
Forest Ecology and Management 487 (2021) 118977

Available online 15 February 2021
0378-1127/© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Patterns and drivers of deadwood quantity and variation in mid-latitude 
deciduous forests 
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A B S T R A C T   

Deadwood is a fundamental forest habitat component and highly important for biodiversity conservation. Its 
availability, composition, size, categories and distribution depend on various structural and environmental 
factors (e.g., forest age, management, tree mortality, climate, decomposition). We analysed deadwood patterns 
along altitudinal gradients of managed (three) and unmanaged (one) deciduous forests in Western Romania. A 
total of 153 plots (119 managed, 34 unmanaged) of four pre-classified forest types dominated by Fagus sylvatica, 
Quercus petraea, Quercus frainetto with Quercus cerris, and Tilia tomentosa were evaluated, the former two both in 
managed and unmanaged stands. 

The managed forest types displayed an average deadwood volume of 47 m3 ha− 1 with lying deadwood ac-
counting for over 70%. About 40% of deadwood objects occurred in the early to intermediate decomposition 
stage. Deadwood volumes in unmanaged forest types exceeded those of managed forests two- to threefold 
although the deadwood amounts observed in managed forests were similar to low-intervention or recently 
abandoned forests, lying within critical threshold values considered important for the long-term preservation of 
biodiversity. Linear-mixed-effects models confirmed the positive impact of non-management and the negative 
effect of annual mean temperature on deadwood volume. Prediction models suggested that management and 
annual mean temperature showed additive effects, indicating that a combination of environmental and structural 
parameters determines the amount of deadwood in the studied forest types. As climatic variables strongly in-
fluence tree species composition and thus forest type, management involving deadwood retention or accumu-
lation should consider forest-type specific characteristics and thresholds.   

1. Introduction 

Deadwood is a key element in preserving forest ecosystem func-
tioning and biodiversity (Harmon et al., 1986; Dudley and Vallauri, 
2004; Christensen et al., 2005; von Oheimb et al., 2007). It serves as an 
important carbon storage, affects nutrient cycles and hydrological pro-
cesses and offers forage and habitat for numerous birds, mammals, in-
vertebrates, fungi and lichens, many of which endangered (von Oheimb 
et al., 2004; Merganičová et al., 2012; Jonsson et al., 2016). 

Research, especially in virgin forests (Parviainen et al., 1999; 
Standovár and Kenderes, 2003; McElhinney et al., 2005), contributed to 
the understanding that, in addition to the total amount of deadwood, its 
variation in quantity and quality may serve as a proxy of biodiversity 

(Merganičová et al., 2012). Deadwood diversity, expressed as the 
occurrence of various object types (lying, standing, stumps), tree spe-
cies, size classes, and decay stages (Siitonen et al., 2000; Kunttu et al., 
2015), offers resources and increases niche availability for a large 
number of deadwood-dwelling species (Pretzsch, 1997; Seibold et al., 
2015). This is beneficial, as diverse and intact ecosystems are considered 
to be more stable in view of challenges such as climate warming 
(Angermeier and Karr, 1994; Heckmann et al., 2008). 

The deadwood present at any one time is influenced by multiple 
factors, encompassing climate and soil conditions, tree species, site 
productivity and forest development phases as well as disturbance re-
gimes and forest management (Harmon et al., 1986; Burrascano et al., 
2008; Hermann et al., 2015). Further, there is considerable interspecific 
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variation in wood decomposition rates (Mackensen and Bauhus, 1999; 
Janisch et al., 2005; Zhou et al., 2007; Rock et al., 2008). Furthermore, 
several studies found a negative correlation between debris dimension 
and decomposition rate (Fravolini et al., 2018; Müller-Using, 2005; 
Vanderwel et al., 2006). 

In commercial forests harvesting and timber extraction interfere with 
the natural dynamics, thus influencing deadwood amounts and 
composition (Svoboda et al., 2010). Consequently, deadwood patterns 
and dynamics show considerable local and forest-type specific variation 
(Burrascano et al., 2008; Lombardi et al., 2008; Bujoczek et al., 2018), 
thus limiting the generalizability across forest types (von Oheimb et al., 
2007) and highlighting the need to study deadwood patterns in as yet 

understudied forest types (Christensen et al., 2005). 
Information on qualitative and quantitative deadwood of deciduous 

forest types in the mid-latitude nemoral forest zone is still incomplete. 
While efforts have been made to quantify deadwood volumes (Forest 
Europe, 2020) and define thresholds to support biodiversity, surpris-
ingly little is known about the composition and structure of deadwood in 
different forest types under different management (Paletto et al., 2014), 
particularly in southeastern Central Europe. 

Forests of European beech (Fagus sylvatica L.) and sessile oak 
(Quercus petraea (Matt.) Liebl.), native and widespread in wider Central 
Europe, are of great significance for silviculture as well as for nature 
conservation (Brunet et al., 2010; Petritan et al., 2012). It is highly 
important to understand their specific development and deadwood 
patterns, particularly when aiming at deadwood enrichment as part of 
sustainable forest management. 

Romania, with its variously managed near-natural beech and oak 
forests, holds all prerequisites to examine the variation in deadwood and 
stand structural factors influencing the diversity. Although shifts in 
forest ownership and insufficient protection of old-growth forests have 
led to severe illegal logging and exploitation (Bouriaud, 2005; Knorn 
et al., 2012), remote forest stands of limited accessibility, low-intensity 
cuts and high rotation ages promote near-natural forest development 
(Bouriaud et al., 2019). Hence, deadwood amounts must be interpreted 
with caution and should be accompanied by information on the struc-
ture and recent management history of the stands. 

This study aims to contribute to the knowledge of deadwood varia-
tion (quantity and quality) in various deciduous forest types of western 
Romania with a specific interest in differences between the types and the 
influence of forest management on deadwood volume. 

The following research questions were addressed:  

(i) What are the main patterns of deadwood and associated stand 
structural variation in the studied deciduous forests?  

(ii) Which differences in deadwood amounts and qualities between 
forests with and without management can be found?  

(iii) What are the main drivers of forest-type specific deadwood 
volume? 

Results are discussed in the context of biodiversity conservation and 

Table 1 
Result of k-means analysis resulting in four well separated forest types: beech, oak, mixed-oak and lime with a brief description of their characteristics and accom-
panying tree species. With M = Managed forest stand, UM = Unmanaged forest stand. Accompanying tree species as an aggregate of forest tree species with low 
coverage (M: < 15%; UM: < 1–2%) (such as Acer platanoides and pseudoplatanus L., Populus tremula. L., Betula pendula Roth, Prunus avium L., Fraxinus excelsior and 
F. ornus (only in C) L., Ulmus glabra L., Sorbus torminalis (L.) Crantz in various proportions) and Carpinus sp. with Carpinus betulus L. and C. orientalis Mill. (only in C). 
*missing in UM.  

Cluster Type Nr. of 
Plots 

Distri-bution 
along ASL [m] 

Altitude level Mean %-cover of 
main tree species 

Vertical structure Accompanying 
tree species 

Communities 

1 beech 41 M/ 
20 UM 

550–900 submontane 78 Fagus sylvatica M: one- or two-layered 
(canopy layer holds >70% 
of trees) 
UM: two- or three-layered 
(canopy holds 30% of trees) 

Quercus petraea 
Carpinus betulus 
Tilia tomentosa* 
Prunus sp. 
Acer sp. 

