cultural goals might be perceived as character-
istic of recreationalist forest owners (Blanco et al. 2015); 
however, our results reveal a correlation with forest man-
agement intensity. A possible explanation might be that 
forest owners who invest more time in management are 
more inclined to value cultural ecosystem services than 
more passive owners. Landscape parameters do not show 
strong influences on management intensity apart from the 
importance of ancient conifer forest sites.

Fig. 3  Overview of the two types of structures that we discerned: 
Slowly evolving type  A structures like living tree volume or the 
density of tree-related microhabitats were not influenced by owner 
attitudes, but showed a correlation with landscape parameters. Fast 
evolving type B structures like the amount of deadwood or harvested 
wood were influenced by both landscape parameters, and owner goals 
and activities
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Consequences for nature conservation

In the face of today’s ecological crises, management of for-
ests is challenged to provide wood products and fuelwood 
while at the same time fostering a multitude of other for-
est ecosystem services. Integrative forest management has 
proven to be a suitable way to meet these requirements 
(Kraus and Krumm, 2013; Krumm et al. 2020), and within 
this framework, the conservation of forest biodiversity is a 
prime concern and depends on certain specific structures 
and habitats. We found that structures of high conservation 
value in SPFs can be separated into two types: the slowly 
evolving type A structures, and structures of the relatively 
fast evolving type B. It is therefore advisable to take these 
characteristics into account when designing nature conserva-
tion efforts in SPFs.

As development times of valuable type A structures 
(among them living tree volumes especially of broadleaf 
trees and TreMs) amount to decades and longer, conser-
vation measures are able to protect already existing struc-
tures, but cannot be expected to support their formation 
on a short-term basis. Conservation efforts might target 
the protection of habitat trees (for instance, ‘champion 
trees’ that we often localized near border structures in 
the landscape), e.g., through contract-based conservation 
programs (Demant et al. 2020). Over the course of such 
a tree’s life, economical pressure might rise, leading to 
it being harvested at some point—especially considering 
the increasing demand for firewood. A continuous educa-
tional process will be needed to persuade forest owners of 
the inherent value of old broadleaf trees (Salomaa et al. 
2016). When it comes to promoting the development of 
valuable structures like large-diameter trees or accompa-
nying TreMs, very long-term commitments that transcend 
the individual forest owners would be beneficial, like the 
designation of protected areas. Apart from the naturally 
slow formation of TreMs, approaches to actively create 
TreM-like structures like artificial cavities or high stumps 
should be promoted (Adelmann et al. 2021), but a wide-
spread application would require strong intrinsic or extrin-
sic motivation of forest owners (see Tiebel et al. (2023) 
for examples).

Valuable type B structures in SPFs include different sorts 
of deadwood which are readily influenced by the individual 
forest owners. SPFs are often endowed with a large pool of 
deadwood, and they are less liable to the economic pressures 
of the timber market (Eggers et al. 2014). Consequently, dead-
wood structures could be a primary target of individualized 
conservation efforts to reach out to SPF owners. Management 
intensity is also influenced by owner attitudes: The application 

of more extensive forms of forest management, but also of 
traditional, nowadays mostly abandoned forms of management 
with high importance for biodiversity protection in cultural 
landscapes, like coppicing or coppicing with standards, would 
be desirable from a nature conservation perspective (Buckley 
2020). Extremely structure-rich remnants of formerly cop-
piced forests are still found throughout our study area in SPFs 
(Mölder 2016; Mölder et al. 2021), but need appropriate man-
agement lest they become lost in the conversion to high forest 
(Buckley 2020).

In contrast to forests in other ownership types, SPF own-
ers are an exceptionally heterogeneous group (Blanco et al. 
2015; Deuffic et al. 2018; Weiss et al. 2019; Westin et al. 
2023), and it might prove beneficial to develop differenti-
ated policy instruments to address different owner types. 
Many forest owners in our study area value the conserva-
tion of biodiversity higher than resource use or the genera-
tion of income, but this attitude is not readily translated into 
consequential behavior (Tiebel et al. 2023). We developed 
a typology based on the stated activities owners perform 
in their forests, and discern between multiple-use-oriented 
forest owners who would benefit from consultation by for-
estry stakeholders and contract-based conservation the most; 
conventional forest owners with a focus on wood production 
who would mostly adopt measures with a low trade-off, but 
are open to financial incentives; and conservation-oriented 
forest owners who are mostly passive in their management 
and would benefit from practice-oriented consultation to 
implement active measures (Tiebel et al. 2023). SPF owners, 
especially of the last type, might be an elusive group (Fair-
child et al. 2022) and difficult to reach for private conserva-
tion initiatives due to lack of or scattering of organization, 
but their stands offer many possibilities for the conservation 
and development of valuable habitat structures, also given 
SPF owners’ high identification with their property (Tiebel 
et al. 2022).

