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Maximising carbon stock and habitat availability is a critical objective of con-
temporary forest management, with primary forests serving a crucial function 
due to their substantial carbon storage potential and biodiversity values. Given 
the limited extent and fragmentation of primary (mature and old-growth with 
minimal prior management) forests in Europe, there is a growing interest in 
understanding how rewilding (long-term management cessation) affects carbon 
stock and habitat provisioning. Further, little is known about the conditions re-
quired for secondary old-growth forests to achieve the carbon volumes and 
late-successional habitat features associated with primary forests if designated 
as rewilding areas. Rewilding of forest ecosystems in Europe is still a widely 
debated strategy, highlighting the importance of evidence-based examples. We 
compared some of the best-preserved primary old-growth forests with adja-
cent secondary old-growth forests which have been allowed to undergo self-
development for an extended period of seven decades in the ecologically and 
socially important beech-dominated forests of the Carpathian Mountains. Sta-
tistical analysis showed no significant differences in carbon stock and struc-
tural biodiversity indicators between the two forest categories. Mean above-
ground carbon stock was 207 Mg ha-1 in primary and 213 Mg ha-1 in secondary 
old-growth plots, which contrasts with values of 107 Mg ha-1 found in managed 
beech forest stands from the same region. The aboveground biomass carbon 
increment was 4.3 Mg ha-1 year-1 in primary and 4.5 Mg ha-1 year-1 in secondary 
plots, respectively. Notably, deadwood volume exhibited the most substantial 
variation among forest types along with tree microhabitat diversity. Our find-
ings underscore the vital  role of protecting and restoring old-growth forest 
ecosystems for effective carbon stock and biodiversity conservation. We em-
phasise that forest heterogeneity, encompassing factors such as tree age and 
diameter, canopy layer, species composition, and growth patterns, are impor-
tant for enabling managed forests to reach peak carbon storage capacity. Al-
though 70 years is insufficient for secondary old-growth forests to fully re-
cover  primary  forest  characteristics,  our  study  demonstrates  that  similar 
structures and functions can develop within less than a century of protection 
in productive temperate regions of Europe. This study supports rewilding as an 
effective conservation strategy and Natural Climate Solution.
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Introduction
Optimising  carbon  sequestration  and 

habitat provision represents a pivotal aim 
in  modern  forest  management  practices. 
Primary forests, in particular, play an essen-
tial role in delivering these aims, owing to 
their  significant  capacity  for  carbon  stor-
age and their  high biodiversity  value (Mi-
koláš et al. 2021, Keith et al. 2024). Consid-
ering the scarce and fragmented nature of 
primary forests across Europe, there is an 
increasing  focus  on  investigating  the  im-
pacts of rewilding on carbon sequestration 
and habitat provision. The objective of re-
wilding is the ecological restoration of na-
tive habitats, encompassing a comprehen-
sive  array  of  species  spanning  all  trophic 
levels, with a concomitant reduction in hu-
man influence and pressures with recogni-
tion of the dynamic nature of habitats, ac-
knowledging their continuous and evolving 
state  (Carver  et  al.  2021).  The  lack  of  in-
sights  regarding the conditions  necessary 
for  secondary  old-growth  forests  to 
achieve the carbon volumes and late-suc-
cessional habitat features characteristic of 
primary forests when designated as rewild-
ing areas highlights the importance of un-
derstanding changes in carbon storage and 
biodiversity indicators under rewilding sce-
narios  for  effective  implementation  of 
these nature-based solutions.

Biodiversity conservation and carbon se-
questration  are  interconnected  processes 
that  work  synergistically  (Augustynczik  & 
Yousefpour  2021).  Structural  parameters 

typically  found in carbon-rich primary for-
ests,  such  as  high  volumes  of  coarse 
woody  debris  (CWD)  and  snags,  tree-re-
lated  microhabitats  (TreM)  diversity,  and 
variability  in  tree  heights,  age,  diameter 
and deadwood decomposition stages, are 
important  for  preserving  biodiversity  and 
should be considered in conservation man-
agement plans (Kozák et al. 2018). Specifi-
cally, aboveground carbon stocks are influ-
enced by tree size heterogeneity, in partic-
ular,  by  the  presence  of  large  (habitat) 
trees,  which simultaneously  enhance spe-
cies richness (Lutz et al.  2018,  Keith et al. 
2024).  Habitat  trees  can  also  enrich  the 
productivity  and  long-term  resilience  of 
carbon stocks  in  forest  ecosystems  (Bau-
hus et al. 2013). Additionally, there is some 
evidence  suggesting  that  large  trees  are 
pivotal in regulating microclimate and nu-
trient  cycling,  further  supporting  the  re-
silience of forest ecosystems by facilitating 
tree  regeneration  through  shared  assimi-
lates and water (Gilhen-Baker et al. 2022). 
In  addition  to  large  living trees,  primary 
forests  contain  high  quantities  and  varia-
tion of deadwood objects. The size, decay 
stage  and  density  of  deadwood  signifi-
cantly influence both biodiversity and car-
bon stocks (Paletto et al. 2014): for exam-
ple,  the  presence  of  decomposing  dead-
wood and litter play crucial roles in carbon 
dynamics and are essential components of 
forest  carbon  stocks.  Further,  deadwood 
abundance  and  decomposition  status  are 
keystones  for  the  existence of  saproxylic 

species (Majdanová et al. 2023) and cavity 
use by vertebrates (Ibarra et al. 2020). The 
occurrence of tree microhabitats is closely 
related to both large trees and deadwood 
(Kozák  et  al.  2018).  Despite  these  vital 
structural  qualities,  the  protection  of  pri-
mary forests in Europe have been an ongo-
ing challenge for many years and their area 
has been dramatically reduced (Sabatini et 
al. 2018).

To  attain  the  carbon  sequestration  and 
biodiversity  advantages  characteristic  of 
primary forests in this region, the primary 
recourse frequently lies in restoring previ-
ously  managed  forests  to  secondary  old-
growth forest ecosystems. Secondary old-
growth  forests,  which  have  experienced 
some level of human disturbance but have 
since  regenerated  naturally  and  have  de-
veloped for  a  considerable time (Chokka-
lingam  &  De  Jong  2001),  possess  several 
characteristics that make them valuable in 
terms of carbon stock and sequestration. 
They often exhibit different heterogeneous 
structures,  with  varying  tree  ages  and 
canopy  openings  leading  to  a  mosaic  of 
habitats that support both early- and later-
seral biodiversity as well as habitat general-
ists.  Seral  mosaics  also  contribute  to  en-
hancing  net  carbon  uptake  and  stock  at 
landscape scales (Mikoláš et al.  2021).  Re-
cent studies suggest that cessation of man-
agement leads to a progressive rise in bio-
mass  accumulation  over  extended  time-
frames, highlighting unmanaged forest re-
gions  as  ongoing  carbon  sinks  with  sus-
tained  tree  biomass  accrual  (Nagel  et  al. 
2023,  Idoate-Lacasia et al. 2024). Nonethe-
less,  there  is  a  paucity  of  knowledge  re-
garding  the  prerequisites  for  secondary 
old-growth  forests  to  attain  comparable 
levels of carbon storage and habitat char-
acteristics  as  those  found  in  primary  for-
ests.

The mountain  forests  of  Central  Europe 
exhibit  remarkable  ecological  resilience, 
demonstrating  the  ability  to  progress  to-
wards old-growth conditions, despite past 
management practices and ongoing natu-
ral disturbances (Albrich et al. 2021) and it 
is  an  ideal  location  to  investigate  forest 
rewilding.  While  many  studies  have  ex-
plored differences in managed and unman-
aged forests, there is a scarcity of research 
that  comprehensively  examines  aspects 
such  as  dead  wood,  carbon  stock,  large 
trees,  and  tree  microhabitats  simultane-
ously in primary and secondary old-growth 
forests (Vandekerkhove et al. 2009,  Ibarra 
et al. 2020, Albrich et al. 2021). Understand-
ing the nuances of these forests becomes 
imperative as global efforts intensify to ad-
dress climate change, protect ecosystems, 
and restore forests through rewilding.

This study informs ongoing policy discus-
sions  of  rewilding  and  climate  mitigation 
by comparing carbon stock and structural 
indicators  of  biodiversity  in  primary  and 
secondary  old-growth,  uneven-aged  for-
ests (Tab. 1). The paper addresses principal 
research questions  related to  ecologically 

2 iForest 18: 1-9

Fig. 1 - Study site description. (a) The study area in Slovakia, Central Europe; (b)  an 
example of a forest plot structure with a microhabitat tree; (c)  an example of plot 
locations; and (d) an example arrangement of trees and deadwood within one plot, 
different shadows of the grey represent different species.
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Rewilding forest ecosystems

and  socially  important  beech-dominated 
temperate  forests,  using  sites  in  the 
Carpathian  Mountains  in  Central  Europe 
(Slovakia – Fig. 1a): (i) Does forest structure 
differ  between  primary  and rewilded sec-
ondary old-growth forests? (ii) How do car-
bon stock and aboveground biomass  car-
bon increment compare between primary 
and  secondary  old-growth  forests?  (iii) 
How  do  structural  biodiversity  indicators 
(deadwood, large trees and microhabitats) 
vary between primary and secondary old-
growth forests?