Festuco drymejae-Fagetum; 
Hieracio transsilvanici-Fagetum 
(Täuber, 1987) 

2 oak 30 M/ 
14 UM 

300–550 colline- 
submontane 

75 Quercus 
petraea 

M: two- or three-layered 
(canopy layer holds >70% 
of trees & >50% of plots 
with shrub layer) 
UM: two- or three-layered 
(canopy holds 30% of trees) 

Carpinus sp. 
Tilia tomentosa* 
Fraxinus sp. 
Sorbus sp. 

Lathyro hallersteinii- 
Carpinetum (Coldea, 1991) 

3 mixed- 
oak 

21 M 200 – 300/600 colline- 
(submontane) 

37 Quercus 
frainetto 
24 Quercus cerris 

M: two- or three-layered 
(canopy layer holds >70% 
of trees & >50% of plots 
with shrub layer) 

Acer sp. 
Fraxinus sp. 

Potentillo micranthae- 
Quercetum dalechampii 
Mixed oak forests with various 
other species 

4 lime 27 M 350–500 colline- 
submontane 

70 Tilia tomentosa M: two- or three-layered 
(canopy layer holds >70% 
of trees & >50% of plots 
with shrub layer) 

Carpinus sp. 
Quercus sp. 
Prunus sp. 
Sorbus sp. 
Acer sp. 

Tilia tomentosa dominated 
forest with Quercus petraea, 
Fagus sylvatica  

Fig. 1. Locations of the forest stands investigated in Banat, western Romania. 
A) Milova, B) Maciova, C) Eșelnița, D) Runcu-Groși (Administrative Bound-
aries. © NaturalEarth 1:10, 2020). 
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forest management. 

2. Material and methods 

2.1. Study regions 

We conducted the study in western Romania, in the Banat and Cri-
șana regions towards the Western Carpathians (Fig. 1). To observe 
spatial characteristics of different native forest types over short dis-
tances, data were collected in four selected areas along altitudinal gra-
dients (200–700/900 m a.s.L.). 

The study area of Milova (A) (46◦07.627′ N, 21◦47.963′ E – 268 ha) is 
situated in the Zarand Mountains on mostly slate and granite bedrock. 
The area of Maciova (B) (45◦31.488′ N, 22◦12.824′ E – 229 ha) is situ-
ated in the Poiana-Ruscă Mountains on sandstones, with minor areas of 
pyroclastic rocks. The area of Eșelnița (C) (44◦44.025′ N, 22◦20.710′ E – 
254 ha) in the Almăj Mountains is situated on bedrock of gneiss and 
granite. All three areas comprise managed forests while the forest of 
Runcu-Groși (D) (46◦11′N, 22◦07′E – 261.8 ha) is an unmanaged nature 
reserve in the Zarand Mountains (for details see Petritan et al., 2012; 
Vasile et al., 2017). As much of the ground is covered by loess all forests 
grow on base-rich luvisol and cambisol of at least moderate water 
storage capacity and medium (mesotrophic) nutrient level. Comparative 
analyses of biomass growth and carbon storage suggest equal stand 
productivity in all three managed forest areas (Kasper et al., unpubl.). 

The climate is cool-temperate sub-continental (Cfb climate) (Kottek 
et al., 2006) with annual mean temperatures ranging between 8.2 and 
10.2 ◦C (A), 8.5–10.4 ◦C (B), 7.9–10.9 ◦C (C) and 9.0–9.6 ◦C (D), and 
annual precipitation around 639–758 mm (A), 654–763 mm (B), 
629–789 mm (C) and 666–702 mm (D), respectively (Petritan et al., 
2012; Dumitrescu and Birsan, 2015; Fick and Hijmans, 2017). The 
studied areas range from lowland (colline) to submontane levels and 
comprise subhumid thermophilous oak forest, subhumid mesic oak- 
hornbeam forest and humid mesic beech forest (Table 1; Doniță et al., 
1992; Coldea et al., 2015; Heinrichs et al., 2016; Hohnwald et al., 2020). 

The areas A-C contain chiefly mature forests, state-owned and su-
pervised by local forest authorities following management plans at least 
since the 1960s. Before the implementation of regulating management 
plans, irregular wood cutting occurred, especially close to settlements. 
In the 1960s previous coppiced stands, that occurred in all three areas, 
were transferred into high forests. Forest fires between 1945 and 1947 
introduced post-disturbance pioneer tree species (e.g., Populus tremula, 
Betula pendula) in parts of the forests of Maciova (B) and Eșelnița (C), 
indicating the resiliency of nature. 

In Romania, regular even-aged stands of pole woods and later stages 
are thinned out, until the mean tree age achieves ¾ of the rotation age 
(Nicolescu, 2018). The recommended thinning by volume is light- 
moderate (5–15%) and decreases from young to older ages (Nicolescu, 
2018). Consequently, in the investigated forests wood removal by 
thinning did not exceed the recommended thinning percentage of the 

stand volume. In addition, salvage logging and sanitary loggings with 
lower intensity (<5% of stand volume) occurred at irregular intervals in 
the forest units, hence the studied forests contained no stands with major 
harvest operations in the past 20 years (Table 2). 

In the nature reserve Runcu-Groși (D), due to the inaccessibility of 
the area in the past, management exploitations were sparse with only 
few interventions of low intensity wood removal (<30 m3 ha− 1) 
concentrating on deadwood, sick and windthrown trees (Petritan et al., 
2012). 

2.2. Data collection and measurements 

Data in managed forests were collected in July and August 2018/19 
(A, B) and 2019 (C) on southerly exposed ridges sloping less than 30◦. 
Using QGIS (Version 2.18 – Las Palmas), buffer zones of 250 m across the 
ridge were established and clipped by a geo-referenced DEM model 
(approx. 30 m × 30 m) (EEA EU-DEM). Within each forest a rectangular 
grid of 200 m × 200 m was systematically fitted. At each grid inter-
section we collected data on deadwood and associated stand structural 
parameters on a total of 119 GPS-marked circular plots (42 in A, 38 in B 
and 39 in C) of 314 m2 each for deadwood and 400 m2 for living stand 
structure. The tree heights were measured using a high-quality laser 
Vertex III (Haglöf) and the length of lying objects by measuring tape. 
Diameters of objects were measured with a diameter tape and, if 
necessary, diameter corrections of Kramer and Akça (1995) were 
applied. 

Data for the unmanaged forest in Runcu-Groși (D) were collected on 
a total of 34 permanent 1000 m2 circular plots, installed 10 years prior 
and re-measured in 2019. The plots were randomly distributed along a 
rectangular grid of 150 m × 200 m, systematically fitted over the nature 
reserve, sloping less than 35◦ with no restriction on exposition (Petritan 
et al., 2012). As this area contained only beech and oak forest, the 
deadwood dataset of the managed forests to be used for comparison was 
reduced by 56 plots, leaving those classified as either beech or oak (63 
plots). 

Deadwood objects (coarse woody debris) above 7.5 cm diameter 
(Stevens, 1997) were recorded in each plot following the National Forest 
Inventory of Romania (NFI, 2020). Standing deadwood (snags of ≥1.3 m 
height, diameter at breast height (dbh) ≥ 10 cm) and lying deadwood 
(logs of ≥ 1 m length and mean diameter at half-length ≥ 10 cm) were 
recorded in both managed and unmanaged forests, in managed stands 
also stumps of less than 1.3 m height with diameter of upper rim ≥ 5.6 
cm. The data set of Runcu-Groși (D) contained moreover information on 
deadwood volume of even smaller objects (mean dbh ≥ 5 cm < 10 cm). 
To account for such small and often neglected objects in the managed 
stands, lying deadwood objects with a minimum length of 1 m and 
minimum diameter of 5 cm were counted per plot (hereafter referred to 
as small deadwood). 