Concerning financial incentives for nature conservation, 
activities like the provisioning and retention of deadwood, 
the promotive management of habitat trees, or the resump-
tion of coppicing, are very promising candidates for con-
tract-based nature conservation in private forests (Demant 
et al. 2020), and SPF owners are often inclined to embrace 
such initiatives (Juutinen et al. 2020). Financial incentives 
to guide forest management decisions are regarded as a key 
ingredient in adapting forests to climatic change (Bauhus 
2022). Until recently, they have played a minor role in Ger-
many, especially in SPFs (Franz et al. 2018), but this is 
changing (VNPWaldR 2021). Policy makers, forestry and 
nature conservation organizations should be aware of the 
high but threatened nature conservational values present in 
SPFs.
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Conclusion

We proposed a novel method to assess the distribution 
of forest structural (living and harvested wood volumes, 
management intensity) and nature conservational (diver-
sity, quantities of deadwood and microhabitats) variables 
in small-scale private forests in Germany’s Lower Saxon 
Hills. To this aim, we used predictors generated by a for-
est owner questionnaire (owners’ goals and management 
measures), and landscape parameters. We separated the 
response variables into two types, and interpret these as 
slowly evolving structures (type A) and fast evolving struc-
tures (type B). Easily obtainable landscape parameters 
explain a large proportion of the variance seen in type A 
structures in SPFs, like broadleaf wood volume and tree-
related microhabitats. Structural data about such forests is 
often missing due to the SPF owners’ low level of institu-
tional organization Hence, leveraging data on landscape 
parameters might prove useful in predicting conservation 
values to reduce potential field work to identify structural 
hotspots. Type B structures were shown to be influenced 
by landscape parameters but also, for the first time, promi-
nently by owner attitudes.

Concerning the success of nature conservation in SPFs, 
the multitude of owner types is increasingly recognized as 

a decisive factor, but differing characteristics of the target 
structures in the forests need to be taken into account as 
well. Slowly evolving structures (type A) depend on long-
term commitments to conservation legislation, financial 
incentives and generation-spanning education of forest 
owners. Efforts to promote faster evolving valuable struc-
tures (type B) like broadleaf deadwood, or the resumption 
of traditional forms of management might prove particu-
larly advantageous in small-scale private forests given the 
structural diversity of the stands, but also the often strong 
identification of owners with their land.

Appendix

A1: Private forest owner questionnaire, 
translated version

Remark: The order of the individual sub-questions was 
changed to group together questions related to the same 
goal type (Q1) or activity type (Q2). Additional informa-
tion not present in the original questionnaire is given in 
brackets.

Question 1: How important do you perceive the following objectives regarding your forest?

For each row, please check the answer that applies to you. 

[type of goal] not impor-
tant

rather 
unimpor-
tant

neither rather 
important

very 
impor-
tant

no 
opin-
ion

[fostering regulating eco-
system services]

Long-term preservation of a stable and healthy forest stand ⬜ ⬜ ⬜ ⬜ ⬜ ⬜
Protection of soil, water, air quality ⬜ ⬜ ⬜ ⬜ ⬜ ⬜
Biodiversity conservation ⬜ ⬜ ⬜ ⬜ ⬜ ⬜
Carbon sequestration, conservation of carbon sinks ⬜ ⬜ ⬜ ⬜ ⬜ ⬜

[fostering cultural ecosys-
tem services]

Protection as a cultural asset ⬜ ⬜ ⬜ ⬜ ⬜ ⬜
Preservation of family heritage ⬜ ⬜ ⬜ ⬜ ⬜ ⬜
Safeguarding or enhancement of landscape beauty ⬜ ⬜ ⬜ ⬜ ⬜ ⬜
Possibility for nature observation ⬜ ⬜ ⬜ ⬜ ⬜ ⬜
Possibility for own recreation ⬜ ⬜ ⬜ ⬜ ⬜ ⬜
Preservation as a place of education ⬜ ⬜ ⬜ ⬜ ⬜ ⬜
Possibility for hunting ⬜ ⬜ ⬜ ⬜ ⬜ ⬜

[fostering provisioning 
ecosystem services]

Wood production for personal consumption ⬜ ⬜ ⬜ ⬜ ⬜ ⬜
Wood production for selling ⬜ ⬜ ⬜ ⬜ ⬜ ⬜
Collection of non-wood products ⬜ ⬜ ⬜ ⬜ ⬜ ⬜

[financial goals] Preservation for financial security ⬜ ⬜ ⬜ ⬜ ⬜ ⬜
Profit maximization ⬜ ⬜ ⬜ ⬜ ⬜ ⬜
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Question 2: Which of the following activities are carried out in your forest (both by you and by third parties)?

Please check all that apply.