Methods
This  study analysed  data  obtained  from 

permanent  research  plots  established  in 
the  Western  Carpathian  Mountain  region 
dominated by European beech (Fagus syl-
vatica L.) in the southern part of the Malá 
Fatra Mountain range in Slovakia (Tab. 2). 
Slovakia holds significant prominence with-
in  the  Western  Carpathian  Mountains,  as 
well as within European forests, belonging 
to countries with very low forest fragmen-
tation index. This region harbours some of 
the  last  vestiges  of  European  temperate 
primary  forests  (Sabatini  et  al.  2018)  but 
represents only  0.5% of the total forested 
area in the country (Mikoláš et al. 2019).

Study area
Based on a national inventory of primary 

forests in Slovakia between 2009 and 2015 
(Mikoláš et al. 2019), we selected primary 
forest plots (n = 26) in Šútovská Valley and 
Šrámková Nature Reserves (Fig. 1c), strictly 
protected since 1967. The plots are part of 
a comprehensive, long-term project investi-
gating  natural  forest  dynamics  (Remote 
Primary Forests 2023). Disturbance events 
in these primary forests are mostly moder-
ate  severity  but  also  include  very  high 
severity effects, including the most recent 
wind disturbance in 2002 that removed 72% 
of the canopy area on one plot (Frankovič 
et al. 2021). In the survey, the classification 
of primary forests was exclusively reserved 
for plots where no human activity directly 
impacted the tree layer.

Selection  criteria  for  secondary  old-
growth forest plots (n = 17) involved care-
ful consideration of the current forest spa-
tial distribution. Forest plots were selected 
within the proposed Zone A of the Malá Fa-
tra  National  Park,  designated  for  height-
ened  future  protection.  Furthermore,  the 
selected forests were required to be with-
out  historical  intensive  management  due 
to their inaccessibility, great distance from 
roads,  and  rugged  terrain  with  steep 
slopes.  They  all  fall  into  the  category  of 
forests with a protective function, with an 
age of  more than 100 years old (average 
age of 128 years) and situated between ex-
isting  nature  reserves.  To  achieve  consis-
tent site conditions (such as soil type and 
altitude) and meet the selection criteria for 
secondary old-growth plots, it  was essen-
tial  to address the substantial  fragmenta-
tion of these sites. We determined the lo-

cation suitability through the analysis of or-
thophoto maps from the 1940s, 1950s, and 
2019 prepared by the Slovak Topographic 
Institute (Historical Orthophoto map 2023). 
Orthophotos  were  utilised  to  demarcate 
forest  stands  characterised  by  the  pres-
ence of natural composition and tree can-
opy coverage. Subsequently, we leveraged 
data  obtained  from  the  National  Forest 
Centre  encompassing  fundamental  stand 
attributes,  including  the  rotation  period 
(ranging from 150 to 200 years), regenera-
tion cycle (99 years), mean stand age (130 
to 170 years), intended functions (e.g., hy-
drological  regulation,  erosion  mitigation, 
avalanche shielding), and prescribed man-
agement practices (e.g., small shelterwood 
harvesting). The secondary old-growth for-
est stands did receive selective harvesting 
or  small  shelterwood cutting over  a  long 
time in the past. Grazing also had a signifi-
cant  impact  on these forests in  the past. 
This  can  be  observed  through  pollarded 
beech  trees  in  some  areas.  The  forests 
were  first  protected  in  1953,  the  year  of 
management  abandonment,  and  later  by 
the announcement of the Protected Land-
scape  Area  (1967)  and  National  Park 
(1988).

In each of the forest plots (primary and 
secondary old-growth), for the selection of 
permanent study plots, plot centres were 
determined using  a  stratified random  de-
sign  (Frankovič  et  al.  2021,  Kozák  et  al. 
2023) from a network of 10 hectare poly-

gons and verified on-site during direct field 
assessments  to  avoid  rock  cliffs,  river 
streams, forest roads, etc.

Data collection
The permanent research plots consisted 

of three nested circular sub-plots, including 
the forest internal sub-plot with a radius of 
7.98 m from the plot centre (200 m2), the 
middle  sub-plot  with  a  radius  of  17.84  m 
(1000 m2), and the external sub-plot with a 
radius of  21.85 m (1500 m2 – Fig.  1d).  We 
utilised electronic and laser devices (Field-
Map) integrated with a Geographic Infor-
mation System to locate the position of all 
live trees with a diameter at breast height 
(DBH) ≥ 6 cm, as well as dead trees (snags) 
with height ≥ 1.3 m for biomass calculation 
and  tree  microhabitats  identification,  and 
additionally stumps with height <1.3 m and 
DBH at least of 20 cm in height 0.3 m above 
the  ground,  and  freshly  uprooted  trees 
with a DBH of at least 20 cm for TreM de-
termination. For each live and dead tree (n 
= 4380) in the area of 1500 m2, we recorded 
the  position,  status  (live/dead),  growth 
conditions  (suppressed/released),  canopy 
stratum  (crown  level),  decomposition 
stages and 47 types of tree microhabitats 
(Larrieu et al. 2018). For downed wood vol-
ume calculation we used the Line Intersect 
Method  (Van  Wagner  1968).  CWD  data 
were collected on five 20-m transects with 
azimuths  of  0°,  72°,  144°,  216°,  and  288° 
from the plot centre with DBH ≥ 6 cm, in-
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Tab. 1 - The age estimation of the surveyed primary and secondary old-growth plots 
for the year 2023. (Std): standard deviation.

Parameter
Primary Secondary old-growth

Mean Std Mean Std

Plot tree age 125 43.83 128 39.94

Minimum plot tree age 46 30.22 53 20.93

Maximum plot tree age (oldest tree) 260 (345) 54.21 233 (313) 64.02

Age of five oldest trees 225 51.46 194 62.25

Tab. 2 - Basic plot characteristics. The plot seasonal mean temperatures (05/01 - 10/31)  
were obtained by downscaling the Worldclim gridded data. For precipitation, we used 
data from Climate Explorer, and we extracted geological structure and soil type data  
from the Landscape Atlas of the Slovak Republic.

Parameter Primary Secondary old-growth

Year of data collection 2019 2021

Altitude range (m a.s.l.) 769-1142 579-1213

Slope range (°) 23-40 25-41

Seasonal mean temperature (°C) 10.0 10.1

Annual mean rainfall (mm) 1080 994

Dominant species Fagus sylvatica L.

Number of plots 26 17

Longitude E (dec deg) 19.0818-19.1103 18.9430-19.1289

Latitude N (dec deg) 49.1713-49.1922 49.1615-49.2225

Geological structure Granites to granodiorites

Soil type Cambisols and umbrisols
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cluding  species,  DBH,  and  decomposition 
stage.  We  counted  tree  regeneration  in 
three  height  classes  (50-130  cm,  130-250 
cm, and > 250 cm) as the number of individ-
uals with DBH < 6 cm and subsequently cal-
culated the number of individuals  per ha. 
Dendrochronological  samples from prima-
ry forests were collected in 2014 and from 
secondary old-growth in 2021. Cores were 
obtained from trees using a Pressler incre-
ment borer based on the positions of indi-
vidual  trees within the three circular sub-
plots described above. In the internal sub-
plot, we cored all living trees with DBH ≥ 6 
cm. In the middle sub-plot, we cored all liv-
ing trees with DBH ≥ 20 cm plus a random 
selection of 25% of released trees with DBH 
between 10 and 20 cm DBH, and in the ex-
ternal  sub-plot,  we  cored  all  living  trees 
with DBH ≥ 60 cm.

Data analysis

Stand structure data
Total live biomass, including aboveground 

biomass (sum of the stem, branch and fo-
liage of the living trees with DBH ≥ 6 cm) 
and  belowground  biomass  (root  biomass 
of the living trees with DBH ≥ 6 cm), was 
calculated  according  to  Forrester  et  al. 
(2017) using  species-specific  allometric 
equations.  Each  biomass  component  was 
estimated  using  a  specific  allometric  for-
mula that applies the DBH of the tree, com-
bined with empirical constants and scaling 
factors  tailored for  each component (see 
Tab. S1 in Supplementary material). The to-
tal  deadwood  necromass  included  the 
necromass of CWD with DBH ≥ 6 cm (data 
collected by transects) and the necromass 
of snags with DBH ≥ 6 cm and height > 1.3 
m  based  on  volume  and  species-specific 
wood  density  and  decomposition  stage-
specific density reduction factor (Tab. S2 in 
Supplementary  material).  Wood  densities 
were obtained from the appendix of  For-
rester et al. (2017), with densities of taxo-
nomically similar species used for any miss-
ing data.  Densities for  Ulmus glabra,  Sam-
bucus sp., and  Corylus avellana were taken 
from  Zanne et  al.  (2009),  and density  re-
duction factors  were taken from  Harmon 
et  al.  (2008).  The calculations  did  not  in-
clude the necromass of uprooted trees and 
snags under 1.3 m.

Tree ring data
Dendrochronological  data  were  used  to 

estimate tree aboveground biomass incre-
ment  and  tree  age.  Individual  tree  ring 
widths were measured on the sliding table 
LintabTM with an accuracy of 0.01 mm us-
ing  TSAP-WinTM  software  (Rinntech,  Hei-
delberg).  Subsequently,  the  master  chro-
nology was created from a set of well cross 
correlating  samples.  Every  sample  was 
then controlled with the help of the master 
chronology in the program CDendro (Hol-
mes  1983).  Ambiguous  or  damaged  chro-
nologies were excluded from further analy-
sis.