Each deadwood object (except the small deadwood) was assigned to 
one of five decay classes following Robin and Brang (2008) (from 1 =
fresh, over 3 = intermediate, through to 5 = advanced decay). For 
comparison with the decay scale used in Runcu-Groși (D) (Müller-Using 
and Bartsch, 2003) decay levels 4 and 5 were cumulated. Whenever 
possible the tree species of a deadwood object was documented, or 
otherwise identified and coded as “oak” or “other” deciduous species. 

Volume estimations for lying deadwood objects were calculated 
using Huber’s formula (Huber, 1839) with the diameter measured at 
half length: 

V =
Lπd2

m

4
(1)  

with V = deadwood volume, L = length of the log and dm = mid- 
diameter of the log. 

Volumes of standing objects and stumps were calculated as suggested 
by Travaglini and Chirici (2006), with the diameter of the dead object 

Table 2 
Overview of management interventions, thinning intensity and wood removal 
within the three managed forest areas. Values given for the last thinning interval 
are the years since the last thinning took place by the time of data collection.  

Area Milova Maciova Eselnita 

ID A B C 
Mean age 95 70 90 
Last thinning 

interval 
25 15 30 

Thinning 
intensity [%] 

8–15; decrease 
with age 

8–15; decrease 
with age 

8–15; decrease 
with age 

Standing wood  
removal [%] 

≤10 ≤10 ≤10 

Sanitary (San) or  
salvage (Sal)  
logging [%] 

San 1–3; Sal ≤ 12 San 1–3;  
Sal irreg. ≤ 5 

San 1–3;  
Sal irreg. ≤ 5  
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measured at half-height and object height, multiplied with f = 0.495 as a 
constant form factor for broadleaf trees. 

Dead to live wood ratio was calculated dividing the volume of 
deadwood by the volume of living trees. 

In all plots all living trees with a dbh ≥ 7 cm were recorded and 
assigned to layers according to Leibundgut (1993). Data included the 
individual tree species and dbh as well as the mean height of each tree 
layer. 

Species-based volume estimations of living trees were calculated 
using the double-logarithmic regression equation 

LogV = a0 + a1logd + a2logh+ a3log2d + a4log2h (2)  

where V is the estimated tree volume, h is the average tree height of the 
assigned tree layer, d is the dbh and a0, a1, a2, a3, a4 are regression co-
efficients for different tree species as suggested by Giurgiu and Drăghi-
ciu (2004). Basal area was calculated as the sum of the cross-sectional 
area at breast height of each living tree per plot converted to hectare 

values. As a proxy for stand age, each plot was assigned to one out of 
eight forest development phases (Zukrigl et al., 1963; Winter and 
Brambach, 2011; Begehold et al., 2015). 

All data aggregated on plot level to mean and percentage values were 
converted to hectares for comparison. 

To identify potential drivers for deadwood volume, in addition to the 
selected stand structural parameters mentioned above (mean dbh, mean 
height, living stand volume and basal area of each plot) further 
explanatory variables were selected (Table 3), including annual mean 
temperature as a proxy for plant growth and decomposition rates and 
annual precipitation as a proxy for plot humidity (Way and Oren, 2010; 
Fravolini et al., 2018). Raster data were derived from WorldClim 
Version 2 (Fick and Hijmans, 2017) on 1 km2 scale with the program 
QGIS. 

2.3. Data analysis and statistical approaches 

All statistical analyses and modelling were performed with the “R” 
software version 3.6.2 (R Development Core Team, 2019) using the R- 
packages ggplot (Wickham, 2016), goeveg (Goral and Schellenberg, 
2018), lme4 (Bates et al., 2015), psych (Revelle, 2020), r2glmm (Jaeger, 
2017), tidyverse (Wickham et al., 2019) and vegan (Oksanen et al., 
2019). 

2.3.1. Classification of forest types 
To identify the forest types, we classified the plots using unsuper-

vised k-means (MacQueen, 1967) and Bray-Curtis distance of basal area 
percentage cover of the tree species present within each sampling plot. 
Optimal number of clusters was determined by a manual iterative 
approach and subsequent validation of silhouette plots and ecological 
interpretation (packages: psych, goeveg and vegan). Classification 

Table 4 
Deadwood and stand structural characteristics in managed and unmanaged forest stands of the different forest types. Obj. = objects, DW = deadwood, V = volume, 
diam. = diameter and dbh = diameter at breast height.  

Management Managed Unmanaged 

Forest type beech oak mixed-oak lime beech oak 
Cluster 1 2 3 4 1 2 
Nr. of plots 41 30 21 27 20 14  

mean 
(SE) 

range mean 
(SE) 

range mean 
(SE) 

range mean 
(SE) 

range mean 
(SE) 

range mean 
(S) 

range 

Deadwood             
Obj. [N/ha] 357 

(2.0) 
2–48 222 

(1.1) 
1–24 185 

(1.9) 
1–30 178 

(0.7) 
2–15 419 

(2.3) 
3–36 351 

(3.4) 
3–48 

Small DW Obj. 
[N/ha] 

721 
(3.0) 

7–82 226 
(1.2) 

9–22 369 
(2.3) 

6–40 309 
(1.8) 

4–35 71 – 54 – 

V Total [m3/ 
ha] 

57.2 
(10.4) 

2.9–327.8 37.0 
(6.5) 

0.9–156.6 43.7 
(10.4) 

0.9–156.6 49.4 
(15.8) 

1.1–400.3 114.5 
(18.7) 

12.4–324.1 128.6 
(19.5) 

31.1–294.2 

V Lying [m3/ 
ha] 

42.5 
(8.9) 

1.8–324.7 27.6 
(4.8) 

0.4–122.3 34.9 
(9.5) 

0–165.2 34.2 
(14.5) 

0.5–396.9 84.6 
(12.3) 

12.5–184.2 90.9 
(13.2) 

2.0–187.8 

V Standing 
[m3/ha] 

13.9 
(3.8) 

0–108.4 8.0 
(3.8) 

0–108.3 7.6 
(2.8) 

0–48.6 14.3 
(8.3) 

0–222.8 29.8 
(13.2) 

0–152.3 37.8 
(13.2) 

0–140.5 

V Stump [m3/ 
ha] 

0.7 
(0.2) 

0–7.7 1.4 
(0.5) 

0–15.1 1.1 
(0.4) 

0–8.3 0.9 
(0.3) 

0–5.2 – – – –  

Living stand             
Tree density 

[N/ha] 
339 
(24.2) 

75–775 455 
(28.5) 

225–925 444 
(57.0) 

150–1025 676 
(62.4) 

160–1760 432 
(39.0) 

230–890 525 
(47.2) 

270–760 

Stand volume 
[m3/ha] 

379.9 
(21.5) 

120.1–697.3 292.1 
(19.6) 

57.9–426.2 199.8 
(22.8) 

59.2–467.7 283.9 
(21.5) 

115.0–536.3 630.5 
(29.5) 

398.9–909.3 603.4 
(47.4) 

271.4–871.95 

Basal area 
[m3/ha] 

29.9 
(1.5) 

9.4–48.7 24.5 
(1.2) 

9.6–32.4 19.9 
(1.7) 

7.8–39.6 26.8 
(1.5) 

10.9–44.6 38.5 
(2.0) 