[Type of activity]

[Classical silvicul-
tural]

⬜ Thinning (e.g., felling of competitive trees, extraction of firewood)
⬜ Protection of young plants against browsing (e.g., by fences)
⬜ Timber sale
⬜ Planting / promotion of native tree species (e.g., common oak, sessile oak, European beach, Norway spruce, Scots 

pine)
⬜ Planting / promotion of introduced tree species (e.g., Douglas fir, northern red oak, grand fir)
⬜ Harvest of single mature trees
⬜ Pruning (removal of branches for higher economic value)

[Close-to-nature 
silvicultural]

⬜ Reduction of damage due to logging
⬜ Avoidance of chemical pesticides
⬜ Promotion of broadleaf trees in coniferous forests
⬜ Use of logging horses
⬜ Promotion of natural tree regeneration
⬜ Avoiding clear-cuts

[Traditional silvicul-
tural]

⬜ Coppicing/coppicing with standards
⬜ Wood pasture

[Active conservation] ⬜ Promotion of a shrub layer
⬜ Protection/restoration of light stand structures (open/light areas)
⬜ Protection/maintenance of special structures (e.g., bizarre growth forms)
⬜ Promotion of rare native tree and shrub species (e.g., European crab apple, wild service tree, common yew)
⬜ Species protection measures (e.g., for bats or birds)
⬜ Habitat restoration (e.g., peat bogs, flowing waters, stagnant waters)
⬜ Removal of introduced species (e.g., black cherry, giant hogweed, Japanese knotweed)

[Passive conserva-
tion]

⬜ Protection of habitat trees
⬜ Protection of dead wood
⬜ Non-use of parts of the stand
⬜ None of the above

A2: Encountered biotopes and their values

Biotope codes (Drachenfels 2021) used in the surveys, translation given according to BKompV (2020).

Biotope code Biotope Value (0–30 
yrs)

Value (> 30–80 yrs) Value (> 80 yrs)

BMS mesophilic Crataegus shrub 13 13 13
WAR nutrient-rich Alnus swamp forest 14 20 23
WCE medium-wet Quercus/Carpinus forest, base-poor 15 20 23
WCR wet Quercus/Carpinus forest, base-rich 15 20 23
WEG Alnus/Fraxinus riparian forest 12 15 18
WGF wet mixed non-Quercus/Fagus forest, base-rich 15 19 22
WGM medium-wet mixed non-Quercus/Fagus forest, base-rich 14 16 18
WJL young-age broadleaf forest 11 11 11
WJN young-age conifer forest 9 9 9
WKC lichen-rich Pinus sylvestris forest on nutrient-poor dry sand 14 19 22
WLB acidophilic hill/mountain Fagus sylvatica forest 14 17 20
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Biotope code Biotope Value (0–30 
yrs)

Value (> 30–80 yrs) Value (> 80 yrs)

WLM acidophilic lowland Fagus sylvatica forest on clay 14 17 20
WMB mesophilic hill/mountain Fagus sylvatica forest, base-poor 14 17 20
WMK mesophilic hill/mountain Fagus sylvatica forest, base-rich 14 16 18
WMT mesophilic lowland Fagus sylvatica forest, base-poor 14 17 20
WNS miscellaneous swamp forest 15 18 21
WPB Betula/Populus tremula pioneer forest 13 13 13
WPE Acer/Fraxinus pioneer forest 13 13 13
WPS miscellaneous pioneer forest 13 13 13
WQE miscellaneous acidophilic Quercus mixed forest 15 19 22
WQF medium-wet Quercus mixed forest on sand 15 20 23
WRM highly structured forest border, average locations 16 16 16
WRT highly structured forest border, dry, warm, base-rich 16 16 16
WRW highly structured forest border with hedge bank 16 16 16
WSS medium-wet ravine forest on silicate 15 17 20
WTB Fagus sylvatica forest on dry, warm limestone 15 19 22
WXH plantation of native broadleaf trees 11 13 16
WZD plantation of Pseudotsuga menziesii 6 10 12
WZF plantation of Picea abies 9 11 14
WZK plantation of Pinus sylvestris 9 11 14
WZL plantation of Larix decidua 9 11 14
WZS miscellaneous plantation of non-native species 6 10 12
Wn coppice forest 19 19 19

A3: Tree‑related microhabitats

TreM categories were used as defined in Larrieu et  al. 
(2018).

Form Group Number %

Cavities Woodpecker breeding 
cavities

8 1.0

Rot-holes 74 8.8
Insect galleries 0 0.0
Concavities 167 19.9

Tree injuries and 
exposed wood

Exposed sapwood only 17 2.0
Exposed sapwood and 

heartwood
52 6.2

Crown deadwood Crown deadwood 434 51.7
Excrescences Twig tangles 34 4.1

Burrs and cankers 4 0.5
Fruiting bodies of sapro-

phylic fungi
Perennial fungal fruiting 

bodies
9 1.1

Ephemeral fungal fruit-
ing bodies

0 0.0

Epiphytic and epixylic 
structures

Epiphytic and parasitic 
crypto- and phanero-
gams

28 3.3

Nests 5 0.6
Microsoils 4 0.5

Exudates Exudates 3 0.4

A4: Full version of Table 3

Influences of predictors on response variables. Each 
line corresponds to a linear model for the response vari-
able given in the first column. The second column lists 
the R2 value of each model. The predictors are given in 
the remaining columns. Significant influences are given 
in bold face. If a predictor represents a significant con-
tribution to the model, it is shown in this table with its 
semipartial correlation value and an indication of the 
Pr( >|t|) value p: “(*)” for p ≤ 0.1, “*” for p ≤ 0.05, “**” 
for p ≤ 0.01, “***” for p ≤ 0.001.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10342- 023- 01571-y.
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