Carbon stock and aboveground biomass 
carbon increment data

Carbon stock  data  include aboveground 
and belowground biomass, as well as dead-
wood, consisting of snags and CWD necro-
mass. The aboveground biomass carbon in-
crement  was  calculated  based  on  the 
aboveground biomass increment (Trotsiuk 
et al. 2016) for the last ten years according 
to  the  increase  determined  from  annual 
rings and converted to biomass according 
to  allometric  equations.  Due  to  different 
years of collecting data, we set 2013 as the 
final  year  for  analysis.  Values  across  ten 
years  were  averaged  to  estimate  the  an-
nual  increase in  biomass.  Values  for  each 
plot’s  annual  ring  increments  of  uncored 
trees  were estimated according to neigh-
bouring trees of the same size and species 
using  an  Extreme  Gradient  Boosting  re-
gression model  (R2 =  0.64,  MSE =  211.31). 
Biomass data were converted to carbon by 
species-specific carbon percentage content 
(Matthews 1993 – see also Tab. S3 in  Sup-
plementary material).

Structural indicators of biodiversity
We  used  selected  parameters  of  large 

trees, deadwood, and TreM for the calcula-
tion of biodiversity indicators. We used the 
Shannon  diversity  index for  the  alpha  di-
versity  of  selected  groups.  We  used  two 
thresholds  for  identifying large trees:  the 
number of trees with DBH ≥ 70 cm and the 
number  of  largest  trees  on the plot  con-
tributing  to  50% of  the  aboveground  car-
bon stock (Lutz et al. 2018). We set up five 
classes  of  deadwood  decomposition 
stages  according  to  the  level  of  decay, 
varying  from  recently  dead,  completely 
covered  with  bark  (1)  to  very  soft  wood 
that disintegrates when lifted (5) (Sippola 
&  Renvall  1999).  We  pooled  TreM  data 
identified on the dead (including uprooted 
trees and snags under 1.3m) and live trees 
into  11  groups:  (i)  woodpecker  cavities  – 
woodpecker breeding cavities; (ii) rot holes 
– trunk  rot  holes,  semi-  or  completely 
opened trunks, hollow branches; (iii) insect 
galleries  – insect  galleries  or  bore  holes; 
(iv)  concavities  – dendrotelms,  wood-
pecker foraging excavations, root buttress 
or trunk bark-lined concavities; (v) injuries 
and exposed wood  – bark loss, bark shel-
ters  or  pockets,  breakages  (stem, 
branches), cracks, scars (lightning, fire) or 
fork  split  at  insertions;  (vi)  crown  dead-
wood  – dead branches, dead tree top, re-
maining  broken  limb;  (vii)  twig  tangles  – 
epicormic shoots, witch broom; (viii) burrs 
and  cankers  – the  proliferation  of  cell 
growth or decayed canker; (ix)  saproxylic 
fungi  – perennial  or  annual  polypores, 
pulpy agaric, large pyrenomycetes or myx-
omycetes; (x) epiphytic and epixylic struc-
tures  – bryophytes,  lichens,  ferns,  verte-
brate or invertebrate nests, bark or crown 
microsoil; (xi) exudates – sap run or heavy 
resinosis. TreM richness was calculated as 
the number of tree microhabitats found on 
a given live or dead tree.

Statistical analyses
We employed Generalised Linear Models 

(GLMs  – McCullagh & Nelder 1989)  to in-
vestigate the influence of forest category 
(primary  vs. secondary  old-growth)  as  a 
predictor  of  various  ecological  response 
variables (Tab. 3). GLMs with a Poisson dis-
tribution  and  logarithmic  link  function 
were employed to model count data. The 
count variables that did not conform to the 
unit mean-variance ratio were modelled us-
ing GLMs with a negative binomial distribu-
tion and a logarithmic link function (Hilbe 
2011). Finally, non-negative continuous vari-
ables  were  treated  as  gamma  responses, 
and a logarithmic link function was used in-
stead of the canonical inverse one to facili-
tate interpretation. The performance of all 
models  was  assessed  using  diagnostic 
plots of residuals and spatial correlograms 
(Bjørnstad & Falck 2001), and no violations 
of model assumptions were detected. The 
statistical  significance  of  the  models  was 
evaluated using the likelihood ratio tests. 
The  analysis  was  conducted  in  R  version 
4.2.0 (R Core Team 2022) using the libraries 
DHARMa, MASS, ncf and xgboost.

Results
Based  on  the  GLM  analysis,  there  is  in-

sufficient  evidence  to  conclude  that  the 
forest category significantly affects the re-
sponse carbon stock and biodiversity indi-
cators variables (Tab. 3), except for the re-
generation cover in the height of  130-250 
cm (p = 0.028).

Structural characteristics
The structural  characteristics  of  primary 

and secondary old-growth plots were very 
similar  (Tab.  3).  Average  tree  cover  com-
prised of 88% for live trees and 12% for dead 
trees in both forest categories. The volume 
of dead wood approximately composed of 
17%  of  snags  and  83%  of  downed  dead-
wood.  Although  forest  structures  were 
similar, tree composition varied with forest 
category; primary plots had a higher abun-
dance of Abies alba Mill. (22%) compared to 
secondary  old-growth  plots,  where  this 
species decreased (6%)  in  favour  of  Picea 
abies (L.) H. Karst. (11%) and Fagus sylvatica 
L.  (74%),  indicating  a  legacy  of  past  land 
use.  While  the  basal  area  of  live trees  in 
both  forest  categories  was  almost  the 
same,  the  basal  area  of  dead  trees  was 
higher  in primary plots than in secondary 
old-growth  plots.  The  regeneration  data 
fluctuated across the forest categories and 
also between the observed plots. The pri-
mary plots had two-thirds more individuals 
per  hectare  than  secondary  old-growth, 
with a significant difference in height class 
130-250 cm. This demonstrates that the for-
est deadwood accumulation and regenera-
tion  dynamics  still  differ  substantially  be-
tween the two forest categories.

Carbon stock and aboveground biomass  
carbon increment

Similar to forest structure, estimated car-
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Rewilding forest ecosystems

bon values were very similar between the 
two  forest  categories  (Tab.  3),  although 
there was a more symmetrical distribution 
in  primary  compared  to  secondary  old-
growth  forest  plots.  Mean  aboveground 
live carbon biomass comprised 114 (range: 
9-161)  Mg  ha-1 of  stem  carbon  in  primary 
forests  and  117  (54-165)  Mg  ha-1 in  sec-
ondary old-growth,  and 59 (8-94) Mg ha-1 

of foliage carbon (foliage and branches) in 
primary and 61 (31-83) Mg ha -1 in secondary 
old-growth plots. Additionally, root carbon 
in primary and secondary forests was 33 (4-
51) Mg ha-1 and 35 (18-50) Mg ha-1, respec-
tively. The dead-to-total carbon stock ratio 
was approximately 7% (2% for snag and 5% 
for  CWD  carbon)  in  all  plots,  except  for 
two  primary  plots  after  a  recent  natural 
disturbance,  which  reached  53%.  In  these 

disturbed plots, the mean total carbon was 
72  (70  and  74)  Mg  ha-1  and  the  above-
ground biomass carbon increment 0.5 (0.1 
and  0.9)  Mg ha-1 year-1,  which  resulted in 
slightly  higher  total  values  in  secondary 
old-growth  compared  to  primary  plots 
(Tab. 3).

Structural indicators of biodiversity
The count of trees exceeding a diameter 

of  70  cm  (the  first  large-tree  threshold) 
was  higher  in  primary  compared  to  sec-
ondary old-growth plots. These trees con-
tributed  to  32%  of  aboveground  carbon 
biomass  in  primary  and  27%  in  secondary 
old-growth plots on average. Mean thresh-
old for large-diameter trees responsible for 
half  of  the overall  carbon stock (the sec-
ond large-tree threshold) was 58.2 (range: 

12.6-81.5)  cm  in  primary  and  56.2  (39.7-
89.6) cm in secondary forests. The largest 
10% of  all  the trees (second threshold)  in 
primary forests contributed to half of the 
total carbon stock, increasing to 13% in sec-
ondary forests. A lower percentage implies 
a lower number of large trees contributing 
to half of the carbon stock. The Gini coeffi-
cient  for the diameter  distribution of  live 
trees  exhibited  comparable  values  in  pri-
mary and secondary forests (Tab. 3).