26.1–55.2 38.2 
(2.3) 

22.5–56.4 

Height [m] 22.9 
(0.6) 

15.8–29.9 19.1 
(0.8) 

9.9–27.3 18.3 
(1.0) 

10.6–27.0 18.9 
(0.9) 

12.2–27.3 20.6 
(0.4) 

2.8–50.7 18.8 
(0.3) 

2.6–45.3 

Dbh [cm] 32.5 
(1.3) 

18.4–64.7 24.9 
(1.0) 

14.5–36.1 23.8 
(1.5) 

13.8–35.0 22.6 
(1.1) 

12.3–35.2 26.2 
(0.7) 

7.0–102.5 23.8 
(0.7) 

7.0–90.0  

Dead-to-living- 
wood tree 
ratio [%] 

13.4 
(2.4) 

0.8–73.2 11.0 
(1.5) 

0.4–30.6 17.9 
(4.1) 

0.8–63.9 13.8 
(3.3) 

0.3–77.7 15.1 
(2.0) 

1.6–30.6 17.9 
(2.1) 

5.3–31.5  

Table 3 
Potential drivers influencing deadwood volume used in the linear mixed-effects 
model (LMM).  

Variable Unit Category 

Mean living tree diameter cm Continuous 
Mean living tree height m Continuous 
Mean living stand volume m3 ha− 1 Continuous 
Mean living basal area m2 ha− 1 Continuous 
Mean living tree density N ha− 1 Continuous 
Management – Categorical 
Forest type – Categorical 
Annual mean precipitation mm Continuous 
Annual mean temperature ◦C Continuous  
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resulted in four well separated groups (Silhouette score: 0.48) 
(Table A1) defined as the forest types beech, oak, mixed-oak, and lime 
(Table 1). 

Mean, min and max values, percentage cover and standard error of 
deadwood and associated stand structural parameters were calculated 
for each forest type (packages: tidyverse and ggplot). 

2.3.2. Deadwood patterns 
Differences between forest types in deadwood and selected stand 

structural parameters were tested using non-parametric Kruskal-Wallis 
test (package: stats) with Bonferroni correction and posthoc Dunn test 
for unequal sample sizes (Zar, 2010). This approach was also used to 
determine differences between the managed and unmanaged forest 
stands for selected key parameters of deadwood and associated stand 
structure. 

To simplify comparison of large-dimensioned deadwood objects 
which are considered key elements for forest biodiversity (Merganičová 
et al., 2012), lying and standing deadwood object diameters were 
grouped as (i) small (mean diameter ≥10 cm < 30 cm), (ii) medium (30 
cm ≥ mean diameter ≤ 60 cm) and (iii) large (mean diameter > 60 cm). 

To explore which drivers promote deadwood volume, a set of 9 po-
tential drivers were selected for modelling stand-intrinsic (stand struc-
tural and management) variables and environmental variables 

(Table 3). Before analysis, parameters were checked for correlation (cor. 
test function, package: stats, Spearman’s correlation coefficient) and 
association (Chi-squared test, visual check). Linear mixed-effects models 
(LMM, package: lme4) were used with log-transformation of the 
response variable to meet the assumptions for normality. LMM were 
computed with study area as random term to partial out this effect. To 
determine the factors explaining deadwood patterns best, a multiple 
manual forward and backward selection was conducted. Starting from 
null model, the selected factors were stepwise included and checked for 
model improvement by comparing AIC (Akaike information criterion), 
BIC (Bayesian information criterion) and deviance, using anova() 
function (lme4, lmerTest). If significant, the predictor was included in 
the model and further tested, using the remaining but colinear factors. 
Non-linear relationships were tested using second-order polynomials of 
temperature and precipitation. 

The final model was validated by a visual check of residuals distri-
bution according to Zuur et al. (2009) and by using generalized pre-
dictions for testing plausibility and to detect model bias. These 
generalised predictions were used for creating effect plots, displaying 
the total prediction range (100% percentile). For calculating partial R2 

values, we used r2beta function (package: r2glmm). 

Fig. 2. Stand structural and deadwood characteristics of the investigated forest types in different management types. Please be aware of the different y-axis scales. 
Data displayed show the results of the four different forest types according to classification results and cluster association with cluster 1 = beech, cluster 2 = oak, 
cluster 3 = mixed-oak and cluster 4 = lime and separated by management system. Cluster 3 and 4 are not present in the unmanaged forest stand. Letters display 
significant differences (α = 0.05) between clusters based on performed Kruskal-Wallis test and post-hoc DunnTest. Capital letters = test between forest types within 
managed/unmanaged forests stands, lowercase letters = test between managed and unmanaged forest stands. A) Mean deadwood volume (m3ha− 1) B) Mean 
deadwood volume of lying objects (m3ha− 1) C) Mean deadwood volume of standing objects (m3ha− 1) D) Mean tree density (Nha− 1) E) Mean living stand volume 
(m3ha− 1) F) Mean basal area (m2ha− 1). 
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3. Results 

3.1. Main patterns of deadwood and associated stand structural variation 
in different forest types 

3.1.1. Managed forests 
Mean deadwood volume in managed forests was 47 m3 ha− 1 with 

detectable outliers and high variance among plots, but without signifi-
cant differences between the forest types (p > 0.05). The highest dead-
wood volumes were found in beech forests (57.2 m3 ha− 1) and the 
lowest in oak forests (37.0 m3 ha− 1) (Table 4, Fig. 2A-C). 

The calculated parameter values of the living forest stands were 
similar among the forest types. In general, beech forests revealed higher 
stand volumes and basal area due to significantly higher mean tree dbh 
(32.5 cm) and mean tree height (22.9 m) (Table 4, Fig. 2E and F), while 
lime forests reached comparable values through higher tree densities 
(more than 237 trees per hectare on average). With the lowest mean tree 
diameter and height, the living tree volume and basal area in mixed-oak 
forests were the lowest observed among all forest types (Table 4, Fig. 2E 
and F). 

While most plots were assigned to the early optimum phase (phase 4, 
deadwood amounting to >30%) (Fig. 3B), we found many initial-phase 
plots (phase 3) in mixed-oak (13%) and lime (40%) forests (Fig. 3B). In 
mixed-oak forests, a considerable number of plots was in the final forest 
development or disintegration phase (19%), in contrast to only 7% in 
beech, 3% in lime, and 0% in oak forests. 

Tree species diversity was particularly high in mixed-oak and lime 
forests (Fig. 3A). The main tree species present in the living stands were 

also present in their deadwood (Fig. 3A). Accompanying tree species 
showed a higher proportion in deadwood than in the living stand in all 
forest types (Fig. 3A, Table B3), particularly in mixed-oak (proportion: 
28% of living, 63% of dead), beech (proportion: 6% of living, 46% of 
dead), and lime (proportion: 5% of living, 38% of dead). 

Deadwood was found in all three categories of lying, standing and 
stump in managed forests (Table 4). Lying deadwood objects prevailed, 
accounting for more than 70% of the total deadwood, as compared to 
standing objects (<30% on average) (Table 4). Stumps represented less 
than 2% of deadwood volume in the investigated forest types. 

In managed forest, deadwood objects of large dimensions were ab-
sent in oak, mixed-oak and lime forests, and sparse (restricted to 
standing objects) in beech forests. Small objects accounted for the 
largest share of the deadwood volume in all forest types (lying 92.5%, 
standing 81.7%) (Fig. 3D). The highest number of lying small deadwood 
(diameter at half-length ≥5 cm < 10 cm) was observed in beech forests, 
with an average of 721 objects per hectare (Table 4). 