Deadwood  volume  was  different  be-
tween forest categories, primary plots hav-
ing higher values. Snags occupied a volume 
of 26 (range: 0-112) m3 ha-1 in primary and 
20 (2-51) m3 ha-1 in secondary forests, while 
downed coarse woody debris measured 131 
(7-408) m3 ha-1 in primary and 91 (8-269) m3 

ha-1 in secondary forests, respectively. The 
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Tab. 3 - Summary statistics of studied plots. Mean and standard deviation of structural characteristics, carbon stock and structural 
biodiversity indicators and the results of GLMs (F and P) testing for the differences between primary and secondary old-growth for -
est plots. 
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Variables Unit
Primary plots Secondary old-growth plots

F P
Mean Min Max Std Mean Min Max Std
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Basal area of live trees m² ha-1 43.54 6 58 11.79 44.53 20 58 10.41 0.04 0.837

Basal area of dead trees m² ha-1 5.38 0 18 4.09 3.89 0 10 2.71 1.70 0.200

Max DBH of live trees cm 84.92 34.7 129.2 18.14 87 63.2 109.6 16.26 0.13 0.719

Mean DBH of live trees cm 24.7 9.3 38.8 7.44 29 20.6 44 6.38 3.29 0.077

Mean DBH of dead trees cm 37.3 8.4 70.2 17.11 31.4 17.8 51.4 11.6 1.32 0.258

Density of live trees N ha-1 653 260 1440 294.11 505 213 853 209.22 3.48 0.069

Density of dead trees N ha-1 38 7 80 19.57 47 13 180 50.11 0.96 0.333

Mean regeneration 
density in height:

50 - 130 cm N ha-1 677 0 3347 742.7 625 13 3520 832.86 0.05 0.826

130 - 250 cm N ha-1 557 0 3060 818.05 181 0 673 187.47 5.18 0.028

over 250 cm N ha-1 448 0 2787 689.63 225 0 1767 408.75 1.62 0.210

C
ar

bo
n 

st
oc

k

Total carbon Mg ha-1 225.12 70.49 280.00 50.42 227.61 133.5 301.46 41.69 0.02 0.895

Snag carbon (standing dead trees) Mg ha-1 3.66 0.02 25.11 5.12 3.02 0.41 11.23 2.77 0.28 0.601

CWD carbon (downed deadwood) Mg ha-1 14.73 1.18 48.74 12.34 11.84 0.52 36.3 9.19 0.54 0.465

Biomass carbon (stem, branches, 
foliage, root of living trees)

Mg ha-1 206.79 20.91 269.6 55.74 212.74 126.06 286.74 43.63 0.06 0.802

Necromass carbon (standing dead 
trees, downed dead wood)

Mg ha-1 18.39 1.92 49.58 13.10 14.87 1.39 37.27 9.99 0.17 0.421

Aboveground biomass increment 
carbon

Mg ha-1 
year-1

4.26 0.13 6.14 1.36 4.47 2.19 6.71 1.27 0.11 0.745

St
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ct
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rs

it
y 

in
di
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The density of the largest trees on the 
plot contributes to half of the 
aboveground carbon

N ha-1 8 3 17 3 9 4.0 16 3 1.02 0.202

The density of trees with a DBH ≥ 70 
cm

N ha-1 23 0 53 17 17 0.0 53 15 1.61 0.438

Shannon diversity index of downed 
deadwood decomposition stages

- 1.03 0.36 1.37 0.28 0.93 0.0 1.44 0.41 0.77 0.386

Shannon diversity index of standing 
tree deadwood decomposition stages

- 0.59 0.0 1.55 0.48 0.57 0.0 1.04 0.34 0.02 0.890

Shannon diversity index of living trees 
microhabitat groups

- 1.57 1.25 1.99 0.17 1.46 1.04 1.85 0.25 3.18 0.083

Shannon diversity index of dead trees 
microhabitat groups

- 1.31 0.0 1.72 0.43 1.48 0.61 1.86 0.29 2.63 0.111

Density of live tree microhabitats N ha-1 784 207 1907 407 837 393 1447 314 0.19 0.668

Density of dead tree microhabitats N ha-1 291 47 580 163 275 47 720 168 0.08 0.776

The volume of downed deadwood, snag m³ ha-1 157.88 12.0 414.00 111.19 111.0 10.0 281.0 77.78 0.80 0.187

Gini coefficient of the living trees DBH 0-1 0.36 0.18 0.46 0.08 0.36 0.22 0.44 0.06 0.01 0.938
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distribution of deadwood according to the 
degree of decomposition was mostly con-
centrated in  the middle stages  (2nd,  3rd, 
and 4th) in both forest categories, with the 
5th stage being less prevalent (in CWD) or 
totally absent (in snags) in secondary old-
growth  plots.  Diversity  index  for  dead-
wood  (snags  and  CWD)  decomposition 
stages  fluctuated  between  the  plots  in 
both forest categories (Tab. 3).

The total  number of trees containing at 
least one tree microhabitat was similar be-
tween  the  primary  and  secondary  old-
growth forests  – 404  (7-653) and 385  (13-
613) trees ha-1, respectively. The richness of 
the TreM group per tree increased with the 
tree  DBH  in  both  forest  categories  (y  = 
0.0022x,  R2 =  0.7351  in  primary  and  y  = 
0.0049x,  R2 =  0.7092  in  secondary  old-
growth). More variations in TreM were as-
sociated with tree live/dead status (Tab. S4 
and  Tab.  S5 in  Supplementary  material). 
The ratio of live to dead TreM was 84% to 
16% in primary and 77% to 23% in secondary 
forests.  The  density  of  the  observed  live 
trees for TreM identification was in primary 
plots 653 ha-1 and 505 ha-1 in secondary old-
growth plots, on average. The number of 
live tree microhabitats was 781 (207-1907) 
ha-1 in  primary  and  837  (393-1447)  ha-1 in 
secondary  old-growth.  The  predominant 
microhabitats  in  both  forest  categories 
were concavities (with the most root-but-
tress concavity – Fig. 2). The density of the 
observed  dead  trees  for  TreM  identifica-
tion was in primary plots 90 ha-1 and 72 ha-1 

in secondary old-growth plots, on average. 
Dead  trees  with  microhabitats  numbered 
221 (20-547) ha-1 in primary and 270 (80-720) 
ha-1 in  secondary  forests.  Epiphytic  and 
epixylic structures were prevalent on dead 
trees in primary forests, while tree injuries 

and exposed wood (bark loss, bark shelter, 
and  pocket)  dominated  in  secondary  for-
ests. Excrescences (burrs, canker, or witch 
broom) and sap/resin run were less  com-
mon. Insect galleries ranked fourth in both 
forest  categories.  Secondary  forests  had 
only  4%  fewer  saproxylic  fungi  and  slime 
moulds (including most perennial  and an-
nual polypores) compared to primary.

Discussion

Comparing carbon pools in primary and 
secondary old-growth forests within 
European reserves

One  of  the  pivotal  revelations  of  this 
study is the remarkable similarity in carbon 
stock and aboveground biomass carbon in-
crement  between  primary  and  secondary 
old-growth  forests.  Interestingly,  the  car-
bon stock in strictly protected primary and 
secondary old-growth forests in this study 
is  approximately  two  times  higher  com-
pared to the average carbon biomass val-
ues of managed forests in Slovakia (Slovak 
National  Inventories  2021).  In  comparison 
to our  results,  a  recent study from Swiss 
forest reserves (Idoate-Lacasia et al. 2024) 
found that  even 100 years  after  manage-
ment  abandonment,  the  forest  did  not 
reach  the  peak of  biomass  accumulation. 
This  outcome  contrasts  with  our  result, 
where the secondary old-growth plots ex-
hibit higher values of biomass (431 Mg ha -1) 
compared to primary plots (419 Mg ha-1) al-
ready after 70 years. However, the values 
of live biomass for elevation 850 m a.s.l., 
which the authors predicted, fit our results 
for  mean elevation of  1000 m a.s.l.  Addi-
tionally,  the German strict forest reserves 
(Nagel  et  al.  2023)  contained less  carbon 
than the secondary and primary forests in 

the Carpathians (152 Mg ha-1 – 170 Mg ha-1 in 
oldest stands  – of carbon in aboveground 
biomass,  30  Mg  ha-1 in  belowground  bio-
mass, and 14 Mg ha-1 in deadwood), on av-
erage.  Though  the  values  are  lower,  it  is 
probably because of the relatively low age 
and homogeneity of the strict reserves in 
Germany.  Mean  aboveground  carbon  in 
mature stands in the Black Forest reached 
184 Mg ha-1  (Asbeck et al. 2021), more com-
parable with our results.  Studies by  Keith 
et al. (2024) from primary forest sites sam-
pled  across  27  European  countries  found 
that trees with a diameter at breast height 
of  60  cm  (50  cm  in  the  Carpathians)  ac-
count for 50% of the total carbon stock in 
living  biomass.  These findings  correspond 
with our results, which show a threshold of 
58 cm in primary and 56 cm in secondary 
old-growth plots. In contrast, carbon stock 
in deadwood in old-growth forests of the 
Austrian Alps (Albrich et al. 2021) was sur-
prisingly five times lower than our observa-
tions  in  both  primary  and  secondary  for-
ests.  The  ratio  of  the  distribution  of  live 
(tree  stems)  and  dead  (snags  and  CWD) 
carbon  in  Austria  varied  between  forests 
less  than  100  years  since  management 
abandonment (95:5:0) and old-growth for-
ests  (97:1:2)  (Albrich  et  al.  2021).  In  our 
case, the ratio was the same for both for-
est categories (89:2:9). Similar  low values 
of  deadwood  carbon  were  also  reported 
by Paletto et al. (2014).

Aboveground biomass carbon 
increment in secondary old-growth 
forests

In addition to similar carbon stock in bio-
mass  pools,  we  found  similar  rates  of 
aboveground biomass carbon increment in 
primary and secondary old-growth forests, 
demonstrating the compatibility of rewild-
ing  strategies  with  long-term  carbon  up-
take and stock (Luyssaert et al. 2008,  Ral-
han et al.  2023).  In other  systems,  signifi-
cant declines in aboveground biomass car-
bon increment with  increasing forest  age 
may  result  from  the  primarily  even-aged 
forests  consisting  of  similar  competitors 
(Foster et al. 2014). Our mean values of bio-
mass carbon increment (4.5 Mg ha-1 year-1, 
which is  approximately 9 Mg ha-1 year-1  of 
biomass increment) from both forest cate-
gories  are  near  the  high  range  of  values 
(9.5 Mg ha-1 year-1) observed in Swiss forest 
reserves (Idoate-Lacasia et al. 2024), where 
the plots had three times higher stem den-
sity and double the basal area. Our findings 
underscore that old-growth forests can still 
substantially  impact  carbon  fixation  rate 
through the sequestration in coarse wood 
production,  contributing  significantly  to 
mitigating climate change.