All decay classes were present in the different forest types in various 
proportions (Fig. 3C). Averaging 38%, early-decay deadwood (class D2) 
was the most abundant in managed forests. With a total of 59%, beech 
forests held the highest proportion of advanced decay classes D3 and 
higher, compared to oak (36%), mixed-oak (41%) and lime (36%) 
forests. 

Lying deadwood objects occurred predominantly in decay stages D2 
and D3 regardless of forest type. The observed standing deadwood ob-
jects were mainly in the decay stages D1 to D3. Stumps were generally 
strongly decayed, with 46% in the highest class. 

Fig. 3. Species composition, forest development phases, deadwood decay levels and deadwood diameter classes in the investigated forest types in relation to the 
different management systems. A) Percentage share of tree species within the four forest types separated by management system (with D = dead and L = living and 
Accomp. = accompanying tree species). Unmanaged forest stands do not display mixed-oak and lime dominated forest stands. B) Percentage share of forest 
development phases (young (3) to old forest stands (8)) according to Winter and Brambach (2011) present in the four forest types and separated by management 
system. C) Percentage share of decay levels 1–4 and higher (low to highly decayed) of deadwood objects present in the four forest types. For direct comparison 
between study sites decay levels 4 and 5 were aggregated to D4 and higher. D) Percentage share of diameter categories (small, medium, large) of deadwood objects in 
the categories lying and standing in managed (M) and unmanaged (UM) forest stands. 
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3.1.2. Differences between managed and unmanaged oak and beech forests 
The total amount of deadwood was significantly higher in unman-

aged than in managed forest (beech: 114 vs. 57 m3 ha− 1, oak: 128 vs. 37 
m3 ha− 1, p < 0.001). Correspondingly, the lying and standing deadwood 
volumes were also significantly higher in unmanaged beech as well as 
oak forests (p < 0.001; Fig. 2A-C, Table 4). 

As deadwood volume, the values of the stand structural parameters 
in the unmanaged forests significantly exceeded those of managed for-
est. The tree density in unmanaged beech and oak forests was higher, 
especially in the second and third layer, indicating more pronounced 
vertical stratification (Fig. 2D, Table 1). This corresponded with a 
notably greater living tree volume and basal area (Fig. 2E and F) in both 
oak and beech forests, whereas overall mean tree height and diameter of 
unmanaged and managed forests were similar (Table 4). 

Compared to their managed counterparts the variety of different 
forest development phases in the unmanaged oak and beech forests was 
significantly lower, with later forest development phases prevailing 
(97% of all plots in the late optimum phase) (Fig. 3B). 

As observed in managed beech and oak forests, the tree species 
richness and composition in deadwood in unmanaged forests equals the 
species composition of the living stock (Fig. 3A). 

While deadwood objects in managed forest types were mainly found 
among the lower diameter classes dbh ≤ 30 cm, non-management 
enhanced the deadwood proportions of higher diameter classes, espe-
cially of standing deadwood (Fig. 3D). 

In contrast to managed stands, our findings revealed only few objects 
of small deadwood in the unmanaged forest types, accounting for less 
than 1 m3 ha− 1 for lying objects and 2.5 m3 ha− 1 for standing objects. 

Non-management shifted decay stages of deadwood objects towards 
advanced decay stages, especially in oak forest (58% D3 and 11% D4 
and higher). This observation particularly applies to standing deadwood 
objects, which were mainly observed in decay stage D3 (oak 57%, beech 
44%). 

3.2. Drivers of deadwood volume 

The final model revealed that deadwood volume significantly 
responded to annual mean temperature (p < 0.001) and management (p 
> 0.05, model conditional R2: 0.36, model marginal R2: 0.35). Dead-
wood volume showed a clear decrease towards higher temperatures, 
with high explanatory power (partial R2 of 0.267 in the 2nd order 
polynomial term and R2 = 0.046 with linear term, Fig. 4A and B, Table 5 
and B4). The difference between managed and unmanaged sites was 
identified as another factor explaining deadwood volume, with much 
higher values found in unmanaged sites (partial R2: 0.166, p ≤ 0.022, 
Fig. 4A and B). 

Diagnostic plots for checking the goodness of fit of the model are 
given in Fig. C1. Results of tested correlation between variables and 
relation of stand-intrinsic variables and management are given in 
Figs. C2, C3, C4. 

4. Discussion 

4.1. Patterns of deadwood and associated stand structural variation in 
managed forest types 

The analysis of deadwood diversity in different deciduous forest 
types provided valuable information on altitude-dependent deadwood 
patterns in Western Romania. 

The forest types showed similar mean deadwood amounts (37–57 
m3 ha− 1), albeit with high variation among plots. Higher living stand 
volumes, basal area and/or tree densities contribute to higher deadwood 
volumes (Korpel, 1995; Christensen et al., 2005). Hence, low thinning 
intensities (Bouriaud et al., 2019) promote deadwood quantity that is 
chiefly influenced by stand-specific conditions. Inter-linked deadwood 
accretion processes (natural tree mortality e.g., self-thinning, competi-
tion, senescence, disturbance) are additional drivers for deadwood 
enrichment, especially in mature forest stands (Korpel, 1995; 
Merganičová et al., 2012). 

The deadwood quantities found in the four forest types studied were 
similar to nemoral deciduous forests of low intensity management or 
even short-term non-intervention (<50 years), where average dead-
wood volumes range between 40–80 m3 ha− 1 or even higher (reviewed 
by Vandekerkhove et al., 2009), in stark contrast to values of heavily 
used deciduous forest stands (1–10 m3 ha− 1) reported by Christensen 
et al. (2005) and Brunet et al. (2010). It is noteworthy that the observed 
deadwood volumes greatly exceed the average deadwood volume of 20 
m3 ha− 1 for European forests (Forest Europe, 2020) as well as the na-
tional average volume of 20 m3 ha− 1 reported for deciduous forests by 

Fig. 4. Linear mixed-effects model (LMM) prediction plots for the relation of deadwood volume and annual mean temperature (◦C/a) for A) unmanaged and B) 
managed forest stands. Plots show the 100-percentile prediction range of a generalized dataset. Underlying model statistics see Table 5. 

Table 5 
p-values of fixed terms, as well as Model R2 in the used linear mixed-effects 
model (LMM). The model included management, annual mean temperature as 
fixed terms and study area as random terms.  

Model R2 0.36 (cond.) 0.35 (marg.) 

fixed terms p partial R2 

unmanaged 0.0223* 0.166 
temperature 1 linear response 0.000*** 0.046 
temperature 2 quadratic response 0.0089** 0.267  
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the Romanian forest inventory (2013–2018) (Inventarul forestier na-
tional, 2018) and therefore lie within deadwood threshold estimates for 
biodiversity preservation, ranging from 20-50 m3 ha− 1 (Vandekerkhove 
et al., 2009; Müller and Bütler, 2010; Merganičová et al., 2012). Indeed, 
the high amounts of deadwood found in our study areas support the 
occurrence of 10 rare xylobiontic central European relict beetles (Eckelt 
et al., 2017): Abemus chloropterus, Camptorhinus statua, Dicerca ber-
olinensis, Hesperus rufipennis, Leiestes seminiger, Microrhagus pyrenaeus, 
Nematodes filum, Prionychus melanarius, Quedius truncicola, Rosalia 
alpina, which were recently recorded in the forests (Bussler, 2020, per-
sonal communication). They indicate forest continuity and that quan-
tity, distribution, variation and constant supply of deadwood are 
sufficient to support some of the more demanding deadwood specialists 
(Lachat et al., 2012). 