Biodiversity indicators and habitat 
recovery in secondary old-growth 
forests

Primary forests are recognised for provid-
ing habitats for rare and endangered spe-
cies,  and  our  findings  suggest  that  sec-
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Fig. 2 - Average number of TreM observed per living tree by analysed TreM groups 
across the DBH gradient in primary and secondary old-growth plots.
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Rewilding forest ecosystems

ondary old-growth forests, through rewild-
ing,  can  offer  similar  benefits  over  time. 
Deadwood  volume  exhibited  substantial 
variation,  with  recently  disturbed primary 
forests  having  higher  volumes,  providing 
microhabitat  diversity.  Deadwood  serves 
as a  key habitat  legacy for  various forest 
organisms such as saproxylic beetle, fungi, 
or lichens (Kozák et al. 2018, Majdanová et 
al. 2023), though the development of such 
structured  habitats  in  secondary  old-
growth  forests  is  a  long-term  process 
(Braunisch et al. 2019). The abundance and 
proportion  of  deadwood  in  the  studied 
secondary old-growth forests already sur-
pass those observed in commercially man-
aged forests. Natural disturbances are sto-
chastic,  resulting in episodic introductions 
of  deadwood  habitats.  This  underscores 
the irreplaceable role of primary forests in 
biodiversity conservation.

In  addition,  our  findings  validate  earlier 
hypotheses regarding the positive correla-
tion between deadwood stocks and natu-
ral forest function (Paletto et al.  2014,  Al-
berdi et al. 2020, Nagel et al. 2017). Our re-
sults  from  uneven-aged  forests  exhibited 
more structural diversity compared to Ba-
varian  Forest  National  Park  in  Germany, 
where the mature forest has low structural 
diversity (one canopy layer, lower age vari-
ations) and associated standing snag basal 
area (3.4 m2 ha-1)  and downed deadwood 
(26 m3 ha-1 – Thom et al. 2020). Our results 
also showed that most snags were in the 
second  stage  in  both  forest  categories, 
which  differed  from  observations  of  pri-
marily first and third decomposition stages 
in a Mediterranean oak forest (Paletto et 
al. 2014). In addition, our study found simi-
lar results for average total deadwood vol-
ume  in  primary  (142.71  m3 ha-1)  and  sec-
ondary  (111  m3 ha-1)  forests  compared  to 
nine Slovakian beech forest  reserves  (133 
m3 ha-1)  and European beech forests  (130 
m3 ha-1 – Christensen et al. 2005). By com-
parison, the mean values of deadwood vol-
ume of forest reserves in lowland Europe 
(Vandekerkhove et  al.  2009) were 130 m3 

ha-1 in the northwest and 65 m3 ha-1 in the 
Central region. However, the volume from 
deadwood  pools  in  the  Czech  mountain 
beech-dominated reserve (Lábusová et al. 
2019) differs in that the snag volume was 
1.6 times higher and the CWD volume was 
2.5 times lower than our results. This differ-
ence is  likely  attributable to the different 
time since management abandonment and 
the different natural disturbance dynamics 
in  observed  areas.  Our  findings  indicate 
that the presence of high volumes of dead-
wood with diverse decomposition stages is 
influenced by the time since management 
cessation and is typically observed in old-
growth forests. This aligns with the study 
by  Nagel  et  al.  (2017),  which  shows  that 
old-growth  reserves  in  Slovenia  display 
multiple  stages  of  decomposition  and  a 
higher  average deadwood  volume of  165 
m3 ha-1 compared to younger reserves. Col-
lectively, results from our study and these 

other studies show that the accumulation 
process  of  downed  deadwood  widely 
varies in unmanaged European forests de-
pending  on  previous  management  inten-
sity and age diversity.

In  our  study,  primary  forests  exhibited 
higher abundance of large trees,  and sec-
ondary  old-growth  forests  had  a  slightly 
greater TreM density  but still  lower diver-
sity  of  TreM groups compared.  The  aver-
age number of TreMs at the individual tree 
scale in unmanaged forests was 2.1-2.5 per 
tree (Jahed et al. 2020, Asbeck et al. 2022), 
which corresponds well with our study (2.5 
per  tree  in  primary,  3.5  per  tree  in  sec-
ondary). Consistent with prior  reports (Ja-
hed et al. 2020), our study found that root-
buttress concavities were the most abun-
dant  TreM  in  old-growth  beech  forests. 
Our  results  also  show  that  mean  cavity 
densities  were  higher  in  secondary  old-
growth than in primary plots (488 and 310 
ha-1, respectively) which contrasts with the 
much lower densities (184 ha-1) observed in 
secondary old-growth forests with ages be-
tween 40-80 years (Ibarra et al. 2020). This 
confirms  that  the  relative  importance  of 
cavity density as a structural wildlife indica-
tor in temperate forests depends on tree 
age (Kozák et al. 2023). Finally, our results 
confirmed  that  TreM  richness  increases 
with tree size, consistent with many previ-
ous publications (Kozák et  al.  2018,  2023, 
Jahed et al. 2020, Asbeck et al. 2022).

Given the limitations of this study, our re-
sults show that all observed parameters re-
covered relatively quickly (within 70 years 
of  the  cessation  of  human  disturbance), 
but  the  timeframe  for  recovering  to  the 
old-growth  conditions  of  primary  forests 
will take more time. Old-growth forest re-
covery hinges on many factors, particularly 
the  legacies  of  past  management  prac-
tices, age diversity, and natural disturbance 
dynamics. The similarity in the abundance 
of large trees, variations in tree diameter, 
and TreM between both forest categories 
in our study is inconsistent with the claim 
that these parameters require a substantial 
amount of time for recovery (Albrich et al. 
2021). We note, however, that the diversity 
of  tree  microhabitats  and  the  deadwood 
accumulation requires  a prolonged (more 
than 70 years) duration for restoration.

Limitations of the study
While  our  statistical  model  and  covaria-

tion  analyses  relied  on  established  ap-
proaches,  our  study has  some limitations 
that  warrant  discussion.  First,  for  carbon 
assessment, our results are solely based on 
DBH  and  tree  species  and  the  allometric 
equations of Forrester et al. (2017) and car-
bon  content  figures  of  Matthews  (1993). 
Although  allometric  equations  (Forrester 
et al. 2017) are a practical and non-destruc-
tive  method  for  estimating tree  biomass, 
they have limitations, such as species-spe-
cific variability,  site-specific environmental 
conditions (e.g., topography and soil prop-
erties),  and  measurement  errors.  We  se-

lected  this  approach  using  the  allometric 
equation solely based on DBH because an 
equation  based  on  both  DBH  and  height 
would  be  more  complicated.  Measuring 
tree height on steep slopes and rugged ter-
rain, especially in beech-dominated forests 
where it is often difficult to see the top of 
the tree crown, could introduce bias in the 
height  measurement.  Sampling  the  bio-
mass  with  laser  scanning  could  provide 
even better and more precise biomass esti-
mates, as currently, the total biomass num-
bers  might  need  to  be  underestimated 
(Calders et al. 2022). Additionally, the accu-
racy of belowground biomass estimates is 
generally lower than that of aboveground 
biomass due to the substantial variability in 
root systems among different species and 
individual trees, which complicates the de-
velopment of generalised allometric  mod-
els.  Despite  these  challenges,  allometric 
equations  remain  one of  the  most  viable 
methods  for  large-scale  biomass  estima-
tion in  protected  forest  ecosystems.  Sec-
ond, the study was conducted using a lim-
ited number of plots, which provides valu-
able insights but may not capture the full 
extent of spatial  variability.  While this ap-
proach offers detailed plot-level analysis, it 
serves  as  a  foundation for  understanding 
broader landscape-level processes that in-
fluence  carbon  dynamics  and  ecosystem 
functioning.  Further  research  with  ex-
panded plot  numbers  can build  on these 
findings  to  enhance  our  understanding 
comprehensively.  Third,  the  assessment 
lacked a comprehensive evaluation of soil 
carbon content, which is crucial for under-
standing  the  overall  carbon  balance  of 
forests.  An intensive soil  sampling of  the 
study  area  would  address  this  issue  but 
was beyond the scope and capacity of the 
current study. Therefore, the difference in 
carbon  stocks  between  primary  and  sec-
ondary  old-growth  forests  could  be  pro-
nounced because including soil data might 
reveal  longer-term  increases  in  total  car-
bon. Despite its limitations, this study high-
lights the critical importance of accounting 
for variability in forest ecosystems and pro-
vides  a  strong  foundation  for  future  re-
search aimed at enhancing our understand-
ing  of  carbon  dynamics  and  ecosystem 
functioning on a broader scale.

Conclusion
Conserving  primary  and  secondary  old-

growth forests supports the broader goals 
of  natural  climate  solutions  and  biodiver-
sity  protection.  Our  results  indicate  that 
primary and secondary old-growth forests 
exhibit  similar  structural  characteristics, 
carbon  stock,  and  habitat  diversity,  sug-
gesting  comparable  effectiveness  in  the 
provisioning of ecosystem services includ-
ing climate  change mitigation  and  critical 
habitats. This conclusion aligns with exist-
ing research emphasising primary forests’ 
substantial carbon storage potential (Keith 
et al.  2021,  Idoate-Lacasia et al.  2024) and 
highlights  the  importance  of  rewilding 
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(management cessation) for carbon stock 
and biodiversity conservation. Recognising 
the  potential  of  rewilding  in  restoring 
forests is important for adaptive conserva-
tion practices in the context of achieving 
climate targets.