Different deadwood-associated species require different tree species, 
object categories (lying, standing) and decay stages for their long-term 
survival (Stokeland, 2001; Jonsson et al., 2005; Müller and Bütler, 
2010). Hence the presence of a greater variety of such deadwood ele-
ments positively influences biodiversity (Kunttu et al., 2015). Further-
more, different tree age classes, or different forest development phases, 
when simultaneously present considered as a surrogate for uneven-aged 
stands (Korpel, 1995), generate different deadwood elements, as the 
proportion and size of dead matter varies according to age and tree 
maturation (Bujoczek et al., 2018). 

In the present study, deadwood occurred in a wide variety of tree 
species, categories, sizes and decay stages in all four managed forest 
types. As observed by other studies conducted in unmanaged or near- 
natural forests of high integrity (Christensen et al., 2005; Oettel et al., 
2020), lying deadwood accounted for the highest percentage value of 
total deadwood volume in all managed forest types. 

The living tree composition had a positive influence on deadwood 
tree species variety. In all forest types accompanying tree species 
accounted for a relatively high deadwood volume, in line with obser-
vations by Christensen et al. (2005) or Vandekerkhove et al. (2009). 
Long intervals between tree felling events as well as group shelterwood 
cutting influence the competition, adaptability and susceptibility of 
trees and thus tree species composition (Duncker et al., 2012). 
Disturbance-induced pioneers and other species adapted to early forest 
development tend to decrease successively and accumulate deadwood 
volumes disproportionately high to the tree species’ current proportion. 

We observed the highest rate of deadwood of accompanying tree 
species in mixed-oak forests, the mortality likely being enhanced 
through drought stress caused by xeric microclimate with pronounced 
extremes (Hohnwald et al., 2020). The second highest rate of deadwood 
of accompanying tree species, ascertained in beech forests, may be 
explained by dieback of pioneer trees (e.g., Betula pendula) and Ulmus 
glabra which is susceptible to Dutch Elm Disease (Borlea, 2004; 
Walentowski et al., 2013). Furthermore, the high competitiveness of 
beech, supressing and outcompeting more light-demanding species such 
as Fraxinus excelsior or Acer spp. (Petritan et al., 2007) may also 
contribute to higher deadwood volumes of these accompanying tree 
species. Lime forest, dominated by Tilia tomentosa, a tree of rapid growth 
and high regenerative capacity by stool shoots, showed also a high 
proportion of accompanying tree species in deadwood, perhaps man-
agement-induced. 

The studied forest types showed a variety of simultaneously present 
decay stages with a tendency towards larger deadwood amounts in 
higher decay classes in beech and mixed-oak forests. The presence of 
different, especially intermediate and advanced decay stages essential 
for biodiversity including a number of red-listed faunal species and fungi 
(Heilmann-Clausen and Christensen, 2003; Keren and Diaci, 2018; 

Vítková et al., 2018), indicates that the current low-intensity manage-
ment does not interfere with the natural processes of continuous dead-
wood supply and decomposition. 

4.2. Differences in deadwood and stand structure between managed and 
unmanaged forest types 

Unmanaged beech and oak forests were found to be characterized by 
two- to threefold higher deadwood amounts compared to their managed 
counterparts. The unmanaged forests showed total deadwood amounts 
similar to corresponding virgin forests where values of 50–200 m3 ha− 1 

have been reported for European beech (Leibundgut, 1993; Meyer et al., 
2003; Christensen et al., 2005; Commarmot et al., 2005) and 70–160 m3 

ha− 1 for oak (Korpel, 1997; Bobiec, 2002). The absence of management 
enhanced the presence of advanced forest successional development 
phases and promoted significantly higher amounts of living biomass, 
basal area, tree density and higher deadwood volumes in both types of 
unmanaged forest. This favourable combination of forest age and 
structural diversity is known to promote the accumulation of high 
deadwood volumes (Vallauri et al., 2003; Paletto et al., 2014; Bujoczek 
et al., 2018) particularly suitable for the maintenance of highly 
specialized species (Lachat et al., 2013). 

The unmanaged forest types differed from the managed forests in 
terms of deadwood quantity and object size, but not in the proportionate 
composition of object categories (lying, standing). The standing dead-
wood amounts and higher decomposition stages, considered as partic-
ularly valuable (Merganičová et al., 2012), were especially high in the 
oak-dominated forests. 

Small deadwood may contribute more to biodiversity promotion 
than hitherto expected (Ódor et al., 2006; Travaglini et al., 2007; Lachat 
et al., 2013). Small woody debris was more plentiful in the studied 
managed forests, especially in beech, than in the unmanaged forest. 
More deadwood material means higher deadwood surface area, resource 
and niche availability (Speight, 1989; Bässler et al., 2010; Müller and 
Bütler, 2010). Although small deadwood objects do not compensate for 
lack of deadwood of larger dimensions, they are likely to support their 
own species assemblages (Ódor et al., 2006; Lachat et al., 2013). 

The abundance of deadwood structures is strongly associated with 
certain tree species-specific properties such as decomposition rates, and 
thus depends on the forest type. Compared to the managed stands, both 
types of unmanaged forest displayed a higher percentage of deadwood 
in intermediate and advanced decay stages, considered most beneficial 
for deadwood specialists (Heilmann-Clausen and Christensen, 2003; 
Vítková et al., 2018). This supports the presumption that unmanaged 
forests can preserve more demanding deadwood decomposers than 
managed forests. Most oak trees, unlike beech, die standing (Peterken, 
1996). The higher proportion of standing deadwood of advanced state of 
decomposition found in the unmanaged oak forest compared to both 
managed and unmanaged beech forests suggests that the former is 
particularly suitable for promoting biodiversity as it supports multiple 
habitat structures of high conservation value. 

4.3. Drivers of deadwood volume in different forest types 

Deadwood volume was primarily influenced by management and 
annual mean temperature (in both cases statistically significant). Our 
results show that the additive effect of the predictors management and 
temperature, along with underlying and often highly correlated vari-
ables (Fig. C2-4), determine deadwood volumes in all forest types. This 
corresponds to findings of other studies, where drivers of deadwood 
volume have been described as a complex of several underlying factors 

V. Öder et al.                                                                                                                                                                                                                                    



Forest Ecology and Management 487 (2021) 118977

9

(Merganičová et al., 2012; Garbarino et al., 2015). 
The linear mixed-effects model to study the influence of management 

on deadwood volume revealed a positive influence of non-management 
on deadwood amounts, regardless of forest type (which is why forest 
type was not included in the final model – in contrast to Christensen 
et al., 2005; Lombardi et al., 2012). As a complex factor, management 
combines the selected structural elements and achieves better explana-
tory power in the results than each stand structural feature individually 
(Table 3, Fig. C3). 

The undetectable influence of forest type on deadwood volume in 
our analysis can be explained by the correlation of forest type and the 
significant predictor of annual mean temperature (Chi-squared: 0.4). As 
the occurrence of tree species (expressed by the classified forest types) is 
strongly linked to climatic conditions temperature already contributes 
to the explained variance of forest type in the model. Hence, a clear 
separation of the two predictors is not possible, and it can be argued that 
the climatic variables influencing deadwood volume in this study act, to 
some extent, as a proxy for the forest type. 