Acknowledgements
KM  carried  out  the  conceptualisation, 

data curation,  formal  analysis,  project  ad-
ministration,  methodology,  visualisation, 
writing original draft; MMi, MS carried out 
the  conceptualisation,  supervision,  meth-
odology; GWM, WSK, DR, JH,  DK,  JP, RG, 
MFe, MS, MMi, MS carried out the writing 
review and editing; DK, MS carried out the 
data curation; KM, MK, MFr, DD, MMe, DK, 
JP, RG, MFe carried out the field data col-
lection; MD, AV, TK carried out the labora-
tory  measurement;  MS  carried  out  the 
funding acquisition, resources.

This  work  was  supported  by  the  Czech 
University of Life Sciences (Internal  Grant 
Agency:  A_18_22  -  43110/1312/3108),  Czech 
Science  Foundation  (Grant  GACR  no.  22-
31322S), WildE (101081251) and CLIMB-FOR-
EST Horizon Europe (101059888)

 projects. We thank Marián Jasík and NP 
Malá Fatra for their support and coopera-
tion in the research. We also thank people 
who  contributed  to  the  laboratory  and 
field data acquisition.

References
Alberdi I, Moreno-Fernández D, Cañellas I, Ada-

me P, Hernández L (2020). Deadwood stocks in 
south-western  European  forests:  ecological 
patterns and large scale assessments. Science 
of  the Total Environment 747 (2): 141237. - doi: 
10.1016/j.scitotenv.2020.141237

Albrich K,  Thom D,  Rammer W,  Seidl  R (2021). 
The long way back: development of Central Eu-
ropean mountain  forests  towards  old-growth 
conditions  after  cessation  of  management. 
Journal of Vegetation Science 32 (4): 84. - doi: 
10.1111/jvs.v32.4

Asbeck T,  Sabatini  F,  Augustynczik  ALD,  Basile 
M,  Helbach  J,  Jonker  M,  Knuff  A,  Bauhus  J 
(2021). Biodiversity response to forest manage-
ment intensity, carbon stocks and net primary 
production in temperate montane forests. Sci-
entific Reports 11 (1): 484. - doi: 10.1038/s41598-
020-80499-4

Asbeck T, Kozák D, Spînu AP, Mikoláš M, Zem-
lerová V, Svoboda M (2022). Tree-related micro-
habitats  follow similar  patterns  but  are  more 
diverse in primary compared to managed tem-
perate  mountain  forests.  Ecosystems  25  (3): 
712-726. - doi: 10.1007/s10021-021-00681-1

Augustynczik ALD, Yousefpour R (2021). Assess-
ing the synergistic value of ecosystem services 
in European beech forests. Ecosystem Services 
49: 101264. - doi: 10.1016/j.ecoser.2021.101264

Bauhus J,  Puettmann K, Kühne C (2013).  Close-
to-nature forest management in Europe: does 
it support complexity and adaptability of forest 
ecosystems? In: “Managing Forests as Complex 
Adaptive  Systems:  Building  Resilience  to  the 
Challenge of Global Change” (Messier C, Puett-
mann KJ and Coates KD eds). Routledge, Lon-
don, UK, pp. 187-213. - doi:  10.4324/9780203122 

808-12
Bjørnstad  ON,  Falck  W  (2001).  Nonparametric 

spatial  covariance  functions:  estimation  and 
testing. Environmental and Ecological Statistics 
8 (1): 53-70. - doi: 10.1023/A:1009601932481

Braunisch V, Roder S, Coppes J, Froidevaux JSP, 
Arlettaz R, Bollmann K (2019). Structural com-
plexity  in  managed  and  strictly  protected 
mountain forests:  effects  on the  habitat  suit-
ability for indicator bird species. Forest Ecology 
and  Management  448:  139-149.  -  doi:  10.1016/ 
j.foreco.2019.06.007

Calders K, Verbeeck H, Burt A, Origo N, Nightin-
gale J, Malhi Y, Wilkes P, Raumonen P, Bunce 
RGH, Disney M. (2022). Laser scanning reveals 
potential underestimation of biomass carbon in 
temperate forest. Ecological Solutions and Evi-
dence 3 (4): 438. - doi: 10.1002/eso3.v3.4

Carver S, Convery I, Hawkins S, Beyers R, Eagle 
A, Kun Z, Van Maanen E, Cao Y, Fisher M, Ed-
wards SR, Nelson C, Gann GD, Shurter S, Agui-
lar K, Andrade A, Ripple WJ, Davis J, Sinclair A, 
Bekoff M,  Noss  R,  Foreman D,  Pettersson H, 
Root-Bernstein  M,  Svenning  Ch  J,  Taylor  P, 
Wynne-Jones S, Featherstone AW, Fljøgaard C, 
Stanley-Price M, Navarro LM, Aykroyd T, Parfitt 
A, Soulé M (2021). Guiding principles for rewild-
ing. Conservation Biology 35:  1882-1893. - doi: 
10.1111/cobi.13730

Chokkalingam U, De Jong W (2001). Secondary 
forest: a working definition and typology. The 
International Forestry Review 3 (1): 19-26. [on-
line]  URL:  http://www.jstor.org/stable/pdf/426 
09342.pdf

Christensen M, Hahn K, Mountford EP, Ódor P, 
Standovár T, Rozenbergar D, Diaci J, Wijdeven 
S,  Meyer  P,  Winter  S,  Vrska  T  (2005).  Dead 
wood in European beech (Fagus sylvatica) for-
est reserves. Forest Ecology and Management 
210  (1-3):  267-282.  -  doi:  10.1016/j.foreco.2005. 
02.032

Forrester DI, Tachauer IHH, Annighoefer P, Bar-
beito  I,  Pretzsch  H,  Ruiz-Peinado  R,  Stark  H, 
Vacchiano G, Zlatanov T, Chakraborty T, Saha S, 
Sileshi GW (2017). Generalized biomass and leaf 
area  allometric  equations  for  European  tree 
species incorporating stand structure, tree age 
and climate. Forest Ecology and Management 
396: 160-175. - doi: 10.1016/j.foreco.2017.04.011

Foster  JR,  D’Amato  AW,  Bradford  JB  (2014). 
Looking for age-related growth decline in natu-
ral forests: unexpected biomass patterns from 
tree  rings  and  simulated mortality.  Oecologia 
175 (1): 363-374. - doi: 10.1007/s00442-014-2881-2

Frankovič M, Janda P, Mikoláš M, Cada V, Kozák 
D, Pettit JL, Nagel TA, Buechling A, Matula R, 
Trotsiuk  V,  Gloor  R,  Dušátko  M,  Kameniar  O, 
Vostarek O, Lábusová J, Ujházy K, Synek M, Be-
gović K, Ferenčík M, Svoboda M (2021). Natural 
dynamics of temperate mountain beech-domi-
nated primary forests in Central Europe. Forest 
Ecology and Management 479 (9): 118522. - doi: 
10.1016/j.foreco.2020.118522

Gilhen-Baker M, Roviello V, Beresford-Kroeger D, 
Roviello  GN  (2022).  Old  growth  forests  and 
large old trees as critical organisms connecting 
ecosystems and human health. A review. Envi-
ronmental Chemistry Letters 20 (2): 1529-1538. - 
doi: 10.1007/s10311-021-01372-y

Harmon  ME,  Woodall  C,  Fasth  B,  Sexton  J 
(2008). Woody detritus density and density re-

duction factors for tree species in the United 
States:  a  synthesis.  General  Technical  Report 
NRS-29,  USDA  Forest  Service,  Northern  Re-
search Station, Newtown Squar,  PA, USA, pp. 
84.  [online]  URL:  http://ww2.arb.ca.gov/sites/ 
default/files/cap-and-trade/protocols/usforest/r
eferences/harmon2008.pdf

Hilbe  JM  (2011).  Negative  binomial  regression 
(2nd edn).  Cambridge  University  Press,  Cam-
bridge, UK, pp. 553. [online] URL: http://books. 
google.com/books?id=0Q_ijxOEBjMC

Historical Orthophoto map (2023). Historical Or-
thophoto map. Geodis  Slovakia,  website.  [on-
line] URL: https://mapy.tuzvo.sk/hofm/ 

Holmes  RL  (1983).  Computer-assisted  quality 
control  in  tree-ring  dating  and  measurement. 
Tree-Ring  Bulletin  43:  69-78.  [online]  URL: 
http://hdl.handle.net/10150/261223

Ibarra  JT,  Novoa  FJ,  Jaillard  H,  Altamirano  TA 
(2020).  Large  trees  and  decay:  suppliers  of  a 
keystone  resource  for  cavity-using  wildlife  in 
old-growth and  secondary  Andean temperate 
forests. Austral Ecology 45 (8): 1135-1144. - doi: 
10.1111/aec.12943

Jahed RR, Kavousi MR, Farashiani ME, Sagheb-
Talebi K, Babanezhad M, Courbaud B, Wirtz R, 
Müller J, Larrieu L (2020). A comparison of the 
formation  rates  and  composition  of  tree-re-
lated microhabitats in beech-dominated prime-
val Carpathian and Hyrcanian forests. Forests 11 
(2): 144. - doi: 10.3390/f11020144