We found annual mean temperature inversely correlated with 
deadwood volume, which increased accordingly with higher altitudes 
(Spearman rS − 0.93), a pattern also observed by Christensen et al. 
(2005) though not in line with Fravolini et al. (2018) who showed that 
lower temperatures with high humidity led to accelerated decay rates, 
hence reduced deadwood volume. Considering the 3.2-times faster 
annual deadwood decomposition rates of beech compared to oak, the 
observed increase of deadwood volume along the temperature gradient 
would probably be associated with human influence. Residents are 
likely to collect firewood locally, thus creating a ‘firewood footprint’ in 
lowland oak forests close to settlements. However, the linear mixed- 
effects model showed that the effect of deadwood volume was inde-
pendent of management (despite management contributed to the addi-
tive effect of the two predictors), as deadwood volumes increased with 
altitude both in managed and unmanaged forests. Consequently, despite 
the impact of management, climate-related drivers demonstrably in-
fluence deadwood volume. Other studies also found that beech forests in 
uplands, associated with higher probability of windthrow and snow 
damage, show increased amounts and constant supply of deadwood 
(Vandekerkhove et al., 2009; Trotsiuk et al., 2012; Tavankar et al., 
2019). Moreover, stand age affects tree vulnerability to climatic ex-
tremes (Wilson et al., 2008), so that deadwood input increases whenever 
trees exceed the maturity phase. As exceeding maturity age is tree 
species-specific (consider that oak trees have a longer life span than 
beech), deadwood input in later forest development phases is generally 
higher, and thus promote the accumulation of deadwood in these forest 
stands. 

5. Conclusions 

Our study of deadwood patterns and their drivers in various native 
types of managed and unmanaged deciduous forest in West Romania 
revealed high deadwood amounts with much variation in object cate-
gories, decay classes and proportions. While, expectedly, non- 
management increased total deadwood amounts two- to threefold and 
led to deadwood accumulation of greater size and more advanced decay, 
the studied managed forest types displayed amounts of deadwood twice 
as high as the national average and exceeding threshold estimates 
considered critical for biodiversity, in fact sufficient to support at least 
10 primeval forest relict beetles of Central Europe (Eckelt et al., 2017). 

Another important finding of our study is the significant role of 
accompanying tree species in the deadwood in all forest types. While 
promoting accompanying trees in commercial forests was so far mainly 
discussed with the objective of risk mitigation (Kolstrom et al., 2011), 

our investigations show that accompanying native tree species also 
produce overproportionate amounts of deadwood, thus forming a 
deadwood ‘bank’ reflecting the continuity and tree legacy of forests and 
important to maintain biological diversity of kinds associated with tree 
species that may no longer be present in the current stand. 

Foresters and ecologists tasked with deadwood management in 
different forest types can influence the quality and quantity of deadwood 
through near-natural, integrative forest ecosystem management, pro-
moting the retention of various deadwood categories of different decay 
stages. Based on the results of this study, it is advisable to leave 
accompanying tree species as important deadwood suppliers in forests. 
As valuable habitat structures large sizes deadwood should be increased 
as well as standing deadwood objects preserved whenever possible. 

Forest type-specific patterns are to be considered, taking local cli-
matic conditions into account. By mimicking processes learned from 
studying non-managed forests stable yet dynamic forests of long 
ecosystem continuity can be sustained. Management which supports and 
promotes biodiversity should be a primary concern, as such forests are 
believed to withstand efficiently stressors and future challenges such as 
climate change. 
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Appendix B 

See Tables B1–B4 

Table B1 
Overview of the results on performed Kruskal-Wallis test in R with post-hoc DunnTest for unequal sample size. Results displayed are for deadwood and living forest 
structural parameters in managed forest stands for the four different forest types. With LoD = level of decay.  

Type Parameter Chi square p df M-beech M-oak M-mixed-oak M-lime UM-beech UM-oak 
Dunn Dunn Dunn Dunn Dunn Dunn 

Deadwood Volume [m3/ha] 3.285 0.349 3 – – – – – – 
0.489 0.484 1 – – – – a a 

Lying [m3/ha] 5.421 0.143 3 – – – – – – 
0.176 0.674 1 – – – – a a 

Standing [m3/ha] 3.211 0.360 3 – – – – – – 
1.681 0.194 1 – – – – a a 

Stump [m3/ha] 1.880 0.597 3 – – – – – – 
LoD 0.508 0.917 3 – – – – – – 

0.083 0.772 1 – – – – – – 
Mean dbh standing [cm] 11.601 0.008 3 a ab ab b – – 
Mean dbh lying [cm] 3.438 0.328 3 – – – – – –  

Living Volume [m3/ha] 26.558 <0.001 3 a ab c bc – – 
0.148 0.700 1 – – – – a a 

Basal area [m2/ha] 18.401 <0.001 3 a ab b a – – 
0.078 0.779 1 – – – – a a 

Tree density [N/ha] 24.783 <0.001 3 a ab a b – – 
2.484 0.115 1 – – – – a a 

Mean dbh [cm] 29.929 <0.001 3 a b b b – – 
2.0587 0.151 1 – – – – a a 

Mean height [m] 17.811 <0.001 3 a b b b – – 
3.440 0.063 1 – – – – a a  

Table B2 
Overview of the results on performed Kruskal-Wallis test in R with post-hoc DunnTest for unequal sample size. Results displayed are for deadwood and living forest 
structural parameters in managed vs. unmanaged forest stands for the two different forest types.  

Type Parameter Chi square p df M-beech UM-beech M-oak UM-oak 
Dunn Dunn Dunn Dunn 

Deadwood Volume [m3/ha] 8.975 0.002 1 a b – – 
18.783 <0.001 1 – – a b 

Lying [m3/ha] 11.528 <0.001 1 a b – – 
15.451 <0.001 1 – – a b 

Standing [m3/ha] 1.332 0.248 1 – – – – 
11.252 <0.001 1 – – a b  

Living Volume [m3/ha] 10.212 0.001 1 a b – – 
15.65 <0.001 1 – – a b 

Basal area [m2/ha] 10.114 <0.001 1 a b – – 
21.263 <0.001 1 – – a b 

Mean dbh [cm] 6.081 0.0136 1 a b   
0.040 0.840 1 – – – – 

Mean height [m] 1.436 0.230 1 – – – – 
0.115 0.733 1 – – – – 

Tree density [N/ha] 4.802 0.028 1 a b – – 
21.422 0.143 1 – – – –  

Table A1 
Synoptic table of forest types in the research locations. Results are based on k-means clustering of percentage cover of basal area of the main tree species. The table also 
displays the number of sampling plots (in brackets are the number of plots in the unmanaged forest) within each cluster and visualizes differential species (diff) for each 
cluster, using the algorithm of Tsiripidis et al., 2009, implemented in the R package goeveg.       

41 (20) 30 (14) 21 27      
beech oak mixed-oak lime 

Species diff 1 diff 2 diff 3 diff 4 cluster 1 cluster 2 cluster 3 cluster 4 
Fagus sylvatica p n – n 100 23 48 15 
Quercus petraea n p n p 32 100 24 81 
Carpinus spp. – – – – 34 43 71 41 
Quercus frainetto & Q. cerris n n p n 2 13 62 11 
Tilia tomentosa n – n p 27 53 29 100 
Accompanying Trees – – – – 39 57 86 78  
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Appendix C 

See Figs. C1–C4 

Fig. C1. Diagnostic plots for final LMM. Residual plot A) and quantile–quantile (QQ) plot B) of residuals, both used for model validity diagnostics. QQ plot depicts 
the residuals its standardised normal distribution) of the final LMM model for checking normal distribution of residuals. 