Keith H, Vardon M, Obst C, Young V, Houghton 
RA, Mackey B (2021).  Evaluating nature-based 
solutions for climate mitigation and conserva-
tion  requires  comprehensive  carbon  account-
ing. Science of  the Total Environment 769 (7): 
144341. - doi: 10.1016/j.scitotenv.2020.144341

Keith H, Kun Z, Hugh S, Svoboda M, Mikoláš M, 
Adam D, Bernatski D, Blujdea V, Bohn F, Cama-
rero JJ, Demeter L, Di Filippo A, Dutca I, Garba-
rino M, Horváth F, Ivkovich V, Jansons A, Ken-
ina L, Kral K, Martin-Benito D, Molina-Valero JA, 
Motta  R,  Nagel  TA,  Panayotov  M,  Pérez-Cru-
zado C, Piovesan G, Roibu CC, Vostarek O, Yer-
mokhin M,  Zlatanov T,  Mackey B (2024).  Car-
bon-carrying capacity in primary forests shows 
potential  for  mitigation,  achieving  the  Euro-
pean Green Deal 2030 target. Communications 
Earth  and  Environment  5:  256.  -  doi:  10.1038/ 
s43247-024-01416-5

Kozák D, Mikoláš M, Svitok M, Bače R, Paillet Y, 
Larrieu L, Nagel TA, Begovič K, Cada V, Diku A, 
Frankovič  M,  Janda  P,  Kameniar  O,  Keren  S, 
Kjučukov P, Lábusová J, Langbehn T, Málek J, 
Mikac  S,  Morrissey  RC,  Nováková  MH,  Schur-
rman JS, Svobodová K, Synek M, Teodosiu M, 
Toromani E, Trotsiuk V, Vítková L, Svoboda M 
(2018).  Profile of tree-related microhabitats in 
European  primary  beech-dominated  forests. 
Forest Ecology and Management 429: 363-374. 
- doi: 10.1016/j.foreco.2018.07.021

Kozák  D,  Svitok  M,  Zemlerová  V,  Mikoláš  M, 
Lachat T, Larrieu L, Paillet Y, Buechling A, Bače 
R,  Keeton WS,  Vítková  L,  Begovič  K,  Cada V, 
Dušátko M, Ferenčík M, Frankovič M, Gloor R, 
Hofmeister J, Janda P, Kameniar O, Knír T, Maj-
danová L,  Mejstrík  M,  Pavlin  J,  Ralhan D,  Ro-
drigo R, Roibu CC, Synek M, Vostarek O, Svo-
boda M (2023). Importance of conserving large 
and old trees to continuity of tree-related mi-
crohabitats.  Conservation  Biology  37  (3): 

8 iForest 18: 1-9

iF
or

es
t 

– 
B

io
ge

os
ci

en
ce

s 
an

d 
Fo

re
st

ry

https://doi.org/10.1016/j.scitotenv.2020.141237
https://doi.org/10.1016/j.foreco.2018.07.021
https://doi.org/10.1038/s43247-024-01416-5
https://doi.org/10.1038/s43247-024-01416-5
https://doi.org/10.1016/j.scitotenv.2020.144341
https://doi.org/10.3390/f11020144
https://doi.org/10.1111/aec.12943
http://hdl.handle.net/10150/261223
http://books.google.com/books?id=0Q_ijxOEBjMC
http://books.google.com/books?id=0Q_ijxOEBjMC
http://ww2.arb.ca.gov/sites/default/files/cap-and-trade/protocols/usforest/references/harmon2008.pdf
http://ww2.arb.ca.gov/sites/default/files/cap-and-trade/protocols/usforest/references/harmon2008.pdf
http://ww2.arb.ca.gov/sites/default/files/cap-and-trade/protocols/usforest/references/harmon2008.pdf
https://doi.org/10.1007/s10311-021-01372-y
https://doi.org/10.1016/j.foreco.2020.118522
https://doi.org/10.1007/s00442-014-2881-2
https://doi.org/10.1016/j.foreco.2017.04.011
https://doi.org/10.1016/j.foreco.2005.02.032
https://doi.org/10.1016/j.foreco.2005.02.032
http://www.jstor.org/stable/pdf/42609342.pdf
http://www.jstor.org/stable/pdf/42609342.pdf
https://doi.org/10.1111/cobi.13730
https://doi.org/10.1002/eso3.v3.4
https://doi.org/10.1016/j.foreco.2019.06.007
https://doi.org/10.1016/j.foreco.2019.06.007
https://doi.org/10.1023/A:1009601932481
https://doi.org/10.4324/9780203122808-12
https://doi.org/10.4324/9780203122808-12
https://doi.org/10.1016/j.ecoser.2021.101264
https://doi.org/10.1007/s10021-021-00681-1
https://doi.org/10.1038/s41598-020-80499-4
https://doi.org/10.1038/s41598-020-80499-4
https://doi.org/10.1111/jvs.v32.4
https://mapy.tuzvo.sk/hofm/


Rewilding forest ecosystems

e14066. - doi: 10.1111/cobi.14066
Lábusová  J,  Morrissey  R,  Trotsiuk  V,  Janda  P, 

Bače R, Cada V, Mikoláš M, Mrhalová H, Schur-
man J, Svobodová K, Mateju L, Synek M, Svo-
boda M (2019). Patterns of forest dynamics in a 
secondary old-growth beech-dominated forest 
in the Jizera Mountains Beech Forest Reserve, 
Czech  Republic.  iForest  12  (1):  17-26.  -  doi: 
10.3832/ifor2702-011

Idoate-Lacasia  J,  Stillhard J,  Portier J,  Brang P, 
Zimmermann S, Bigler C, Hobi ML (2024). Long-
term biomass dynamics of temperate forests in 
Europe after cessation of management. Forest 
Ecology  and  Management  554:  121697.  -  doi: 
10.1016/j.foreco.2024.121697

Larrieu L, Paillet Y, Winter S, Bütler R, Kraus D, 
Krumm F, Lachat T, Michel AK, Regnery B, Van-
dekerkhove  K  (2018).  Tree  related  microhabi-
tats in temperate and Mediterranean European 
forests:  a hierarchical  typology  for  inventory 
standardization.  Ecological  Indicators  84:  194-
207. - doi: 10.1016/j.ecolind.2017.08.051

Lutz JA, Furniss TJ, Johnson DJ, Davies SJ, Allen 
D, Alonso A, Anderson-Teixeira KJ, Andrade A, 
Baltzer J, Becker KML, Blomdahl EM, Bourg NA, 
Bunyavejchewin S, Burslem DFRP, Cansler CA, 
Cao K, Cao M, Cárdenas D, Chang L, Chao KJ, 
Chao Ch W,  Chiang JM,  Chu Ch Chuyong  GB, 
Clay K, Condit R, Cordell S, Dattaraja HS, Duque 
A, Ewango CEN, Fischer GA, Fletcher Ch Freund 
JA, Giardina Ch Germain SJ, Gilbert GS, Hao Z, 
Hart  T,  Hau  BCH,  He  F,  Hector A,  Howe RW, 
Hsieh C, Hu YH, Hubbell SP, Inman-Narahari FM, 
Itoh A, Janík D, Kassim AR, Kenfack D, Korte L, 
Král K, Larson AJ, Li YD, Lin Y, Liu S, Lum S, Ma 
K, Makana JR, Malhi Y, McMahon SM, McShea 
WJ, Memiaghe HR, Mi X, Morecroft  M, Musili 
PM, Myers JA, Novotny V, De Oliveira A, Ong P, 
Orwig DA, Ostertag R, Parker GG, Patankar R, 
Phillips RP, Reynolds G, Sack L, Song GZM, Su 
SH,  Sukumar  R,  Sun  IF,  Suresh  HS,  Swanson 
ME, Tan S, Thomas DW, Thompson J, Uriarte M, 
Valencia R, Vicentini A, Vrška T, Wang X, Weib-
len GD, Amy Wolf A, Wu SH, Xu H, Yamakura T, 
Yap  S,  Zimmermann  JK  (2018).  Global  impor-
tance  of  large-diameter  trees.  Global  Ecology 
and Biogeography 27 (7): 849-864. - doi: 10.1111/
geb.12747

Luyssaert  S,  Schulze  ED,  Boerner  A,  Knohl  A, 
Hessenmoeller  D,  Law  BE,  Ciais  P,  Grace  J 
(2008).  Old-growth  forests  as  global  carbon 
sinks. Nature 455 (7210): 213-215. - doi:  10.1038/ 
nature07276

Matthews G (1993). The carbon content of trees. 
Forestry Commission, UK, pp. 21. [online] URL: 
http://www.cabidigitallibrary.org/doi/full/10.555
5/19940603888

Majdanová  L,  Hofmeister  J,  Pouska V,  Mikoláš 
M,  Zíbarová L,  Vítková L,  Svoboda M, Cada V 
(2023). Old-growth forests with long continuity 
are essential for preserving rare wood-inhabit-
ing fungi, Forest Ecology and Management 541: 
121055. - doi: 10.1016/j.foreco.2023.121055

McCullagh P,  Nelder JA (1989).  Generalized lin-
ear models  (2nd edn).  Chapman and Hall,  Lon-

don, UK, pp. 526.
Mikoláš M, Ujházy K, Jasík M, Wiezik M, Gallay I, 

Polák P, Vysoky J, Ciliak M, Meigs GW, Svoboda 
M, Trotsiuk V, Keeton WS (2019). Primary forest 
distribution and representation in a Central Eu-
ropean landscape: results of a large-scale field-
based census. Forest Ecology and Management 
449: 117466. - doi: 10.1016/j.foreco.2019.117466

Mikoláš M, Svitok M, Bače R, Meigs GW, Keeton 
WS, Keith H, Buechling A, Trotsiuk V, Kozák D, 
Bollmann K, Begovič K, Cada V, Chaskovskyy O, 
Ralhan D, Dušátko M, Ferenčík M, Frankovič M, 
Gloor  R,  Hofmeister  J,  Janda  P,  Kameniar  O, 
Lábusová  J,  Majdanová  L,  Nagel  TA,  Pavlin  J, 
Pettit JL, Rodrigo R, Roibu CC, Rydval M, Saba-
tini FM, Schurman J, Synek M, Vostarek O, Zem-
lerová  V,  Svoboda  M  (2021).  Natural  distur-
bance impacts on trade-offs and co-benefits of 
forest biodiversity and carbon. Proceedings of 
the  Royal  Society  B:  Biological  Sciences  288: 
20211631. - doi: 10.1098/rspb.2021.1631

Nagel  R,  Meyer  P,  Blaschke  M,  Feldmann  E 
(2023).  Strict  forest  protection:  a  meaningful 
contribution to climate-smart forestry? An eval-
uation  of  temporal  trends  in  the  carbon  bal-
ance of unmanaged forests in Germany. Fron-
tiers in Forests and Global Change 6: 1099558. - 
doi: 10.3389/ffgc.2023.1099558

Nagel TA, Firm D, Pisek R, Mihelic T, Hladnik D, 
De Groot M, Rozenbergar D (2017). Evaluating 
the  influence  of  integrative  forest  manage-
ment  on  old-growth  habitat  structures  in  a 
temperate  forest  region.  Biological  Conserva-
tion 216: 101-107. - doi:  10.1016/j.biocon.2017.10. 
008

Paletto A, De Meo I, Cantiani P, Ferretti F (2014). 
Effects of forest management on the amount 
of  deadwood  in  Mediterranean  oak  ecosys-
tems. Annals of Forest Science 71 (7): 791-800. - 
doi: 10.1007/s13595-014-0377-1

R Core Team (2022). R: a language and environ-
ment  for  statistical  computing.  R  Foundation 
for Statistical Computing, Vienna. [online] URL: 
http://www.r-project.org

Ralhan D, Keith H, Pavlin J, Stegehuis AI, Marc-
hand W, Fruleux A, Poláček M, Svitok M, Nagel 
TA, Mikoláš M, Kozák D, Buechling A, Dušátko 
M, Janda P, Chaskovsky O, Roibu CC, Svoboda 
M  (2023).  Temperate  primary  forest  biomass 
accumulates  over centuries-long time frames. 
Ecosystems  26  (8):  1685-1702.  -  doi:  10.1007/ 
s10021-023-00858-w

Remote Primary Forests (2023). About the proj-
ect. Web site. [online] URL: http://www.remote 
forests.org/project.php

Sabatini FM, Burrascano S, Keeton WS, Levers C, 
Lindner M, Pötzschner F, Verkerk PJ, Bauhus J, 
Buchwald E, Chaskovsky O, Debaive N, Horváth 
F, Garbarino M, Grigoriadis N, Lombardi F, Mar-
ques  Duarte I,  Meyer P,  Midteng R,  Mikac  S, 
Mikoláš  M,  Motta  R,  Mozgeris  G,  Nunes  L, 
Panayotov  M,  Odor  P,  Ruete  A,  Simovski  B, 
Stillhard J, Svoboda M, Szwagrzyk J, Tikkanen 
OP, Volosyanchuk R, Vrska T, Zlatanov T, Kuem-
merle T (2018). Where are Europe’s last primary 

forests?  Diversity  Distribution  24  (10):  1426-
1439. - doi: 10.1111/ddi.12778

Sippola AL,  Renvall  P  (1999).  Wood-decompos-
ing fungi and seed-tree cutting: a 40-year per-
spective. Forest Ecology and Management 115 
(2-3):  183-201.  -  doi:  10.1016/S0378-1127(98)003 
98-3

Slovak  National  Inventories  (2021).  Green  Re-
port. Report on Forestry in the Slovak Republic 
for  2021,  Slovakia,  pp.  77.  [in  Slovak]  [online] 
URL:  http://www.mpsr.sk/download.php?fID=2 
3167

Thom D, Sommerfeld A, Sebald J, Hagge J, Mül-
ler J, Seidl R (2020). Effects of disturbance pat-
terns and deadwood on the microclimate in Eu-
ropean beech forests.  Agricultural  and Forest 
Meteorology 291: 108066. - doi: 10.1016/j.agrfor 
met.2020.108066

Trotsiuk V,  Svoboda  M,  Weber  P,  Pederson N, 
Klesse S, Janda P, Martin-Benito D, Mikolas M, 
Seedre  M,  Bace  R,  Mateju  L,  Frank  D  (2016). 
The  legacy  of  disturbance  on  individual  tree 
and stand-level aboveground biomass accumu-
lation  and  stocks  in  primary  mountain  Picea 
abies forests. Forest Ecology and Management 
373: 108-115. - doi: 10.1016/j.foreco.2016.04.038

Vandekerkhove K, De Keersmaeker L, Menke N, 
Meyer  P,  Verschelde  P  (2009).  When  nature 
takes over from man: dead wood accumulation 
in  previously  managed  oak  and  beech wood-
lands  in  North-western  and  Central  Europe. 
Forest Ecology and Management 258 (4): 425-
435. - doi: 10.1016/j.foreco.2009.01.055

Van Wagner CE (1968). The line intersect meth-
od in forest fuel sampling. Forest Science 14 (1): 
20-26.

Zanne AE, Lopez-Gonzalez G, Coomes DA, Ilic J, 
Jansen  S,  Lewis  SL,  Miller  RB,  Swenson  NG, 
Wiemann  MC,  Chave  J  (2009).  Global  wood 
density database. Dryad Digital Repository. [on-
line]  URL:  https://datadryad.org/stash/dataset/
doi:10.5061/dryad.234

Supplementary Material

Tab. S1 - Species-specific equations for live 
biomass calculation. 

Tab. S2 - Species-specific wood density and 
decomposition-stage  specific  density  re-
duction factors  used in the calculation of 
deadwood biomass. 

Tab.  S3 -  Species-specific  carbon  content 
used  for  converting  biomass  to  carbon 
content. 

Tab  S4 -  Specific  live  tree  microhabitat 
groups by forest category. 

Tab.  S5 -  Specific  dead  tree  microhabitat 
groups by forest category.

Link: Markuljakova_4600@suppl001.pdf

iForest 18: 1-9 9

iF
or

es
t 

– 
B

io
ge

os
ci

en
ce

s 
an

d 
Fo

re
st

ry

https://doi.org/10.1016/j.foreco.2009.01.055
https://doi.org/10.1016/j.foreco.2016.04.038
https://doi.org/10.1016/j.agrformet.2020.108066
https://doi.org/10.1016/j.agrformet.2020.108066
http://www.mpsr.sk/download.php?fID=23167
http://www.mpsr.sk/download.php?fID=23167
https://doi.org/10.1016/S0378-1127(98)00398-3
https://doi.org/10.1016/S0378-1127(98)00398-3
https://doi.org/10.1111/ddi.12778
http://www.remoteforests.org/project.php
http://www.remoteforests.org/project.php
https://doi.org/10.1007/s10021-023-00858-w
https://doi.org/10.1007/s10021-023-00858-w
http://www.r-project.org/
https://doi.org/10.1007/s13595-014-0377-1
https://doi.org/10.1016/j.biocon.2017.10.008
https://doi.org/10.1016/j.biocon.2017.10.008
https://doi.org/10.3389/ffgc.2023.1099558
https://doi.org/10.1098/rspb.2021.1631
https://doi.org/10.1016/j.foreco.2019.117466
https://doi.org/10.1016/j.foreco.2023.121055
http://www.cabidigitallibrary.org/doi/full/10.5555/19940603888
http://www.cabidigitallibrary.org/doi/full/10.5555/19940603888
https://doi.org/10.1038/nature07276
https://doi.org/10.1038/nature07276
https://doi.org/10.1111/geb.12747
https://doi.org/10.1111/geb.12747
https://doi.org/10.1016/j.ecolind.2017.08.051
https://doi.org/10.1016/j.foreco.2024.121697
https://doi.org/10.3832/ifor2702-011
https://doi.org/10.1111/cobi.14066
http://iforest.sisef.org/pdf/Markuljakova_4600@suppl001.pdf
https://datadryad.org/stash/dataset/doi:10.5061/dryad.234
https://datadryad.org/stash/dataset/doi:10.5061/dryad.234

	Rewilding beech-dominated temperate forest ecosystems: effects on carbon stocks and biodiversity indicators
	Introduction
	Methods
	Study area
	Data collection
	Data analysis
	Stand structure data
	Tree ring data
	Carbon stock and aboveground biomass carbon increment data
	Structural indicators of biodiversity
	Statistical analyses


	Results
	Structural characteristics
	Carbon stock and aboveground biomass carbon increment
	Structural indicators of biodiversity

	Discussion
	Comparing carbon pools in primary and secondary old-growth forests within European reserves
	Aboveground biomass carbon increment in secondary old-growth forests
	Biodiversity indicators and habitat recovery in secondary old-growth forests
	Limitations of the study

	Conclusion
	Acknowledgements
	References
	Supplementary Material