Table B4 
Parameter estimates of the linear mixed-effects model (LMM) of the fixed terms. The model included management, annual mean temperature as fixed terms and study 
area as random terms.  

fixed effect Estimate (log scale) estimate (response scale) 

unmanaged 1.11 3.05 
temperature 1 linear response − 5.48 0.004 
temperature 2 quadratic response − 2.92 0.05  

Table B3 
Overview of the percentage share of accompanying tree species not listed in Table 1 on the total living stand and deadwood volume. *non-reliable identification of tree 
species, but no main tree species as defined in Table 1.  

Tree species Cluster 1 Cluster 2 Cluster 3 Cluster 4 
Forest type beech oak mixed-oak lime  

Living % Dead % Living % Dead % Living % Dead % Living % Dead % 

Acer sp. 2.52 0.08 0.73 0 6.97 23.15 1.09 0 
Betula sp. 0.18 8.86 0 0 1.07 5.30 0 0 
Populus sp. 0.90 0.80 0 0 2.41 3.16 0 0 
Prunus sp. 0.72 4.41 0 2.25 2.41 4.04 1.78 4.45 
Sorbus sp. 0.18 0 1.10 0 1.07 0 1.78 0 
Ulmus sp. 1.08 11.36 0.18 0 1.34 0 0.14 0 
Fraxinus sp. 0 0 1.79 0.95 8.04 1.19 1.09 0,04 
Robinia sp. 0 0 0.55 0 1.88 0.72 0 0 
Larix sp. 0 0 0 0 2.95 2.46 0 0 
Unclear deciduous* 0 20.77 0 15.56 0 23.55 0 33.60  

% total 5.58 46.27 4.36 18.75 28.15 63.58 5.88 38.10  
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Fig. C2. Results of tested correlation between selected variables before entering the LMM Model. Data was tested with Spearman correlation coefficient. With Temp 
= annual mean temperature, ASL = area above sea level (m), Volume_new_ha = living stand volume (m3ha− 1), ba_ha = basal area (m2ha− 1), cph = tree density 
(Nha− 1), DWV_total = mean deadwood volume (m3ha− 1), mean_dbh = mean diameter of living stand (cm), mean_height = mean height of living stand (m). 

Fig. C3. Boxplots of selected variables in comparison between managed [M] and unmanaged [UM] forest stands. A) Living stand volume (m3ha− 1), B) Tree density 
(Nha− 1), C) Mean living tree diameter (cm) and D) Mean living tree height (m). 
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V. Öder et al.                                                                                                                                                                                                                                    

https://doi.org/10.1007/978-1-4612-4018-1_24
https://doi.org/10.1007/978-1-4612-4018-1_24
https://doi.org/10.18637/jss.v067.i01
http://refhub.elsevier.com/S0378-1127(21)00066-9/h0015
http://refhub.elsevier.com/S0378-1127(21)00066-9/h0015
http://refhub.elsevier.com/S0378-1127(21)00066-9/h0015
https://doi.org/10.1007/s10336-014-1110-4
http://refhub.elsevier.com/S0378-1127(21)00066-9/h0025
https://doi.org/10.1016/S0378-1127(01)00655-7
https://doi.org/10.1016/S0378-1127(01)00655-7
https://doi.org/10.1007/s11842-005-0017-6
https://doi.org/10.1007/s11842-005-0017-6
http://refhub.elsevier.com/S0378-1127(21)00066-9/h0040
http://refhub.elsevier.com/S0378-1127(21)00066-9/h0040
http://refhub.elsevier.com/S0378-1127(21)00066-9/h0045
http://refhub.elsevier.com/S0378-1127(21)00066-9/h0045
https://doi.org/10.1007/s10342-018-1124-1
https://doi.org/10.1007/s10342-018-1124-1
https://doi.org/10.1080/11263500802150613
https://doi.org/10.1080/11263500802150613
https://doi.org/10.1016/j.foreco.2005.02.032
http://refhub.elsevier.com/S0378-1127(21)00066-9/opt2CeWIPP4he
http://refhub.elsevier.com/S0378-1127(21)00066-9/opt2CeWIPP4he
http://refhub.elsevier.com/S0378-1127(21)00066-9/h0070
http://refhub.elsevier.com/S0378-1127(21)00066-9/h0070
http://refhub.elsevier.com/S0378-1127(21)00066-9/h0070
https://doi.org/10.1007/s11069-015-1757-z
https://doi.org/10.5751/ES-05066-170450
https://doi.org/10.5751/ES-05066-170450
https://doi.org/10.1007/s10841-017-0028-6
http://refhub.elsevier.com/S0378-1127(21)00066-9/h0100
http://refhub.elsevier.com/S0378-1127(21)00066-9/h0100
https://foresteurope.org/
https://doi.org/10.1016/j.foreco.2017.10.031
https://doi.org/10.1890/ES14-00342.1
https://doi.org/10.1890/ES14-00342.1
https://CRAN.R-project.org/package%3dgoeveg
https://doi.org/10.1016/S0065-2504(03)34002-4
https://doi.org/10.1016/j.foreco.2008.01.005
https://doi.org/10.1023/A:1022825809503
https://doi.org/10.1023/A:1022825809503
https://doi.org/10.15287/afr.2016.692
https://doi.org/10.15287/afr.2016.692
https://doi.org/10.1186/s40663-015-0052-5
https://doi.org/10.1186/s40663-015-0052-5
https://doi.org/10.3390/f11090919
http://refhub.elsevier.com/S0378-1127(21)00066-9/h0160
http://refhub.elsevier.com/S0378-1127(21)00066-9/h0160
http://refhub.elsevier.com/S0378-1127(21)00066-9/h0160
http://refhub.elsevier.com/S0378-1127(21)00066-9/h0160
https://CRAN.R-project.org/package%3dr2glmm
http://www.jstor.org/stable/42901683
http://refhub.elsevier.com/S0378-1127(21)00066-9/h0180
http://refhub.elsevier.com/S0378-1127(21)00066-9/h0180
https://doi.org/10.1016/j.foreco.2016.06.017
https://doi.org/10.1016/j.foreco.2016.06.017
https://doi.org/10.3390/f9020076
https://doi.org/10.3390/f9020076
https://doi.org/10.1016/j.biocon.2011.12.020
http://refhub.elsevier.com/S0378-1127(21)00066-9/h0200
http://refhub.elsevier.com/S0378-1127(21)00066-9/h0200
http://refhub.elsevier.com/S0378-1127(21)00066-9/h0200
http://refhub.elsevier.com/S0378-1127(21)00066-9/h0200
http://refhub.elsevier.com/S0378-1127(21)00066-9/h0205
http://refhub.elsevier.com/S0378-1127(21)00066-9/h0205
https://doi.org/10.1127/0941-2948/2006/0130
https://doi.org/10.1127/0941-2948/2006/0130
https://doi.org/10.1016/j.foreco.2015.05.017
https://doi.org/10.1016/j.foreco.2015.05.017
http://refhub.elsevier.com/S0378-1127(21)00066-9/h0230
http://refhub.elsevier.com/S0378-1127(21)00066-9/h0230
http://refhub.elsevier.com/S0378-1127(21)00066-9/h0230


Forest Ecology and Management 487 (2021) 118977

14

biodiversity. European Forest Institute, Krumm. Joensuu, pp. 92–102. https://doi. 
org/10.1016/j.ecolind.2012.04.013. 
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